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(57) ABSTRACT 

Apparatus for olefin polymerization includes one or more 
shell and tube olefin polymerization reactors, each of which 
has an olefin polymerization reaction mixture inlet connec 
tion and a crude polyolefin product outlet connection. Each 
reactor is equipped with a recirculation System including a 
pump arranged to circulate a reaction mixture through the 
tube side of the reactor independently of the introduction of 
olefin polymerization reaction mixture into the reactor. The 
apparatus may also include an inlet reaction mixture distri 
bution manifold and an outlet polymerization reaction mix 
ture collection manifold interconnecting the reactors for 
operation in parallel. The apparatus also includes catalyst 
composition and catalyst modifier inlets for each reactor 
arranged Such that a catalyst modifier to may be introduced 
into each reactor at a rate which is independent of the 
introduction of catalyst composition. 
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APPARATUS FOR CONTROLLING OLEFIN 
POLYMERIZATION PROCESS 

CROSS REFERENCE TO RELATED 
APPLICATIONS: 

0001. This application is a divisional of presently pend 
ing utility patent application Ser. No. 10/922,181, filed Aug. 
19, 2004. Application Ser. No. 10/922,181 is a continuation 
in-part of utility patent application Ser. No. 10/434,805 filed 
May 9, 2003 (now U.S. Pat. No. 6,858,188). Application 
Ser. No. 10/922,181 is also a continuation-in-part of utility 
patent application Ser. No. 10/208,234 filed Jul. 30.2002 
(now U.S. Pat. No. 6,884,858), which in turn is a continu 
ation of utility patent application Ser. No. 09/655,084 filed 
Sep. 20, 2000 (now U.S. Pat. No. 6.525,149), which again 
inturn is a continuation-in-part of utility patent application 
Ser. No. 09/515,790 filed Feb. 29.2000 (now U.S. Pat. No. 
6,562,913). Priority from each of said prior utility applica 
tions is claimed herein pursuant to 35 U.S.C. S. 120. In 
addition, priority benefits under 35 U.S.C. S 119(e) are 
claimed in this application from provisional application 
Serial No. 60/160,357 filed Oct. 19, 1999. The entireties of 
the disclosures of each of Said prior applications are hereby 
Specifically incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

0002 The present invention relates to liquid phase olefin 
polymerization, to the preparation of polyolefin products 
and to apparatus useful in the preparation of polyolefin 
products. In particular the present invention relates to appa 
ratuses and equipment for the preparation of a variety of 
polyolefin products using a liquid phase polymerization 
proceSS and to the methodology used in the operation of Such 
apparatuses and equipment. More Specifically, the present 
invention relates to apparatus and methodology which 
enhances the operation and control of polyolefin reactors. 
0003 U.S. Pat. No. 6,562,913 issued on May 13, 2003 
and entitled “Process For Producing High Vinylidene Poly 
isobutylene' (hereinafter the 913 patent) discloses, among 
other things, liquid phase polymerization processes for 
preparing low molecular weight, highly reactive polyisobu 
tylene. In accordance with the disclosure of the 913 patent, 
a catalyst composition, which desirably may comprise a 
complex of BF and methanol, and a feedstock containing 
isobutylene, are each introduced into a reaction Zone where 
the same are intimately admixed with residual reaction 
mixture So as to present an intimately intermixed reaction 
admixture in the reaction Zone. The intimately intermixed 
reaction admixture is maintained in its intimately intermixed 
condition and at a relatively constant temperature of at least 
about 0E C. while the same is in the reaction Zone, whereby 
isobutylene therein is polymerized to form polyisobutylene 
(PIB) having a high degree of terminal unsaturation. A crude 
product Stream comprising residual catalyst composition, 
unreacted isobutylene and polyisobutylene is then with 
drawn from the reaction Zone. The introduction of feedstock 
into and the withdrawal of product Stream from the reaction 
Zone are each controlled Such that the residence time of the 
isobutylene undergoing polymerization in the reaction Zone 
is no greater than about 4 minutes, whereby the product 
Stream contains a highly reactive polyisobutylene product. 
Preferably, the reaction Zone may be the tube side of a 
shell-and-tube exchanger in which a coolant is circulated on 
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the shell Side. A recirculation loop may desirably be 
employed to circulate the reaction admixture through the 
tube Side reaction Zone at a linear Velocity Sufficient to 
establish and maintain an intimately intermixed condition in 
the admixture and remove heat generated by the exothermic 
polymerization reaction. 

0004 U.S. Pat. No. 6.525,149 issued on Feb. 25, 2003 
and entitled “Process For Preparing Polyolefin Products” 
(hereinafter the 149 patent) relates to a novel liquid phase 
polymerization process for preparing a polyolefin product 
having preselected properties. The process of the 149 patent 
includes the Steps of providing a liquid feedstock which 
contains an olefinic component and a catalyst composition 
which may comprise a stable complex of BF and a com 
plexing agent. The feedstock may comprise any one or more 
of a number of olefins, including branched olefins Such as 
isobutylene, C-C linear alpha olefins and C-C reactive 
non-alpha olefins. The feedstock and the catalyst composi 
tion may desirably be introduced into a residual reaction 
mixture recirculating in a loop reactor reaction Zone pro 
Vided on the tube Side of a shell and tube heat eXchanger at 
a recirculation rate Sufficient to cause intimate intermixing 
of the residual reaction mixture, the added feedstock and the 
catalyst composition. The heat of the polymerization reac 
tion is removed from the recirculating intimately intermixed 
reaction admixture at a rate calculated to provide a Substan 
tially constant reaction temperature therein while the Same is 
recirculating in the reaction Zone. The conditions in the 
reactor are appropriate for causing olefinic components 
introduced in the feedstock to undergo polymerization to 
form the desired polyolefin product in the presence of the 
catalyst composition. A crude product Stream containing the 
desired polyolefin product, unreacted olefins and residual 
catalyst composition is withdrawn from the reaction Zone. 
The introduction of the feedstock into the reaction Zone and 
the withdrawal of the product stream from the reaction Zone 
are controlled Such that the residence time of the olefinic 
components undergoing polymerization in the reaction Zone 
is appropriate for production of the desired polyolefin prod 
uct. 

0005 U.S. Patent publication 2003-0040587 A1 pub 
lished on Feb. 27, 2003 and entitled “Mid-Range Vinylidene 
Content Polyisobutylene Polymer Product And Process For 
Producing The Same" (hereinafter the 587 publication) 
describes a mid-range vinylidene content PIB polymer prod 
uct and a proceSS for making the same. In accordance with 
the disclosure of the 587 publication, at least about 90% of 
the PIB molecules present in the product comprise alpha or 
beta position isomers. The alpha (Vinylidene) isomer content 
of the product may range from 20% to 70% thereof, and the 
content of tetra-substituted internal double bonds is very 
low, preferably less than about 5% and ideally less than 
about 1-2%. The mid-range vinylidene content PIB polymer 
products are desirably prepared by a liquid phase polymer 
ization process conducted in a loop reactor Similar to the 
reactors described in the 790 application and the 587 
patent at a temperature which desirably may be about 60 E 
F. or higher using a BF/methanol catalyst complex and a 
contact time of no more than about 4 minutes. 

0006. The 913 patent, the 587 publication and the 149 
patent are each assigned to the assignee of the present 
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application, and the entireties of the respective disclosures 
thereof are Specifically incorporated herein by this reference 
thereto. 

0007. In conducting the reactions described above, highly 
Specialized equipment may often be employed to enhance 
the operation and control of the polymerization reactors. In 
each case, for example, the crude product leaving the reactor 
may be contaminated with residual catalyst which desirably 
should be quickly quenched or killed to avoid further 
polymerization of monomers and low molecular weight 
oligomers without appropriate cooling and/or isomerization 
resulting from shifting of the position of the remaining 
double bond. The catalyst composition may be subjected to 
contamination by residual materials recirculating with the 
reaction admixture during the conduct of the polymerization 
reaction. Control of catalyst to catalyst complexing agent is 
often vital for producing a particular polymeric product. 
Moreover, as in any industrial activity, methodology and/or 
equipment for enhancing capacity and throughput are Sought 
continually. 

SUMMARY OF THE INVENTION 

0008. In one important aspect, the present invention 
provides an improved reactor apparatus for olefin polymer 
ization. The apparatus of the invention comprises a reactor 
defining a reaction Zone and including an inlet connection 
for an olefin polymerization reaction mixture and an outlet 
connection for an olefin polymerization reaction mixture, 
which connections are in fluid communication with Said 
Zone. The reactor is adapted and arranged to facilitate the 
conduct in Said Zone of an exothermic olefin polymerization 
reaction on an olefin polymerization reaction mixture in the 
presence of a catalyst composition comprising a catalyst and 
a catalyst modifier which may desirably be in the form of a 
catalyst complexing agent. The reactor further includes an 
inlet for introduction of an olefin containing feedstock into 
the reaction mixture in Said Zone, a recirculation System 
including a pump arranged and adapted to circulate Said 
reaction mixture in Said Zone at a flow rate that is indepen 
dent of the rate of introduction of olefin containing feedstock 
into Said Zone, and a catalyst composition inlet in fluid 
communication with Said Zone for introduction of a catalyst 
composition into the reaction mixture in Said Zone. In 
accordance with the invention, the reactor also includes at 
least one catalyst modifier inlet in fluid communication with 
Said Zone for introduction of a catalyst modifier into the 
reaction mixture in Said Zone at a rate which is independent 
of the rate of introduction of catalyst composition into the 
reaction mixture in Said Zone. 

0009. In a preferred form of the invention, the catalyst 
composition inlet may desirably be spaced from the catalyst 
modifier inlet. In addition, the catalyst composition inlet 
may desirably be connected to a pipe which is part of Said 
recirculation System. 
0010. In another important aspect of the invention, a 
method is provided for conducting an olefin polymerization 
reaction. Broadly, the method of this aspect of the invention 
compriseS recirculating an olefin polymerization reaction 
mixture in a reaction Zone of an olefin polymerization 
reactor, introducing an olefin containing feedstock into Said 
recirculated olefin polymerization reaction mixture, Said 
olefin polymerization reaction mixture being recirculated at 
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a flow rate which is independent of the rate of introduction 
of Said feedstock into Said Zone, introducing a catalyst 
composition comprising a catalyst and a catalyst modifier 
into Said reaction mixture, Subjecting Said polymerization 
reaction mixture to exothermic olefin polymerization reac 
tion conditions in Said Zone in the presence of Said catalyst 
composition, and introducing a catalyst modifier into Said 
recirculating olefin polymerization reaction mixture at a rate 
which is independent of the rate of introduction of said 
catalyst composition into Said Zone. 
0011. In yet another important aspect, the invention pro 
vides a liquid phase polymerization proceSS for preparing 
polyisobutylene. In accordance with this aspect of the inven 
tion, the proceSS broadly comprises providing a feedstock 
comprising isobutylene, providing a catalyst composition 
comprising a complex of BF and a complexing agent, 
introducing Said feedstock and Said catalyst composition 
into a reaction mixture in a reaction Zone, intimately inter 
mixing Said reaction mixture, Said feedstock and Said cata 
lyst composition to present an intimately intermixed reaction 
admixture in Said reaction Zone, maintaining the intimately 
intermixed reaction admixture in its intimately intermixed 
condition while the same is in Said reaction Zone, to thereby 
cause the isobutylene therein to undergo polymerization to 
form polyisobutylene, introducing an additional amount of 
Said complexing agent into Said intimately intermixed reac 
tion admixture at a rate which is independent of the rate of 
introduction of Said catalyst composition, and withdrawing 
a product stream comprising polyisobutylene from Said 
reaction Zone. 

0012. In a preferred form of the invention, the reaction 
Zone may comprise a loop reactor wherein the reaction 
admixture is continuously recirculated at a first volumetric 
flow rate, and Said feedstock and Said catalyst composition 
may be continuously introduced at a combined Second 
volumetric flow rate. 

0013 In further accordance with the concepts and prin 
ciples of the invention, the complexing agent may ideally be 
comprised of methanol. In this connection, it is to be noted 
that as used in the present Specification, the terms “com 
plexing agent' and “catalyst modifier” are essentially Syn 
onymous. It should also be noted that the complexing agent 
and/or catalyst modifier combined with the catalyst to form 
the catalyst composition and the catalyst modifier added 
Separately may desirably be the same compound, for 
example, methanol. Alternatively, the complexing agent 
and/or catalyst modifier combined with the catalyst to form 
the catalyst composition may be a different compound than 
the Separately added catalyst modifier. 
0014. In still further accord with the concepts and prin 
ciples of the invention, when the desired product is a highly 
reactive polyisobutylene, the ratio of BF to methanol in Said 
catalyst composition may desirably be no less than about 
0.59:1, and ideally, should be in the range of from about 
0.59:1 to about 0.62:1. In this latter regard, the ratio of BF 
to methanol may ideally be maintained at about 0.60:1 or 
0.61:1 in order to achieve highly reactive (high vinylidene) 
polyisobutylene. 

0015. In accordance with another preferred aspect of the 
invention, a Sufficient amount of a catalyst modifier Such as 
methanol may be independently introduced into the reactor 
to cause the ratio of BF to methanol in Said intimately 
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intermixed reaction admixture catalyst composition to be 
maintained at a level of about 0.59:1, about 0.60:1, about 
0.61:1 or to about 0.62:1 during the course of the reaction. 
0016. Ideally, the intimately intermixed reaction admix 
ture catalyst composition may be maintained at a tempera 
ture of at least about 0°C. while the same is in said reaction 
Zone and the introduction of Said feedstock into Said reaction 
Zone and the withdrawal of Said product Stream from the 
reaction Zone may be controlled Such that the residence time 
of the isobutylene undergoing polymerization in the reaction 
Zone is no greater than about 4 minutes. 
0.017. In another aspect of the invention where the desired 
product is a mid-range vinylidene content polyisobutylene, 
the ratio of BF to methanol in Said catalyst composition 
may desirably be maintained at about 1:1. In further accor 
dance with this aspect of the invention, a Sufficient amount 
of a catalyst modifier Such as methanol maybe indepen 
dently introduced to cause the ratio of BF to methanol in 
Said intimately intermixed reaction admixture catalyst com 
position to be maintained at approximately 1:1 during the 
course of the reaction. 

0.018. In another important aspect of the invention, the 
Same provides a single-stage liquid phase polymerization 
proceSS for preparing a polyolefin product having prese 
lected properties. In accordance with this aspect of the 
invention, the process may desirably comprise providing a 
liquid feedstock comprising at least one olefinic component, 
providing a catalyst composition comprising a complex of 
BF, and a complexing agent therefor, said complexing agent 
comprising a glycol or an aliphatic alcohol having a primary 
hydroxyl group and no hydrogen on a beta carbon, Said 
complex being Stable attemperatures needed to produce Said 
polyolefin product, introducing Said feedstock and Said 
catalyst composition into a residual reaction mixture in a 
loop reactor reaction Zone, recirculating the residual reaction 
mixture with the feedstock and the catalyst composition 
therein in Said Zone at a recirculation rate Sufficient to cause 
intimate intermixing of the residual reaction mixture, the 
feedstock and the catalyst composition to thereby present a 
recirculating, intimately intermixed reaction admixture of 
the residual reaction mixture, the feedstock and the catalyst 
composition in Said reaction Zone, maintaining the recircu 
lating intimately intermixed reaction admixture in its inti 
mately intermixed condition and removing heat of reaction 
from the reaction admixture at a rate calculated to provide a 
Substantially constant reaction temperature in the reaction 
admixture while the same is recirculating in Said reaction 
Zone, Said constant reaction temperature being at a level 
appropriate for causing olefinic components introduced in 
Said feedstock to undergo polymerization to form Said 
polyolefin product in the presence of Said catalyst compo 
Sition, providing a catalyst modifier and introducing the 
Same into Said residual reaction mixture Separately from Said 
catalyst composition, withdrawing a product Stream com 
prising polyolefin product and catalyst composition from 
Said reaction Zone; and controlling the introduction of Said 
feedstock into Said reaction Zone and the withdrawal of Said 
product Stream from the reaction Zone Such that the resi 
dence time of the olefinic components undergoing polymer 
ization in the reaction Zone is appropriate for production of 
Said polyolefin product. 
0019. In yet another important aspect, the invention pro 
vides a liquid phase polymerization proceSS for preparing 
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low molecular weight, highly reactive polyisobutylene 
which comprises providing a feedstock comprising isobu 
tylene, providing a catalyst composition comprising a com 
plex of BF and a complexing agent therefor, introducing 
Said feedstock and Said catalyst composition into a residual 
reaction mixture in a reaction Zone, intimately intermixing 
Said residual reaction mixture, Said feedstock and Said 
catalyst composition to present an intimately intermixed 
reaction admixture in Said reaction Zone, maintaining the 
intimately intermixed reaction admixture in its intimately 
intermixed condition and keeping it at a temperature of at 
least about 0° C. while the same is in said reaction Zone, to 
thereby cause the isobutylene therein to undergo polymer 
ization to form Said polyisobutylene, providing a catalyst 
modifier and introducing the same into Said residual reaction 
mixture Separately from Said catalyst composition, with 
drawing a product Stream comprising low molecular weight, 
highly reactive polyisobutylene from Said reaction Zone, and 
controlling the introduction of Said feedstock into Said 
reaction Zone and the withdrawal of Said product Stream 
from the reaction Zone Such that the residence time of the 
isobutylene undergoing polymerization in the reaction Zone 
is no greater than about 4 minutes. 
0020. In further accord with the foregoing aspect of the 
invention, the polyisobutylene may desirably have an aver 
age molecular weight in the range of from about 500 to 
about 5000 and a vinylidene content of at least 70%, said 
catalyst composition may comprise a complex of BF and a 
C to C. primary alcohol, and the amount of catalyst com 
pleX introduced into Said reaction Zone may be controlled 
such that about 0.1 to about 10 millimoles of BF are 
introduced for each mole of isobutylene introduced in Said 
feedstock. 

0021. In still further accord with the foregoing aspect of 
the invention, the polyisobutylene may desirably have an 
average molecular weight in the range of from about 950 to 
about 1050, a polydispersity within the range of from about 
1.3 to about 1.5 and a vinylidene content of at least about 
80%, said feedstock may comprise at least about 30% by 
weight isobutylene, Said catalyst composition may com 
prises a complex of BF and methanol, the amount of 
catalyst complex introduced into Said reaction Zone may be 
controlled such that about 0.5 to about 2 millimoles of BF 
are introduced for each mole of isobutylene introduced in 
Said feedstock, and the introduction of Said feedstock into 
Said reaction Zone and the withdrawal of Said product Stream 
from the reaction Zone may be controlled Such that the 
residence time of the isobutylene undergoing polymeriza 
tion in the reaction Zone is within the inclusive range of from 
about 45 to about 90 seconds. 

0022. In yet another preferred aspect of the invention, the 
reaction Zone may desirably comprise a loop reactor wherein 
the reaction admixture is continuously recirculated at a first 
Volumetric flow rate, and Said feedstock and Said catalyst 
composition are continuously introduced at a combined 
Second Volumetric flow rate. 

0023. In further accord with the preferred aspects of the 
invention, the catalyst modifier and/or the complexing agent, 
as the case may be, may be the same or different, and may 
each desirably comprise a C to Cs primary alcohol. More 
particularly and ideally, the catalyst modifier and/or the 
complexing agent, as the case may be, may each comprise 
methanol. 
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0024 Preferably, in accordance with the concepts and 
principles of the invention where an isobutylene product is 
desired, the feedstock may desirably comprise at least about 
30% by weight of said isobutylene. 
0.025 Desirably, the reaction Zone of the reactor may be 
a tube side of a shell-and-tube reactor and the heat of 
reaction is removed Simultaneously with its generation by 
circulation of a coolant in the shell Side of the eXchanger. 
Ideally, a heat transfer coefficient U of at least about 50 
Btu/min ft F. is maintained in the reaction Zone and the 
recirculation rate in the reactor may be Sufficient to establish 
a Reynolds number of at least about 2000 in said Zone. 
0026. In further accord with the concept and principles of 
the invention, the proceSS may include a step of adding a 
quenching material capable of killing the catalyst to the 
withdrawn product Stream. Such a step assists in controlling 
the molecular weight, and to Some extent the isomeric 
composition of the olefinic product. 
0027. In another aspect, the invention provides a reactor 
apparatus for olefin polymerization which comprises at least 
one reactor defining a reaction Zone and including an olefin 
polymerization reaction mixture inlet connection and an 
olefin polymerization reaction mixture outlet connection. 
These connections may desirably be in fluid communication 
with the reaction Zone. The reactor is adapted and arranged 
to facilitate the conduct in the reaction Zone of an exother 
mic olefin polymerization reaction on the reaction mixture in 
the presence of a catalyst composition comprising a catalyst 
and a catalyst modifier. In accordance with this aspect of the 
invention, the reactor apparatus further includes a feedstock 
inlet, a crude product outlet and a recirculation System 
including a pump arranged and adapted to circulate the 
reaction mixture in the Zone independently of the introduc 
tion of feedstock into the reaction mixture via Said feedstock 
inlet. The reactor apparatus of this aspect also includes a 
catalyst composition inlet in fluid communication with the 
Zone facilitating the addition of catalyst composition to the 
olefin polymerization reaction mixture and at least one 
catalyst modifier inlet in fluid communication with the Zone 
facilitating the addition of catalyst modifier to the olefin 
polymerization reaction mixture at a rate that is independent 
of the rate of addition of the catalyst composition. 
0028. Another important feature of the invention includes 
the provision of a method for operating an olefin polymer 
ization reactor. This method includes the Steps of providing 
an olefin polymerization reactor having a reaction Zone, 
recirculating an olefin polymerization reaction mixture in 
the Zone, introducing an olefin containing feedstock into 
Said reaction mixture, Said polymerization reaction mixture 
being recirculated at a flow rate which is independent of the 
rate of introduction of the feedstock into the recirculating 
olefin polymerization reaction mixture, introducing a cata 
lyst composition comprising a catalyst and a catalyst modi 
fier into the recirculating olefin polymerization reaction 
mixture, Subjecting the polymerization reaction mixture to 
exothermic olefin polymerization reaction conditions in the 
Zone in the presence of the catalyst composition, and intro 
ducing a catalyst modifier into the recirculating olefin poly 
merization reaction mixture at a rate that is independent of 
the rate of introduction of the catalyst composition. 
0029. In accordance with the concepts and principles of 
the invention, the foregoing System and methodology may 
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be used in connection with a System and/or methodology 
which includes only a Single reactor vessel or with one 
which includes a plurality of reactor vessels arranged in 
parallel as described in application Ser. No. 10/434.805 
mentioned above. In this regard, it is to be noted that in 
accordance with the concepts and principles of the inven 
tion, an apparatus and/or a method is provided which may 
desirably pertain to the use of the described system for 
introducing catalyst modifier into the recirculating reaction 
mixture at a rate that is independent of the rate of introduc 
tion of the catalyst composition in combination with a 
multi-reactor System. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0030 FIG. 1 is a schematic illustration of a reactor 
System including a multi-pass Shell and tube heat eXchanger 
and a recirculation System which is useful in connection 
with the invention; and 
0031 FIG. 2 is a flow diagram illustrating an apparatus 
which embodies the concepts and principles of the invention 
and which employs two reactors of the Sort illustrated in 
FIG. 1 arranged for operation in parallel. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0032. Many potentially valuable reactors having utility in 
the conduct of liquid phase polymerization polyolefins are 
known to the routineers in the art to which the invention 
pertains. However, for purposes of one preferred embodi 
ment of the present invention, the reactor desirably may 
include a two-pass shell-and-tube heat eXchanger as shown 
in FIG. 1, where the same is identified by the numeral 10. 
The reactor 10 may, for example, include three hundred 
eighty eight (388) 0.375" tubes with a wall thickness of 
0.035", each thereby providing an internal tube diameter of 
0.305". The reactor may be twelve feet long and may have 
internal baffling and partitions to provide 2 passes with 194 
tubes per pass. The passes are identified by the numerals 50 
and 51 in FIG. 1, and the 194 tubes of each pass are 
respectively represented by the Single tube portions 52 and 
53. Such construction is well known in the heat exchanger 
and reactor arts and no further explanation is believed 
neceSSary. 

0033. In operation, an olefin (e.g., isobutylene, 1-butene, 
2-butene) containing feedstock enters the reactor System via 
pump 14 and pipe 15. The downstream end of pipe 15 
desirably may be located to direct the feed stock into the 
Suction line 20 of recirculation pump 25. A catalyst com 
position may be injected into the reactor circulation System 
via pump 29 and pipe 30 at a location downstream from 
pump 25 and adjacent the first pass as shown in FIG. 1. For 
Some applications, where high vinylidene content is desired, 
the catalyst composition may desirably be a methanol/BF 
complex with a molar ratio of methanol to BF of about 2:1 
or leSS. In this connection, the molar methanol to BF ratio 
should desirably be no more than about 1.7:1 and no less 
than about 1.6:1. For other applications where high 
Vinylidene content is not paramount, the molar ratio of 
methanol to BF may be as low as about 1.1:1 or less and 
even perhaps as low as 1:1 for Some applications. 
0034) Circulation pump 25 pushes the reaction mixture 
through line 35, control valve 40 and line 45 into the bottom 
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head 11 of the reactor 10. A flow meter 46 maybe positioned 
in line 45 as shown. Appropriate temperature indicators TI 
and pressure indicators PI may be provided to monitor the 
System. The reaction mixture travels upwardly through tubes 
52 of pass 50 and downwardly through tubes 53 of pass 51. 
The circulating reaction mixture leaves reactor 10 via Suc 
tion line 20. The reactor system thus is of the type which is 
Sometimes referred to as a loop reactor. With this System, 
which is only a preferred System Since there are many other 
arrangements which would be apparent to those of ordinary 
skill in the art, the flow rate of the reactant mixture in the 
reactor may be adjusted and optimized independently of 
feed Stock introduction and product removal rates So as to 
achieve thorough intermixing of the catalyst composition 
and the reactants and appropriate temperature control. 
0.035 AS explained previously, each pass 50 and 51 may 
desirably include one hundred ninety four (194) separate 
tubes. For clarity, however, only a portion of a single tube is 
illustrated schematically in each pass in FIG.1. These tubes 
are identified by the respective reference numerals 52 and 
53. Although only a portion of each representative tube 52 
and 53 is shown, it should be appreciated by those skilled in 
the art that each of these tubes extends for the entire distance 
between top head 12 and bottom head 11 and that the same 
are in fluid communication with the interiors of heads 11 and 
12. 

0036. It is to be noted here, that the reaction mixture 
should preferably be circulated through the tubes 52, 53 of 
the reactor at a flow rate Sufficient to create Some degree of 
turbulence in the flowing liquid, whereby to achieve inti 
mate intermixing between the catalyst composition and the 
reactants and a heat transfer coefficient appropriate to pro 
vide proper cooling. In this regard, the flow rate, the reaction 
mixture properties, the reaction conditions and the reactor 
configuration should be appropriate to produce a Reynolds 
number (Re) in the range of from about 2000 to about 3000 
or even greater, and a heat transfer coefficient (U) in the 
range of from about 50 to about 150 Btu/min ft F. in the 
tubes 52, 53 of the reactor. Such parameters may generally 
be obtained when the linear flow rate of a typical reaction 
mixture through a tube having an internal diameter of 0.331 
inch is approximately within the range of from about 6 to 9 
feet per Second. 
0037. A product exit line 55 may desirably be connected 
in fluid communication with pump suction line 20. However, 
as would be readily appreciated by those skilled in the art, 
the exit line could be positioned almost anywhere in the 
System Since, at least from a theoretical view point, and as 
explained below, the conditions in the reactor may desirably 
approach those of a continuous stirred tank reactor (CSTR) 
where both temperature and composition remain constant 
Such that the composition of the product Stream leaving the 
reactor is identical to the composition of the reaction mix 
ture recirculating in the reactor. Likewise, the feedstock 
introduction line 15 could be positioned almost anywhere in 
the System, although, in practice, it is desirable for the line 
15 to be connected into the recirculation System at a position 
that is as far upstream from the line 55 as possible to insure 
that monomers introduced via line 15 have a maximum 
opportunity to polymerize before encountering line 55. 
0.038 A coolant may desirably be circulated on the shell 
Side of the reactor at a rate to remove heat of reaction and 
maintain a desired temperature in the reactor. 

Jan. 5, 2006 

0039. A catalyst complexing agent (catalyst modifier) 
may desirably be added Separately to the circulating reaction 
mixture via pump 18 and line 16 positioned in top head 12. 
This feature is particularly valuable when the desired prod 
uct is highly reactive polyisobutylene (HR PIB) and the 
catalyst composition comprises a BF catalyst and a metha 
nol complexing agent. BF complexes with methanol in two 
different forms, i.e., mono-complex (1 mole of BF to 1 mole 
of methanol) and di-complex (1 mole of BF to 2 moles of 
methanol), depending upon the availability of methanol. The 
mono-complex is believed to be the true catalytic Species, 
whereas the di-complex does not have any particular cata 
lytic properties in the absence of the mono-complex. Ref 
erences to fractional complexes are the actual average of the 
mono-complex and the di-complex. In this regard it has been 
determined that a catalyst composition made up of from 
about 0.59 to 0.62 moles of BF per mole of methanol is 
particularly valuable in the production of HR PIB. But when 
Such a composition is introduced into the System, variations 
and contaminants in the hydrocarbon feed often may result 
in less than optimal reactor control. This is believed to be, 
at least in part, the result of the propensity for many 
contaminants to effectively increase the apparent ratio of 
methanol to catalyst in the composition. Moreover, it is not 
always possible to predetermine the exact contamination 
level of Some feedstocks. 

0040. In accordance with the concepts and principles of 
the invention, however, it has been discovered that these 
problems may be solved and optimal results may be 
achieved by introducing a catalyst composition, which for 
Some purposes may desirably be a methanol lean composi 
tion, e.g., one containing more than the optimum desired 
concentration of the mono-complex, into the reactor 10 via 
line 30, and independently adding relatively pure methanol 
through a line that may desirably be spaced from line 30, 
such as the line 16. A pump 18 may desirably be provided 
to push the methanol through pipe 16. Alternatively, essen 
tially the same effect maybe achieved by introducing a 
Separate methanol Stream directly into the catalyst compo 
sition stream in line 30 by way of a line (not shown) and 
introducing the added methanol and the catalyst composition 
into the System together. In either event, the additional 
methanol added Separately is available to trim the catalyst 
composition So that a desired methanol to BF ratio may be 
achieved and maintained in the reactor 10. 

0041. In further accordance with the concepts and prin 
ciples of the invention, the amount of methanol added 
should desirably be Sufficient to create and maintain a 
preferred ratio of BF per mole of methanol in the circulating 
reaction mixture. For Some applications, for example where 
a highly reactive polyisobutylene is the desired product, the 
catalyst composition added via line 30 may desirably com 
prise a molar ratio of BF and methanol in the range of from 
about of 0.59:1 to about 0.62:1, and ideally may be about 
0.61:1. Alternatively, for other applications, for example 
where the desired product is a polyisobutylene where the 
Vinylidene content is not So important, the catalyst compo 
sition added via line 30 may comprise a molar ratio of BF 
and methanol of about 1:1. 

0042. The product exiting the system via line 55 should 
be quickly quenched with a material capable of killing the 
activity of the catalyst, Such as, for example, ammonium 
hydroxide, So that the ongoing eXothermic polymerization 
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reactions are immediately stopped. Thus, any undesired 
temperature increase due to a lack of cooling (and the 
concomitant production of lower molecular weight poly 
mers due to the higher temperatures) or rearrangement of the 
polymer molecules maybe minimized. The polyolefin prod 
ucts of the invention may then be directed to a work up 
System, including a wash System where catalyst Salts may be 
removed and a purification and Separation System where the 
polyolefin product may be separated from unreacted mono 
mers, dimers, oligomers and other undesirable contaminants 
Such as diluents, etc. These latter materials may then be 
recycled or diverted for other uses employing known meth 
odology. 

0.043 With the described recirculation system, the rate of 
feedstock introduction into the reaction mixture and the rate 
of product removal are each independent of the circulation 
rate. As will be appreciated by those of ordinary skill in the 
art, the number of passes through the reactor and the Size and 
configuration of the latter are Simply matters of choice. For 
a single reactor system as illustrated in FIG. 1, the feedstock 
and product withdrawal flow rates may preferably be chosen 
Such that the residence time of the fresh monomers entering 
the reactor with the feedstock is 4 minutes or less, desirably 
3 minutes or less, preferably 2 minutes or less, even more 
preferably 1 minute or less, and ideally less than 1 minute. 
In connection with the foregoing, the residence time is 
defined as the total reactor system volume divided by the 
Volumetric flow rate of the feedstock entering the System via 
pipe 15. 

0044) The recirculation flow rate, that is the flow rate of 
the reaction mixture in the System induced by the recircu 
lation pump 25, is controlled, as described above, to achieve 
appropriate turbulence and/or heat transfer characteristics. 
This recirculation flow rate is often a function of the system 
itself and other desired process conditions. For the Systems 
described above, the ratio of the recirculation flow rate to the 
incoming feedstock flow rate (recycle ratio) should gener 
ally be maintained in the range of from about 20:1 to about 
50:1, desirably in the range of from about 25:1 to about 40:1, 
and ideally in the range of from about 28:1 to about 35:1. In 
particular, in addition to causing turbulence and providing 
an appropriate heat transfer coefficient, the recirculation 
flow rate of the reaction mixture should be sufficient to keep 
the concentrations of the ingredients therein essentially 
constant and/or to minimize temperature gradients within 
the circulating reaction mixture, whereby essentially iso 
thermal conditions are established and maintained in the 
reactOr. 

0.045. As mentioned above, the recycle ratios generally 
may be in the range of from about 20:1 to about 50:1. Higher 
recycle ratioS increase the degree of mixing and the reactor 
approaches isothermal operation leading to narrower poly 
mer distributions. But higher recycle ratioS also result in 
higher power consumption. Lower recycle ratioS decrease 
the amount of mixing in the reactor, and as a result, there is 
a greater discrepancy in the temperature profiles. AS the 
recycle ratio approaches Zero, the design equations for the 
reactor reduce to those for a plug flow reactor model. On the 
other hand, as the recycle ratio approaches infinity, the 
modeling equations reduce to those for a CSTR. When 
CSTR conditions are achieved, both temperature and com 
position remain constant and the composition of the product 
Stream leaving the reactor is identical to the composition of 
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the reaction mixture recirculating in the reactor. Needless to 
Say, after equilibrium has been established, as feedstock 
enters the System, an equal mass of product is pushed out of 
the reactor loop. Thus, under CSTR conditions, the point at 
which the product Stream is withdrawn is independent of 
reactor geometry. 

0046) The feedstock entering the system through line 15 
may be any olefin containing Stream. Where polyisobutylene 
is the preferred product, the feedstock may be, e.g., isobu 
tylene concentrate, dehydro effluent, or a typical raff-1 
Stream. These feedstock materials are described respectively 
below in Tables 1, 2 and 3. 

TABLE 1. 

Isobutylene Concentrate 

Ingredient Weight % 

Css O.OO 
I-butane 6.41 
n-butane 1.68 
1-butene 1.30 
I-butene 89.19 
trans-2-butene O.83 
cis-2-butene O.38 

1,3-butadiene O.21 

0047 

TABLE 2 

Dehydro Effluent 

Ingredient Weight % 

Css O.38 
I-butane 43.07 
n-butane 1.29 
1-butene O.81 
I-butene 52.58 
trans-2-butene O.98 
cis-2-butene O.69 
1,3-butadiene O.2O 

0048) 

TABLE 3 

Raf-1 

Ingredient Weight % 

Css 0.57 
I-butane 4.42 
n-butane 16.15 
1-butene 37.22 
I-butene 3O.O1 
trans-2-butene 8.38 
cis-2-butene 2.27 
1,3-butadiene O.37 
MTBE O.61 

0049. On the other hand, Suitable streams for the produc 
tion of polyolefins generally may include feedstock materi 
als such as those described in Tables 4 and 5. 
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TABLE 4 

2-Butene Rich Stream 

Ingredient Weight % 

I-butane 2.19 
n-butane 61.50 
1-butene O.64 
trans-2-butene 28.18 
cis-2-butene 7.49 

0050 

TABLE 5 

1-Decene Rich Stream 

Ingredient Weight % 

1-decene 94.OO 
Co isomers 6.OO 

0051) With reference to FIG.2, and in further accordance 
with the concepts and principles of the invention, it has been 
discovered that an operating System incorporating a plurality 
of reactors arranged for operation in parallel provides a great 
deal more operating flexibility than a Single larger reactor 
sized for the Same total production rate. In fact, the multiple 
reactor concept of the invention provides for less risk in 
operation, more flexibility in running the process, lower feed 
rates (higher conversions), improved reactor design, and 
increased production capability per unit of time. Moreover, 
the multiple reactor concept of the invention allows, e.g., for 
a 20:1 Scale-up from pilot plant operation when the System 
includes two reactors, rather than a 40:1 Scale-up with a 
larger reactor. This significantly reduces the uncertainties 
asSociated with Scaling up pilot plant data. 
0.052 A multiple reactor system which embodies the 
concepts and principles of the invention is illustrated in FIG. 
2, where it is identified broadly by the reference numeral 
200. System 200 includes two reactors 202a and 202b, 
which as shown are connected for parallel operation on both 
the reaction Side and on the cooling fluid Side. In addition, 
each reactor 202a, 202b, desirably has its own respective 
recirculation system, 204a, 204b. Ideally, the reactors 202a 
and 202b may be identical. However, in accordance with the 
broad aspects of the invention, it is not a critical feature of 
the invention for the reactors to be identical. 

0.053 Ideally, the reactors 202a, 202b may each be essen 
tially the same as the reactor 100 illustrated in FIG. 1. That 
is to say, the reactors 202a, 202b may each be a two-pass 
reactor, with each pass including one hundred ninety four ys" 
tubes as described above. Other equipment shown in FIG. 2 
which is essentially the same as the corresponding equip 
ment shown in FIG. 1 is identified by similar reference 
numerals followed by either an “a” or a “b” as the case may 
be. Thus, the reactors 202a, 202b each include a feedstock 
inlet line (15a, 15b), a recirculation pump (25a, 25b), a 
recirculation pump Suction line (20a, 20b), a product outlet 
line (55a, 55b), a catalyst composition inlet line (30a, 30b) 
and a methanol inlet line (16a, 16b). In FIG. 2, a common 
feedstock inlet line for the multiple reactor system 200 is 
identified by the reference numeral 215, and a common 
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product outlet line for the multiple reactor system 200 is 
identified by the reference numeral 255. 
0054 The multiple reactor system of the invention offers 
advantages in conversion and polymer polydispersity. The 
multiple reactor System of the invention also facilitates a 
reduction in the amount of off-spec material generated 
during early operation of the unit because equilibrium and 
the development of the operating parameters necessary for a 
particular product are achieved more expeditiously. 
0055. The optimum inlet feedstock flow rate for each 
reactor of the multiple reactor system 200 of the invention 
is about fifteen to Seventeen gal/min with appropriate refrig 
eration capacity and back-end processing capabilities. That 
is to say, with the multiple reactor system 200 of the 
invention, higher conversions (70-75%) are possible at this 
flow rate than higher flow rates (>20 gal/min per reactor). 
This is the result of increased residence times in the range of 
from about 120 to 135 seconds. Higher conversion rates lead 
to improvements (reductions) in polydispersity, and a poly 
dispersity of about 1.7 is achievable through the use of the 
multiple reactor system 200 of the invention for the produc 
tion of a PIB product having a number average molecular 
weight (MN) of about 950, and a polydispersity of about 2.2 
is achievable through the use of the multiple reactor System 
200 of the invention for the production of a PIB product 
having a MN of about 2300. When using a single reactor to 
produce the same molecular weight products, the best poly 
dispersities that could be achieved were 1.9 and 2.3 respec 
tively. 

0056. For the dual reactor system described above, the 
feedstock and product withdrawal flow rates may preferably 
be chosen Such that the residence time of the reaction 
mixture within each reactor may be, for example, about 4 
minute or less, about 3 minutes or less, ideally from about 
120 to about 135 seconds, perhaps even less than about 2 
minutes, and potentially even as low as about 1 minute or 
leSS. 

0057 The multiple reactor system 200 of the invention 
also facilitates the use of Smaller reactors having improved 
preSSure drop characteristics resulting in more efficient 
energy usage. This may be due at least in part to the fact that 
larger reactors may require longer reactor tubes with Similar 
recirculation linear flow rates. The system 200 is described 
more fully in said application Ser. No. 10/434,805. 
0058 As mentioned above, product exiting the polymer 
ization reactor system via lines 55 (FIG. 1) or 255 (FIG.2) 
should be quenched immediately with a material capable of 
killing the activity of the catalyst, Such as, for example, 
ammonium hydroxide. Thus, any potential undesired 
decrease in molecular weight or rearrangement of the poly 
mer molecule may be minimized. For this purpose, and with 
reference to FIG. 1, an agent for killing the activity of any 
residual catalyst in the crude product leaving reactor 10 via 
line 55 may be introduced into the latter by way of a line 60. 
Similarly, and with reference to FIG. 2, an agent for killing 
the activity of any residual catalyst in the crude product 
leaving reactor system 200 via line 255 may be introduced 
into the latter by way of a line 260. NHOH in an aqueous 
Solution is a particularly good agent for killing the activity 
of any residual BF3/methanol complex in the polyolefin 
product. However, the invention is in no way limited to the 
use of NHOH. Rather, the exact nature of the catalyst 
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activity killing agent will dependentirely upon the nature of 
the catalyst itself and/or the nature of the product in the 
product Stream. After quenching, the polyolefin products of 
the invention may then be directed to a work up System, 
including, for example, a wash System Such as described in 
application Ser. No. 10/434,805, where catalyst salts may be 
removed. In addition, apparatus for removing undesirable 
components Such as, for example, diluents, unreacted mono 
mer, and unwanted light ends Such as dimers, trimers, 
oligomers, etc. may be provided downstream from the wash 
System. 

1. A reactor apparatus for olefin polymerization compris 
ing: 

a reactor defining a reaction Zone and including an olefin 
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an inlet for introduction of an olefin containing feedstock 
into the reaction mixture in Said Zone; 

a recirculation System including a pump arranged and 
adapted to circulate Said reaction mixture in Said Zone 
at a flow rate that is independent of the rate of intro 
duction of olefin containing feedstock into Said Zone; 

a catalyst composition inlet in fluid communication with 
Said Zone for introduction of a catalyst composition into 
the reaction mixture in Said Zone; and 

at least one catalyst modifier inlet in fluid communication 
with Said Zone for introduction of a catalyst modifier 
into the reaction mixture in Said Zone at a rate which is 
independent of the rate of introduction of catalyst 
composition into the reaction mixture in Said Zone. 

polymerization reaction mixture inlet connection and 
an olefin polymerization reaction mixture outlet con 
nection, which connections are in fluid communication 
with Said Zone, Said reactor being adapted and arranged 
to facilitate the conduct in Said Zone of an exothermic 
olefin polymerization reaction on Said olefin polymer 
ization reaction mixture in the presence of a catalyst 
composition comprising a catalyst and a catalyst modi 
fier; 

2. A reactor apparatus for olefin polymerization as Set 
forth in claim 1, wherein Said catalyst composition inlet is 
Spaced from Said catalyst modifier inlet. 

3. A reactor apparatus for olefin polymerization as Set 
forth in claim 1, wherein Said catalyst composition inlet is 
connected to a pipe which is part of Said recirculation 
System. 


