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MONITORING AND CONTROL OF SLURRY 
PROCESSES FOR POLYMERIZING OLEFINS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] Not Applicable. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not Applicable. 

FIELD OF THE INVENTION 

[0003] This invention relates to the use of Raman spec 
trometry in processes for polymerizing ole?ns and in meth 
ods of monitoring and controlling ole?n polymeriZation 
processes, reactants and other components. More particu 
larly, a Raman ?ber optic probe may be placed in an ole?n 
polymeriZation reactor, or before or after such a reactor, for 
Raman spectrometry analysis. The present processes and 
apparatus may employ loW resolution Raman spectrometry 
and measurement of liquid phase and/or gas phase compo 
nents of an ole?n polymeriZation process. The present 
processes and apparatus alloW for quantitatively monitoring 
the ole?n polymeriZation process in situ and constitute an 
improvement over gas chromatographic analysis conven 
tionally employed in monitoring ole?n polymeriZation reac 
tions. 

BACKGROUND OF THE INVENTION 

[0004] Ole?n monomers, such as ethylene and propylene, 
can be polymeriZed to form polyole?ns. For example, eth 
ylene or propylene may be homopolymeriZed to form poly 
ethylene and polypropylene, respectively, or they may be 
copolymeriZed together or With higher 1-ole?ns such as 
1-butene, 1-pentene, 4-methyl-1-pentene, 1-hexene and oth 
ers. Processes for manufacturing polyole?ns typically 
employ catalyst systems comprising one or more catalytic 
metal compounds, typically transition metals, perhaps 
together With a co-catalyst and/or a support such as alumina 
or silica. Different types of ole?n polymeriZation processes 
are available. For example, ole?ns may be polymeriZed in 
homogeneous processes or in heterogeneous processes. 

[0005] One type of polymeriZation process employs a 
slurry as the reaction mixture. In slurry polymeriZation 
processes, solid ole?n polymers such as polypropylene, 
polyethylene and copolymers, are formed under polymer 
iZation conditions that include a slurry as the reaction 
mixture. The slurry comprises the solid ole?n polymer 
particles suspended in a liquid diluent that is inert in the 
polymeriZation reaction and in Which the polymer is 
insoluble under polymeriZation conditions. Typically, slurry 
polymeriZation processes are conducted in a relatively high 
pressure continuous reactor, such as a loop reactor. Such 
reactors may be operated at pressures of about 600 psi, for 
example, and at temperatures of about 60 degrees C. to about 
100 degrees C. In many situations, slurry polymeriZation 
processes are relatively more commercially desirable than 
other polymeriZation processes. 

[0006] In the slurry polymeriZation process, components 
such as one or more monomers, a diluent, and a catalyst 
system and possibly other reactants (such as, for example, 
comonomers or hydrogen) are introduced to the polymer 
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iZation reactor to form a reaction mixture. The reaction 
mixture is maintained under polymeriZation conditions for 
formation of polyole?n. After a suitable period, the slurry or 
a portion thereof is discharged from the reactor through a 
product take-off line into a settling leg. The solid polyole?n 
settles out from the slurry, leaving a clear liquid comprising 
diluent and reactants such as the monomer. The clear liquid 
and solid polyole?n then may then re-mix as they are 
transferred to one or more separation chambers or ?ash 

tanks Where, for example, they are ?ashed to a loW pressure 
such as about 15 or 20 psi. Some slurry loop polymeriZation 
equipment includes both a high pressure ?ash tank and a loW 
pressure ?ash tank. Further information and details of slurry 
polymeriZation processes and loop reactors, including 
examples of suitable reaction conditions as Well as control 
schemes for other important variables, such as solids con 
centration and production rate, can be found in US. Pat. No. 
3,998,995 and US. Pat. No. 3,257,363, Which are incorpo 
rated herein by reference. 

[0007] It is desired to monitor and control the polymer 
iZation reaction so that one may obtain polyole?ns having 
particular properties. Obtaining particular properties in a 
polyole?n may be done by control of the component con 
centrations or ratios during the polymeriZation process. 
Small changes in components can affect the properties of the 
?nal polyole?n product. Control of the concentration of 
ole?n monomer, and if present, comonomer and hydrogen, 
is required to ensure reliable ?nished polyole?n product 
properties. Other important control parameters may include 
the degree of polymeriZation, molecular Weight, or siZe of 
the polymer chain. Therefore, it is desirable to monitor the 
ole?n polymeriZation process by determining monomer con 
tent and, When one or more co-monomers are present, by 
determining co-monomer content(s). It may also be desir 
able to determine diluent content and product content. 

[0008] Current methods of monitoring slurry polymeriZa 
tion processes and the components (reactants, products, and 
diluent) in such processes are less than optimal for several 
reasons. In loop polymeriZation processes, monomer and 
co-monomer content have typically been determined by gas 
chromatography (“GC”) analysis of the ?ash gas, that is, the 
gas released at one of the ?ash tanks Where pressure is 
released. For example, US. Pat. No. 3,257,363 discloses 
methods of controlling the composition of the reaction 
mixture in a loop polymeriZation reactor Wherein a gas 
chromatographic analyZer may be used to determine the 
amounts of ethylene and l-butene reactants from a polymer 
free off-gas line or With a sample stream from anyWhere in 
the reaction system. 

[0009] HoWever, monitoring of the ole?n polymeriZation 
process by analysis of the ?ash gas is less than optimal for 
several reasons. One reason is the amount of time for such 
analysis. If an analysis takes too much time, it generally has 
less value for monitoring, controlling or adjusting the ole?n 
polymeriZation process. Also, another concern arises When 
the polymeriZation equipment includes more than one ?ash 
chamber, such as a high pressure ?ash chamber and a loW 
pressure ?ash chamber. In such instances, gas chromato 
graphic analysis of ?ash gas takes more time and is poten 
tially less accurate When both high pressure and loW pres 
sure ?ash tanks are in operation. 

[0010] While the contents of the ole?n polymeriZation 
reactor may be determined by removing a small sample for 
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analytical testing in a remote laboratory, this is less favor 
able than monitoring in situ. It may be dangerous and 
dif?cult to remove a sample from a hot process stream, and 
there are risks that the sample may not be representative of 
the overall reactor contents or that removing the sample may 
alter the sample. Sampling is time-consuming, and delay 
may cause the sample not to be representative of the reactor 
contents. A signi?cant amount of material may be produced 
in the time required to remove, prepare, and analyZe a 
sample. The analytical data obtained from the delayed 
sample is therefore of limited value for proactive process 
control. Furthermore, additional processing of the extracted 
sample may be required yet is undesirable. 

[0011] Apreferred method of monitoring the polymeriZa 
tion process Would monitor the process as it happens, or as 
soon thereafter as practical. It is also preferable that an 
analysis method be performed in situ, as opposed to being 
performed on samples removed from the polymeriZation 
equipment. An in situ method Would reduce the need to 
remove samples from the production environment, improve 
safety, and yield faster measurements. HoWever, there are 
obstacles to providing in situ on-line chemical information 
in a process environment. The analytical method must be 
sufficiently accurate and precise under hostile physical and 
chemical conditions. The analytical method must be capable 
of remote detection and analysis. 

[0012] Analyses of slurry ole?n polymeriZation processes 
in situ, that is, Within a slurry loop polymeriZation reactor or 
associated equipment, have been difficult if not impossible 
to do, since such ole?n polymeriZation reactions are carried 
out at high pressures. HoWever, spectrophotometric appara 
tus such as a spectrograph and a radiation source can be 
situated in a location remote from the polymeriZation reactor 
that is to be analyZed in situ, the sampling site being 
connected to the apparatus by radiation conduits comprising 
?ber optic cables. 

[0013] Raman spectrometry can provide qualitative and 
quantitative information about the composition and/or 
molecular structure of chemical components. Raman spec 
trometry is based upon the vibrational energy of a com 
pound. A sample is irradiated, preferably by a monochro 
matic light source, and the scattered light is examined 
through a spectrometer using photoelectric detection. Most 
of the scattered radiation has the Wavelength of the source 
radiation, Which is referred to as Rayleigh scattering. HoW 
ever, the scattered radiation also comprises radiation at 
shifted Wavelengths, Which is referred to as Raman scatter 
ing, Which occur at different Wavelengths due to molecular 
vibrations. The difference in Wavelengths betWeen the 
source radiation and radiation affected by molecular vibra 
tions is commonly referred to as the Raman shift. Even if 
monochromatic light is used as the source radiation, the 
Raman spectrum Will comprise scattered light spread across 
a Wavelength band. The Raman shift or Raman spectrum 
conveys compositional and molecular information regarding 
the component in the sample. The Raman spectrum is 
extremely Weak compared to the Rayleigh spectrum. 
[0014] Not all substances are measurable by Raman spec 
trometry. There must be a change in polariZability during 
molecular vibration of a substance in order for that sub 
stance to be Raman active. 

[0015] There are several factors that have favored the use 
of gas chromatography as an analytical method over Raman 
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spectrometry With ole?n polymeriZation processes. In gen 
eral, it is recogniZed by those familiar With Raman spec 
trometry that the presence of solid particles in a solution to 
be analyZed Will signi?cantly reduce the Raman shift 
observed. In particular, slurry ole?n polymeriZation pro 
cesses include solid polyole?n particles in the slurry. Also, 
the reactants and products in ole?n polymeriZation processes 
may have peaks in their respective Raman spectra that are 
relatively close together, such as When ethylene is employed 
as a monomer and hexene is employed as a co-monomer. For 

example, ethylene and hexene produce similar peaks in their 
Raman spectra. Ethylene exhibits a peak at 1620 cm'1 While 
hexene exhibits a peak at 1640 cm_1. As a result, it may be 
dif?cult to distinguish betWeen ethylene and hexene, and 
there is likely to be some overlap in certain peaks. Thus, it 
Would appear necessary to employ high resolution Raman 
spectrometry equipment to analyZe the components of cer 
tain ole?n polymeriZation processes. Furthermore, Raman 
spectrometry equipment, particularly high resolution Raman 
spectrometry equipment, is relatively expensive, Which 
Would generally discourage its use With industrial processes. 
Gas chromatography equipment has historically been less 
costly than high resolution Raman spectrometry equipment. 
Furthermore, gas chromatography sampling systems are 
Well established. Also, gas chromatography equipment tends 
to provide information that is more readily usable, Whereas 
Raman spectrometry equipment tends to produce informa 
tion that requires additional analysis. Engineers and opera 
tors tend to prefer equipment that provides a relatively 
simple reading rather than a spectrum. 

[0016] International Application No. PCT/AU86/00076, 
Which is incorporated herein by reference, discloses moni 
toring the presence or concentration of one or more chemical 
components by using Raman scattering. Optical ?bers are 
used to direct electromagnetic radiation to and from the 
monitored environment, so that the Raman detector may be 
remote from the monitored environment. It is stated that the 
Raman monitoring method is applicable to gases, liquids 
and solids, though no particular chemical components are 
disclosed as being monitored. It is also stated that it is 
necessary to examine the intensity of the scattered light at 
selected characteristic Wavelengths. A band pass ?lter sys 
tem is used, Which has a series of narroW band pass 
intelrference ?lters each having a band pass betWeen 100 
cm and 400 cm_1. Each ?lter is chosen to give maximum 
transmission of the Raman scattering of a particular com 
ponent to be analyZed. This international application does 
not disclose the use of Raman spectrometry to monitor an 
ole?n polymeriZation process, or to measure ole?n mono 
mers. The international application does not disclose a 
method of monitoring the presence or concentration of more 
than one chemical component When those components have 
overlapping Raman spectra or event that such monitoring is 
possible. 
[0017] US. Pat. No. 5,652,653, Which is incorporated 
herein by reference, discloses a method of on-line quanti 
tative analysis of chemical compositions by Raman spec 
trometry. The method comprises simultaneously irradiating 
the monitored chemical composition and a reference mate 
rial. The method applies predetermined calibration means to 
the standard Raman spectrum of the analyZed chemical 
composition to ascertain the chemical composition. The 
method is used for analyZing a polyester manufacturing 
process. Apolyester manufacturing process generally has a 



US 2004/0198927 A1 

liquid reaction mixture that does not include solids or a 
slurry. The patent discloses the construction of constitution 
intensity correlation (CIC) multivariate calibration means. 
This is done by comparing a plurality of peaks at different 
Wavelengths in the Raman spectra, Which are preferably 
standard spectra, With a plurality of chemical compositions 
of knoWn concentrations. The Wavelengths selected for 
construction of a CIC depend on the spectral characteristics 
of the particular component Whose concentration in a chemi 
cal composition is to be determined. For each component 
Whose in situ concentration in the composition is desired to 
be monitored at any given time, a separate CIC calibration 
is prepared. 

[0018] US. Pat. No. 4,620,284, Which is incorporated 
herein by reference, relates to qualitative and quantitative 
analysis using Raman scattering for substances in gaseous, 
liquid and solid form to provide numbers, rather than 
spectra, denoting the amounts of the substances present. It is 
disclosed that reference spectra are used to establish a 
relationship betWeen spectra region areas and concentrations 
of substances, and that composite reference spectra may be 
prepared. The patent discloses a hydrocarbon analyZer dedi 
cated to “PNA” analysis as a particular embodiment, Which 
determines the composition of a hydrocarbon in terms of 
three groups: paraf?ns, napthlanes, and aromatics. Among 
the prior art disclosed in that patent is Work accomplished 
using the Raman effect to analyZe hydrocarbons, including 
an article entitled “Determination of Total Ole?ns and Total 
Aromatics.” Similarly, an article entitled “Low-Resolution 
Raman Spectroscopy,” Spectroscopy 13(10) October 1998, 
discuss Raman spectrometric analysis of mixtures of organic 
liquids as Well as petroleum products. 

[0019] HoWever, it is believed that Raman spectrometry 
has not been previously employed to monitor an ole?n 
polymeriZation process. 

SUMMARY OF THE INVENTION 

[0020] The present processes, methods, and apparatus 
differ from prior processes and apparatus for monitoring 
chemical components With Raman spectrometry in that 
Raman spectrometry is applied to ole?n polymeriZation 
processes. Monitoring of ole?n polymeriZation processes by 
Raman spectrometry is distinguishable at least because 
Raman spectra of the various components may overlap, and 
other factors have made other analytical methods appear to 
be superior. For example, the presence of solid polyole?n 
particles in the reaction mixture of some polymeriZation 
processes Would discourage the use of Raman spectrometry 
for analyZing such reaction mixtures. 

[0021] A process for ole?n polymeriZation in a slurry 
comprising solid polyole?n and a diluent is provided. The 
process comprises the steps of contacting in a reaction 
mixture under slurry polymeriZation conditions: at least 
one reactant including at least one ole?n monomer and 
optionally at least one comonomer and optionally hydrogen 
and (ii) a heterogeneous catalyst system comprising one or 
more catalytic metal compounds and one or more co 
catalysts; (b) making a polyole?n; and (c) monitoring the 
process by using Raman spectrometry equipment to provide 
an output signal representative of one or more of reactants 
or the polyole?n; and The output signal is generally 
representative of a concentration of either one of the reac 
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tants or the products, though the signal that comes directly 
from the Raman probe Will be converted to a concentration 
value as described herein to provide the output signal. 

[0022] The process may further comprise the step of 
adjusting the ole?n polymeriZation process in response to 
the output signal provided by the Raman spectrometry 
equipment. The ole?n polymeriZation process can be 
adjusted by adjusting the concentration Within the reaction 
mixture of at least one chemical component With the reac 
tion mixture. Alternatively, the ole?n polymeriZation pro 
cess can be adjusted by adjusting one or more polymeriZa 
tion conditions selected from the group consisting of 
polymeriZation temperature, polymeriZation pressure, With 
draWal of the reaction mixture from the reactor, and circu 
lation rate of the reaction mixture Within the reactor. The 
Raman spectrometry equipment is operatively connected to 
a Raman ?ber optic probe that is in contact With the reaction 
mixture or the polyole?n. 

[0023] In some preferred embodiments, the monomer con 
sists of ethylene. In other preferred embodiments, a comono 
mer is present in the reaction mixture so that it is contacted 
With the ethylene, and the comonomer is selected from the 
group consisting of 1-butene, l-pentene, 4-methyl-1-pen 
tene, and l-hexene. 

[0024] The monitoring may be done using Raman spec 
trometry equipment to analyZe effluent, such as the effluent 
from a loop polymeriZation reactor. 

[0025] As another aspect, a method for monitoring and 
controlling an ole?n polymeriZation reaction is provided. 
The method comprises (a) contacting components of a 
reaction mixture in a polymeriZation reactor under polymer 
iZation conditions, Where the components comprise a mono 
mer, a diluent, and a catalyst system; (b) using Raman 
spectrometry equipment to obtain a Raman spectrum; (c) 
obtaining a concentration of at least one component based 
upon the Raman spectrum; (d) adjusting at least one poly 
meriZation condition in response to the concentration of the 
component. The method may also comprise obtaining a 
Raman spectrum of the reaction mixture, and determining 
the concentration of at least one component through the use 
of a calibration model. In preferred embodiments, the 
method further comprises, prior to step (a), the step of 
developing the calibration model using partial least squares 
analysis. 

[0026] As yet another aspect, an apparatus for ole?n 
polymeriZation is provided. The apparatus comprises poly 
meriZation equipment comprising a polymeriZation reactor 
for slurry polymeriZation of one or more ole?ns, Wherein the 
slurry comprises solid polymer particles and a diluent; at 
least one inlet to the reactor for providing chemical com 
ponents of the polymeriZation; at least one outlet from the 
reactor for removing product from the polymeriZation reac 
tor; at least one Raman probe located in the polymeriZation 
equipment, Where the Raman probe provides an output 
signal; Raman spectrometry equipment located outside the 
polymeriZation equipment and operatively connected to at 
least one Raman probe. 

[0027] The ole?n polymeriZation apparatus may further 
comprises a computer that receives a signal from Raman 
spectrometry equipment. The computer can be operatively 
connected to How control equipment for adjusting a con 
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centration of at least one of the chemical components or the 
product. Alternatively, the computer can be operatively 
connected to equipment for adjusting one or more of poly 
meriZation conditions selected from the group consisting of 
polymerization temperature, polymeriZation pressure, With 
draWal of the reaction mixture from the reactor, and circu 
lation rate of the reaction mixture Within the reactor. The 
computer may comprise a calibration model for converting 
Raman spectra to at least one concentration of one or more 

of chemical components or of product. 

[0028] The Raman probe may be a Raman ?ber optic 
probe disposed in the outlet or in polymeriZation reactor. 
The Raman probe can be operatively connected to the 
Raman spectrometry equipment by ?ber optic cable. 

[0029] In the present processes, methods and apparatus, 
loW resolution Raman spectrometry equipment may be used, 
such as, for example, Raman spectrometry equipment hav 
ing a resolution of about 15 Wavenumbers to about 30 
Wavenumbers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] FIG. 1 is a diagram of a loop polymeriZation 
reactor comprising Raman spectrometry equipment for 
monitoring a slurry ole?n polymeriZation process. 

DETAILED DESCRIPTION OF DRAWINGS 
AND PREFERRED EMBODIMENTS 

[0031] Some embodiments described herein are described 
in the terms of the polymerization of ethylene. However, the 
present processes and apparatus may be employed With any 
process Where it is desired to monitor and control polymer 
iZation of an ole?n. It is particularly applicable to the 
operation of loop reactors Which produce polyethylene or 
polypropylene under slurry polymeriZation conditions. 
PolymeriZation conditions generally include the concentra 
tion of reactants, products and other chemical components, 
temperature, pressure, WithdraWal rate from the reactor, and 
circulation rate Within the reactor 

[0032] A process for polymeriZing ole?ns is provided 
Wherein monomer and/or comonomer and/or other compo 
nents may be monitored before, during and/or after the 
polymeriZation reaction through Raman spectrometry. Such 
Raman spectrometry provides for improved monitoring and 
control of the process. In preferred embodiments, a Raman 
?ber optic probe is located in the reactor or in a product 
take-off line just outside the reactor and provides an output 
signal from Which monomer and/or comonomer and/or 
diluent concentrations may be determined. The present 
processes, methods, and apparatus provide improved pro 
cess control compared to process control based on ?ash gas 
analysis by gas chromatography. 

[0033] Raman spectrometry typically comprises providing 
a source of electromagnetic radiation, transmitting radiation 
to a sample, collecting scattered radiation from the sample, 
separating or dispersing the energy of the scattered radiation, 
and detecting the radiation. Any suitable radiation source 
may be employed in the present method and apparatus, 
preferably a radiation source having a nominal Wavelength 
of 785 nm, alternatively a radiation source having a nominal 
Wavelength of 532 nm. Various Raman spectrometry equip 
ment, as Well as underlying principles, are disclosed in US. 
Pat. No. 5,652,653, Which is incorporated herein by refer 
ence. 
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[0034] Suitable Raman analytical units include the loW 
resolution Raman R-2000 and R-2001C, manufactured and 
marketed jointly by Ocean Optics, Inc. (Dunedin, Fla.) and 
Boston Advanced Technologies, Inc. (Marlboro, Mass.). 
Such loW cost, loW resolution Raman spectrometers have 
been found to be suitable for use in the present processes, 
methods and apparatus. The device consists of a solid-state 
diode laser With a thermoelectrically cooled charge-coupled 
device (CCD) array miniature detector in the R-2001C and 
a computer interface card. Various other and related appa 
ratus for Raman spectrometry, as Well as underlying prin 
ciples, are disclosed in US. Pat. No. 5,652,653, Which is 
incorporated herein by reference. 

[0035] The laser in the R-2001C is a B&W diode laser set 
at 785 nm With a poWer of 500 mW. The ?ber-optic probe 
has excitation and collection ?bers that use ?ltering to 
remove most of the laser line signal from collection. The 
R-2001 detector is a high-sensitivity 2048-element linear 
CCD-array con?gured to detect a range of signals from 200 
to 2800 cm'1 and has a grating density of 1200 lines per mm. 
The detector is thermoelectrically cooled to a constant 
temperature of 7° C. The cooling alloWs for a better signal, 
and the constant temperature prevents having to retake dark 
currents to avoid ?oating baselines, making it ideal for 
longer data collection periods. The R-2001 host softWare 
that comes With the spectrometer makes the data available to 
the user. Spectral resolution for such a spectrometer is about 
15 cm_1, Which places it in the category of loW resolution 
Raman spectrometry equipment. 

[0036] Preferably, a Raman ?ber optic probe is employed 
in the present processes, methods and apparatus. Suitable 
probes include the InPhotonics RP-785-01-05-SMA probe 
and the InPhotonics RP-785-100-01-SMA probe. The 
InPhotonics probe is preferred for analysis Where there are 
solids present such as in the slurry ole?n polymeriZation 
reactor. It has been found that other Raman ?ber optic 
probes are not presently operable in a slurry ole?n polymer 
iZation reactor. have been Another supplier of Raman ?ber 
optic probes is Kaiser Optical Systems, Inc., Which is similar 
to the InPhotonics probe in good performance in rejecting 
back scattering radiation. In general, a suitable Raman ?ber 
optic probe may be constructed by soldering metal coated, 
fused silica ?ber optic cables into a protective metal sheath. 
This probe design provides a simple, reliable method of 
optically sampling and remotely monitoring a chemical 
composition in a harsh physical environment of a manufac 
turing process. It may be advisable to position optical ?lters 
near the sample to remove background-inducing radiation 
caused by the fused silica core of the ?ber optic cable. 

[0037] Fiber optic probes have been used to provide a 
means for transmitting radiation toWards a sample and 
collecting the scattered radiation. Such probes may be 
constructed With combinations of ?ber optics, lenses, and/or 
mirrors. In one construction, tWo or more ?ber optic lines are 
secured closely together on the sample end. One or more of 
these ?ber optic lines (typically, one) are used to transmit the 
radiation into the sample, and one or more additional ?ber 
optic lines (typically, more than one) are used to collect and 
transmit the scattered radiation back to a detector. 

[0038] Thus, the same Raman probe may emit radiation 
and then detect the Raman scattered radiation. Radiation 
such as laser light may come out one part (for example, one 
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?ber optic cable) of the Raman probe and is focused into the 
sample to be measured. When the radiation contacts the 
molecules in the sample, it excites those molecules to a 
virtual state, Which is a higher vibration energy level. When 
that molecule relaxes and comes back to its ground state, it 
scatters radiation in all directions. Some of the scattered 
radiation returns to the Raman probe, Where it is gathered by 
another part (for example, other ?ber optic cables) of the 
Raman probe and fed to the detector. Some of the scattered 
radiation that returns to the Raman probe re?ects the 
molecular vibrations of the different molecules in the 
sample. The molecule emits a photon at the vibrational 
energy at Which the molecule is vibrating When it Was 
contacted by the radiation. The various molecules and 
vibrational energies scatter radiation of different energy 
levels, Which have Wavelengths, thereby forming a spec 
trum. 

[0039] After the scattered radiation has been collected and 
transmitted, it is separated using a dispersion element. The 
dispersion element, Which is typically included along With 
focusing and collimating optical elements in a spectrograph, 
facilitates the separation of various energy levels of the 
scattered radiation from one another. 

[0040] Raman spectrometry has previously been used as 
the basis for an on-line analytical method, as disclosed in 
US. Pat. No. 5,652,653. The present processes, methods, 
and apparatus differ from the disclosure of that patent at least 
in that the present processes and apparatus do not employ 
simultaneously irradiation of a reference material. 

[0041] The present processes, methods and apparatus are 
particularly useful for in situ monitoring of an ole?n poly 
meriZation process. In the present methods, both liquid 
phase and gas phase concentrations may be determined by 
Raman analysis, While this Was not readily done by other 
techniques. Generally, separate Raman probes Will be posi 
tioned in the gas phase and the liquid phase. The use of 
results of liquid phase and gas phase analyses may provide 
faster and more accurate results than from current gas 
chromatographic analyses of ?ash gas. 

[0042] Alternatively, monitoring of the ole?n polymeriZa 
tion process may be accomplished by conducting Raman 
spectrometry at several points or times before, during and/or 
after the polymeriZation process, thereby providing a 
method of monitoring the polymeriZation reaction as it 
proceeds. For example, one might measure the concentra 
tions of monomer, comonomer, hydrogen, and/or other 
reactants or diluents as they go into a polymeriZation reactor, 
and/or into a diluent such as isobutane, and/or in the ?ash 
gas. 

[0043] As another alternative, the present processes and 
methods may be used to control tWo or more reactors in 
series. For example, the effluent from effluent from an 
upstream reactor may be provided as input to a doWnstream 
reactor for additional polymeriZation of the effluent. HoW 
ever, it may be desirable to supply an additional amount of 
monomer and/or comonomer to the second or other later 

reactor (a reactor other than the ?rst reactor in series), and 
that amount can only be determined by rapid analysis of the 
components of the input. When reactors are connected in 
series, a monitoring step may include determining a con 
centration of the monomer in the effluent of the upstream 
reactor by Raman spectrometry equipment, and an adjusting 
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step may include providing an amount of monomer or 
comonomer in addition to the effluent to the doWnstream 
reactor. 

[0044] By using the present process With reactors in series, 
one can get more desirable properties in the product, includ 
ing polyole?ns having a desired bimodal or multimodal 
molecular Weight distribution and/or having a comonomer 
selectively incorporated into the polyole?n at the high end of 
the molecular Weight distribution. Additionally, residual 
monomer in the effluent may be polymeriZed into product, 
thereby increasing the ef?ciency of the process. 

[0045] Referring to FIG. 1, there is illustrated a loop 
polymeriZation reactor 11 and associated equipment for the 
polymeriZation process. This loop polymeriZation reactor 
provides a continuous path of circulation of the reaction 
slurry or reaction mixture. In this embodiment, the loop 
reactor 11 is jacketed by heat exchange sections 12 Which 
are connected by line 13 and contain a heat exchange 
medium supplied by line 14 and removed by line 16 for 
maintaining the loop reactor 11 at a desirable temperature. 
The reactor 11 is provided With suitable agitation or circu 
lating equipment, such as a propeller or stirrer 18 driven by 
a motor 17. In this type of reactor, the reaction mixture is 
circulated through the reactor at a velocity that provides 
highly turbulent ?oW, for example, about 21 feet/second. 
The reaction effluent from the reactor 11 is WithdraWn 
through a product take-off line 19 and passed to a settling leg 
24 Which can be a drain or vertical leg. In preferred 
embodiments, the reaction ef?uent is a slurry made up of 
polyethylene, unreacted ethylene, unreacted comonomer, 
and isobutane, and the catalyst is generally contained in the 
polyethylene. A suitable apparatus for controlling the 
removal of polymeriZation reaction ef?uent is disclosed in 
US. Pat. No. 5,565,174, Which is incorporated herein by 
reference. The WithdraWal of effluent is regulated by suitable 
equipment, such as a How rate control valve 21, pressure 
regulator controller 22, and pressure sensor and transmitter 
23, such WithdraWal equipment being dependent upon reac 
tor pressure. 

[0046] WithdraWal of the reaction mixture may be con 
tinuous or intermittent. In the case of continuous With 
draWal, changes in volumetric reactor input causes changes 
in valve opening in the product conduit 19 to maintain 
constant reactor pressure. In the case of intermittent With 
draWal, changes in volumetric reactor input causes changes 
in the time interval betWeen valve openings to maintain 
constant reactor pressure. Some of the reactant, diluent, and 
catalyst are WithdraWn along With product. 

[0047] The reactor effluent is passed through line 24 to a 
suitable product separator, such as a ?ash tank 26. The 
pressure of the reactor effluent is loWered in the ?ash tanks. 
Preferably, tWo or more ?ash tanks are employed in series, 
because using more than one ?ash tank may provide better 
recovery of polyole?n. In ?ash tank(s) 26, the polyole?n 
product is separated from the reaction effluent and passed 
through line 27 to suitable ?nishing equipment, such as 
dryers. The vaporiZed components of the reaction mixture 
comprising unreacted reactants and diluent are WithdraWn 
through line 28 from ?ash tank 26 and passed to a suitable 
cyclone chamber 29 to ensure removal of polyole?n ?nes, 
Which are WithdraWn through line 31. The polyole?n-free 
vapors are then passed by line 32 to other separation 
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equipment (indicated by the break in line 32) to further 
separate reactant from diluent, Which is compressed by 
compressor 33 and recycled back to the reaction system by 
line 34 With the ole?n feed. Recycle line 34 can be provided 
With the usual ?oW control equipment, such as How rate 
control valve 36, How rate controller 37, and differential 
pressure transmitter 38. 

[0048] In the embodiment shoWn in FIG. 1, a monomer 
such as ethylene or propylene is supplied from conduit 41, 
Which may have How control apparatus such as the How rate 
control valve 42, How rate controller 43, and differential 
pressure transmitter 44. A comonomer may be provided 
from conduit 45, and the How rate of comonomer may be 
regulated by How control apparatus such as How rate control 
valve 46, How rate controller 47, and differential pressure 
transmitter 48. A diluent, such as isobutane, pentane, iso 
pentane, mixtures thereof, or other suitable paraffins having 
3 to 12 and preferably 3 to 8 carbon atoms per molecule, is 
supplied through conduit 49, and its ?oW rate may be 
regulated by How control apparatus such as How rate control 
valve 51, How rate controller 52, and differential pressure 
transmitter 53. The diluent may be provided to reactor 11 
directly by line 50 and/or indirectly through the catalyst feed 
system described beloW. The monomer and comonomer 
feeds can be combined and passed by a common ole?n feed 
stream 54 to reactor 11. The mixture of ole?n reactants in 
line 54 is established at a substantially constant pressure, for 
example 600 psi, by a pressure control valve 55. 

[0049] A catalyst system, such as chromium oxide on 
silica or a silica-titanium catalyst, is provided from conduit 
58 and introduced to reactor 11 after mixing With some 
diluent from line 59 in catalyst tank 57. Any catalyst system 
suitable for polymeriZing ole?ns may be employed With the 
present processes and apparatus. In slurry polymeriZation 
processes, it is particularly preferred to employ heteroge 
neous catalyst systems comprising one or more catalytic 
metal compounds, and co-catalysts such as an alkylalumi 
num or aluminoxane, perhaps With a support material such 
as silica. In FIG. 1, the catalyst ?oW rate is regulated by How 
control apparatus such as a suitable rotary valve 61 driven by 
a motor 62, Which is controlled by speed rate controller 63. 
The concentration of catalyst in the reaction mixture can 
vary Widely, particularly depending on the type of catalyst 
used, hoWever, it Will generally comprise 0.001 to 5 percent 
by Weight based on the liquid hydrocarbon diluent. The 
catalyst injection rate can be controlled by means of a heat 
balance computer or other means to maintain a constant rate 

of polymer production. 

[0050] The reaction mixture circulates in the loop, Where 
monomer contacts catalyst under suitable polymeriZations 
conditions. As a result of contacting monomer (and comono 
mer, When present) With the catalyst under such conditions, 
a polymeriZation Is reaction takes place and a polyole?n is 
formed. The polyole?n generally forms as solid particles in 
the reaction mixture. The solid polyole?n particles in the 
liquid diluent form a slurry. 

[0051] The polymeriZation reaction, or one or more its 
components or conditions, may be monitored. The monitor 
ing equipment shoWn in FIG. 1 includes a Raman probe 66, 
Which for clarity is shoWn as a box surrounding the loop 
reactor 11 but Which is typically disposed mostly or entirely 
Within the reactor 11. The Raman probe 66 provides an 
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output signal Which is representative of the Raman spectrum 
of the chemical components in reactor 11 or some portion of 
those components. The output signal from Raman probe 66 
is provided to an analyZer 68 Which in turn provides a signal 
to computer 67. Information transmittal paths and signal 
paths are shoWn in FIG. 1 by dashed lines. The physical 
form of those paths may vary. In computer 67, the Raman 
spectrum is monitored, and the polymeriZation process may 
be controlled manually or automatically in response to the 
spectrum. For example, computer 67 may send a signal 
(represented in FIG. 1 by dashed lines) to one or more of 
controllers 60, 65, 75 to adjust the amounts of reactants or 
diluent added to the loop reactor or the amount of material 
WithdraWn. Alternatively, computer 67 may send a signal to 
one or more of motor 17 (to adjust the circulation of reaction 
mixture), pressure regulator controller 22 (to control the 
WithdraWal of product), or valve 61 (to control the amount 
of catalyst provided to reactor 11). 

[0052] The Raman spectrum may be used to determine the 
concentrations of the chemical components in the reactor, 
and/or before or after the reactor. The Raman spectrum may 
be used to determine the concentration of polyole?ns such as 
polyethylene and polypropylene, reactants such as ethylene 
monomer and hydrogen, and diluents such as isobutane. 

[0053] The peaks of the Raman spectra, or some number 
that represents such peaks, should be correlated to knoWn 
concentrations of components through a calibration model 
before Raman spectrometry is used to determine unknoWn 
concentrations. One method of obtaining numerical repre 
sentation of a peak of the Raman spectrum is by integrating 
the area of the peak to obtain a single number that represents 
that peak. One may use a Wavelength that is characteristic of 
a certain component and integrate the area of the peaks at 
that Wavelength to arrive at a number representative for that 
component. The peaks, or area of the peaks, or some other 
number representative of certain parts of the Raman spec 
trum, must then be correlated to a knoWn concentration 
using a calibration model, Which may be based on assigning 
an area under a certain peak to a knoWn concentration. 

[0054] In a general procedure for developing a suitable 
calibration model, a Raman spectrum is obtained for a 
sample of knoWn concentration of one component, or more 
preferably a mixture of components, that Will be the subject 
of analysis in the ole?n polymeriZation process. A plurality 
of separate regions of the spectrum are selected, based on the 
knoWn Raman spectra of the components. For example, 
there is a peak at 16 to 20 Wavenumbers that is characteristic 
of ethylene, so Where ethylene Will be one of the chemical 
components of interest, the region of the spectrum at 1620 
Wavenumbers Would likely be selected. Next, the areas of 
the selected regions are determined. A correlation is then 
identi?ed betWeen the area of the selected region and the 
concentration of the component(s). By repeating this pro 
cedure for different concentrations and different compo 
nents, and preferably by obtaining multiple spectra and 
making multiple calculations for each concentration and 
component, a calibration model may be obtained for the 
chemical components to be analyZed and monitored. A 
procedure for the development of a means Within a computer 
for identifying substances using Raman spectroscopy is 
disclosed in Us. Pat. No. 4,620,284. 

[0055] Certain peaks may be knoWn to correspond to a 
particular component, such as either the polyole?n product 
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or the monomer. However, other peaks may correspond to 
more than one component or may be indistinguishable from 
each other although they correspond to different compo 
nents. In such cases, obtaining a calibration model that can 
distinguish and correct quantify these components may seem 
impossible. It has been observed that such a calibration 
model is obtainable, though With more dif?culty than Where 
the components have peaks that are separate and readily 
distinguishable. Furthermore, it has been discovered that 
such a calibration model may be obtained and used even 
With loW resolution Raman spectrometry equipment. 

[0056] A calibration model is developed by measuring a 
sample using the Raman spectrometry equipment, and 
obtaining a Raman spectrum. The spectrum, or the inte 
grated area or intensity of the peaks of that spectrum, are 
related to some value, preferably the concentration of mono 
mer or other chemical component as measured by a gas 
chromatograph. For example, a HeWlett Packard 6890 With 
a ?ame ioniZation detector may be employed, With a capil 
lary column that is a 60 meter DB 1, 0.32 ID, column With 
a 1 micrometer ?lm thickness. The gas chromatograph may 
be programmed to start at 40° C., hold for ten minutes, and 
then increase temperature 12° C. per minute until it reached 
275° C. The analysis time for each sample should be 
approximately forty to forty-?ve minutes. 
[0057] The concentrations determined by another analysis 
or by using a specially made sample having a knoWn 
concentration are correlated to the Raman spectrum or parts 
of the spectrum and used to develop a calibration model. The 
calibration model can then be used to determine or predict 
unknoWns. A calibration model may be created using com 
mercially available softWare, such as the GRAMS/32 and 
PLSplus/IQ programs available from Galactic Industries 
Corporation (Salem, The calibration model may be 
calculated and future unknoWns may be predicted using the 
Galactic GRAMS/32 program. One may employ additional 
statistic or computational analysis to con?rm or re?ne the 
correlation betWeen chemical concentrations and the peaks 
generated by Raman spectrometry analysis. For example, 
one may perform partial least squares regression analysis, 
using the Galactic PLSplus/IQ program. Partial least squares 
analysis enables the development of a calibration model 
Where one or more components may have some peaks that 
overlap. A calibration model may predict the concentrations 
based on What is knoWn and assign concentrations to the 
unknoWns. 

[0058] Generally, suitable softWare must be capable of 
building models betWeen spectral data and concentrations or 
other characteristics determined some other method and 
Which have a relationship to the spectral response. Such 
softWare is typical and commercially available. 

[0059] In an example of the development of a calibration 
model, a Raman Systems R-2001C spectrometer Was placed 
in a polyethylene pilot plant control room, and an InPhoto 
nics RP-785-100-01-SMA probe Was placed about 100 feet 
aWay in the settling leg product take-off line of a polyeth 
ylene reactor. A process gas chromatograph measured the 
concentrations of ethylene, hexene and isobutane in the 
reactor ?ash gas. The spectra from the Raman Systems 
R-2001C unit and the GC analyZer data Were entered into the 
Grams/32 PLS-1 model to build the calibration model. 

[0060] The Grams/32 PLS-1 calibration ?le had the fol 
loWing parameters: Calibration Type: PLS-1, Diagnostic: 
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Cross Validation, # Regions: 1 (1750-0 cm_1), # Samples: 
34, # Points: 128.0, Maximum # Factors: 16, # Files Out: 1, 
Preprocessing: Mean Centering With Auto Baseline. No 
samples Were excluded and no constituents Were excluded. 
The recommended number of factors Was 5. The actual 
versus predicted values for ethylene had an R2=0.925 for the 
range 0 to 12 mol %. The actual versus predicted values for 
hexene had an R2=0.978 for the range 0 to 5.5 mol %. The 
actual versus predicted values for isobutane had an 
R2=0.929 for the range 80 to 96 mol %. 

[0061] By use of this model, We Were able to predict 
ethylene and hexene concentrations Within 11% of the GC 
analyZer value, Which is an acceptable error range. With this 
level of accuracy, it is possible to effectively monitor the 
concentration of ethylene and hexene in the liquid phase of 
the reactor. 

[0062] Additionally, the present processes and apparatus 
may be automated through the use of the computer 67, 
microprocessor, programmably logic controller or other 
suitable device to automatically adjust one or more condi 
tions in response to the output signal from the Raman probe 
and/or the Raman analyZer. 

[0063] Vibrations, movements, and shifting of the various 
Raman spectrometry equipment can cause unexpected 
changes in the observed spectra. The types of errors induced 
are difficult to predict and may cause inaccuracies that result 
in limited precision. It is desirable to eliminate or minimiZe 
the effects of vibrations, movements, and shifting in the 
Raman spectrometry equipment. 

[0064] Sample probes may be placed at any location 
before, during and/or after the ole?n polymeriZation process, 
but it is generally advisable to place the Raman probe Where 
it Will provide information that is useful for controlling the 
process and for providing analytical information for cali 
bration purposes. One preferable Raman probe location in a 
polyole?n production process is near the point in the process 
Where the polymeriZation reaction is near completion. This 
provides analytical information regarding extent of reaction. 
Such information alloWs for improved control of the poly 
meriZation process. 

[0065] In the present methods and apparatus, there are tWo 
aspects With respect to the placement of the Raman probe. 
In one aspect, the Raman probe is placed in the reactor such 
that it analyZes the slurry having a concentration of solid 
polymer in a liquid containing diluent and reactants. The 
slurry may typically comprise 50 Weight percent solids. The 
Raman probe is exposed to and measures polymer, diluent 
and reactants. It has been observed that the polyole?n 
particles tend to diffract or scatter the emitted light such that 
it is not observed by the Raman probe. As a result, the 
presence of polyole?n particles may loWer the signal inten 
sity to about one-tenth of What it Would be in a clear liquid. 
One problem With Raman spectrometry in a slurry is that a 
substantial amount of scattered light does not come back to 
the detector. One response to this problem has been to place 
the Raman probe in the product removal area of the slurry 
loop polymeriZation process. 

[0066] As another aspect, the Raman probe may be placed 
in a product take-off line, Where the polymer settles out from 
the slurry, thereby forming a clear liquid, and the probe is 
pointing into the clear liquid. The clear liquid may contain 
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diluent such as isobutane and reactants such as ethylene and 
hexene. These separate from the solid polymer after the 
slurry leaves the reactor in the product take-off line or in the 
settling leg. The polymer settles to the bottom and the clear 
liquid is above the polymer. In the polymeriZation reactor, a 
valve opens so that reaction slurry ?oWs from the reactor 
into the product take-off line. After a suitable amount of 
polymer reaction slurry ?oWs into the product take-off line, 
the valve closes and there is a certain dWell time, such as 
about 30 seconds, during Which the polyole?n is alloWed to 
settle by gravity to the bottom of the settling leg. The Raman 
probe may be pointed in the top, Which is the clear liquid. 
For a relatively short time, perhaps about three seconds, the 
Raman probe is exposed to the slurry, but for a longer time, 
perhaps about 27 seconds, the probe is only exposed to the 
clear liquid because polyole?n settles out rapidly. It is 
advantageous to minimiZe the loss of scattered radiation 
caused by the solid polyole?n particles. 

[0067] It has been found that monitoring in the settling leg 
using Raman spectrometry is better and quicker than moni 
toring at the ?ash tanks using gas chromatography. The ?ash 
chamber is doWnstream from the settling leg, and in the 
dual-stage ?ash system frequently used With loop reactors 
operating at pressures of about 600 psi, the reaction mixture 
is dropped from about 600 psi to about 300 psi in the ?rst 
?ash chamber and then doWn to 15 psi in the second ?ash 
chamber. The gas chromatograph in the ?rst ?ash chamber 
takes about six minutes for its analysis and the gas chro 
matograph in the loW pressure ?ash chamber takes about six 
minutes for its analysis. One must add those tWo times 
together, and so it takes 12 to about 15 minutes to complete 
the entire gas chromatographic analysis of the ?ash gas. 
Further, it is disadvantageous to employ tWo numbers Which 
are obtained at tWo different pressures (for example, 300 psi 
and 15 psi) and it may lead to some errors in the gas 
chromatographic method. In contrast, Raman analysis of the 
clear liquid in the product take-off line is a feW seconds 
aWay from the reactor, and an analysis may be obtained 
more quickly. 

[0068] An alternative process is the conversion of ethylene 
to 1-hexene. The reaction mixture in this process is itself a 
homogenous clear liquid, so the Raman probe may be used 
in the reactor Without the negative effects observed from 
solid polyole?n particles. In the 1-hexene process, as Well as 
other processes involving clear liquids, the Raman probe 
may be optimally placed in the reactor or in a sampling line. 

[0069] Furthermore, it may be advantageous to develop a 
calibration model for Raman spectrometry equipment to be 
used in a slurry ole?n polymeriZation process by calibrating 
in a 1-hexene process. For example, the Raman probe may 
be placed in the sampling line for the gas chromatograph 
system of a 1-hexene process. Then, data from the Raman 
system and the gas chromatograph system are obtained for 
the same liquid. Those data may be used to correlate the 
Raman spectra to concentrations determined by the gas 
chromatograph and develop a calibration model. 

[0070] HoWever, in a slurry polymeriZation process, the 
Raman probe may also be placed in the reactor Where it is 
in contact With the slurry. It has been observed that there 
may be about a ten-fold reduction in signal, but some of the 
neWer probes, such as from InPhotonics, are capable of 
detecting the loWer levels of scattered light from the slurry. 
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[0071] The ability to use loW resolution Raman spectrom 
etry systems is surprising, in that such systems are typically 
not capable of resolving ethylene peaks from hexene peaks. 
HoWever, by the Way the band shapes change, base line 
resolution is not required, and modeling softWare can be 
used to detect concentrations Without resolving individual 
peaks. In other Words, it is not necessary to resolve the peaks 
corresponding to ethylene and hexene in the present meth 
ods. This is similar to What is done in near-infrared spec 
trometry, so that one uses partial least square techniques to 
analyZe those. The ability to use a loW resolution Raman 
spectrometer makes the present methods more economical. 
High cost, high resolution Raman spectrometry equipment 
generally have a resolution of one to tWo Wavenumbers and 
can resolve peaks that are only one or tWo Wavenumbers 
apart. HoWever, it has been discovered that such high 
resolution is not required for the present processes. A loW 
resolution Raman spectrometer having loWer cost may be 
used. Its resolution may be from about 15 Wavenumbers to 
about 30 Wavenumbers. As a result, the loW resolution 
Raman spectrometry equipment cannot resolve as many 
peaks as the high resolution spectrometer, but it has been 
discovered that it is not necessary to have one to tWo 
Wavenumber resolution for monitoring concentration of 
components in an ole?n polymeriZation process. In the 
preferred embodiments, the detector element is capable of 
discerning extremely loW levels of radiation. 

[0072] While the invention has been described in connec 
tion With one or more embodiments, it Will be understood 
that the invention is not limited to those embodiments. On 
the contrary, the invention includes all alternatives, modi? 
cations, and equivalents as may be included Within the scope 
of the claims. 

1. Aprocess for ole?n polymeriZation, comprising the acts 
of: 

contacting in a reaction mixture under slurry polymeriZa 
tion conditions reactants comprising at least one ole?n 
monomer With a heterogeneous catalyst system com 
prising one or more catalytic metal compounds; 

making a polyole?n; and 

monitoring the process by using Raman spectrometry 
equipment to provide an output signal representative of 
at least one of the reactants and the polyole?n. 

2. The ole?n polymeriZation process of claim 1, Wherein 
the output signal is representative of a concentration of at 
least one of the reactants and the polyole?n. 

3. The ole?n polymeriZation process of claim 1, compris 
ing the act of adjusting the ole?n polymeriZation process in 
response to the output signal provided by the Raman spec 
trometry equipment. 

4. The ole?n polymeriZation process of claim 1, Wherein 
the ole?n polymeriZation process is adjusted by adjusting 
the concentration Within the reaction mixture of at least one 
chemical component Within the reaction mixture. 

5. The ole?n polymeriZation process of claim 3, Wherein 
the ole?n polymeriZation process is adjusted by adjusting 
one or more polymeriZation conditions, Wherein the poly 
meriZation conditions comprise at least one of polymeriZa 
tion temperature, polymeriZation pressure, WithdraWal of the 
reaction mixture from the reactor, and circulation rate of the 
reaction mixture Within the reactor. 
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6. The ole?n polymerization process of claim 1, Wherein 
the Raman spectrometry equipment is operatively connected 
to a Raman ?ber optic probe that is in contact With at least 
one of the reaction mixture and the polyole?n. 

7. The ole?n polymeriZation process of claim 6, Wherein 
the Raman ?ber optic probe comprises fused silica ?ber 
optic cables Within a protective metal sheath. 

8. The polymeriZation process of claim 1 Wherein the 
Raman spectrometry equipment comprises loW resolution 
Raman equipment. 

9. The polymeriZation process of claim 8 Wherein the 
Raman loW resolution spectrometry equipment has a reso 
lution in the range of from about 15 Wavenumbers to about 
30 Wavenumbers. 

10. The method of claim 1, Wherein the at least one ole?n 
monomer comprises ethylene. 

11. The method of claim 10, Wherein the reaction mixture 
comprises at least one of a comonomer, hydrogen, and a 
co-catalyst. 

12. The method of claim 11, Wherein a comonomer is 
contacted With the ethylene, and the comonomer comprises 
at least one of 1-butene, 1-pentene, 4-methyl-1-pentene, and 
1-hexene. 

13. The polymeriZation process of claim 1, Wherein the 
reaction mixture is Within a loop polymeriZation reactor. 

14. The polymeriZation process of claim 13, Wherein the 
act of monitoring by comprises the act of analyZing effluent 
from the loop polymeriZation reactor. 

15. The polymeriZation process of claim 1, Wherein the 
ole?n polymeriZation process is performed in tWo or more 
reactors connected in series, Wherein effluent from an 
upstream reactor is provided as input to a doWnstream 
reactor, Wherein the monitoring step comprises the act of 
determining a concentration of the monomer in the effluent 
by Raman spectrometry equipment, and the adjusting act of 
comprises the act of providing an amount of at least one of 
monomer and comonomer in addition to the effluent to the 
doWnstream reactor. 

16. A method for monitoring and controlling an ole?n 
polymeriZation reaction comprising the acts of: 

contacting components of a reaction mixture in a poly 
meriZation reactor under polymeriZation conditions, 
the components comprising a monomer, a diluent, and 
a catalyst system; 

using Raman spectrometry equipment to obtain a Raman 
spectrum; 

obtaining a concentration of at least one of the compo 
nents based upon the Raman spectrum; and 

adjusting at least one polymeriZation condition in 
response to the concentration of the at least one of the 
components. 

17. The method of claim 16, comprising the acts of: 

obtaining a Raman spectrum of the reaction mixture; and 

determining the concentration of at least one of the 
components through the use of a calibration model. 

18. The method of claim 17, comprising the act of 
developing the calibration model using partial least squares 
analysis. 

19. The method of claim 18, Wherein the Raman spec 
trometry equipment is loW resolution Raman spectrometry 
equipment. 
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20. The method of claim 19, Wherein the loW resolution 
Raman spectrometry equipment has a resolution of about 15 
Wavenumbers to about 30 Wavenumbers. 

21. The method of claim 17, comprising the act of 
developing the calibration model for the Raman spectrom 
etry equipment to be used in the ole?n polymeriZation 
reaction by calibrating in a process for converting ethylene 
to 1-hexene. 

22. A method of monitoring and controlling a polyole?n 
production process, comprising the acts of: 

exposing an in-situ polymeriZation mixture to radiation 
emission from a spectroscopic probe; 

acquiring a spectroscopic signal from the in-situ mixture 
in substantially real-time in response to the radiation 
emission via the spectroscopic probe; and 

analyZing the spectroscopic signal to determine at least 
one property of interest of the in-situ mixture, Wherein 
the in-situ mixture comprises at least one of a polyole 
?n, an ole?n monomer, a comonomer, a diluent, a 
catalyst, a co-catalyst, and hydrogen. 

23. The method as recited in claim 22, Wherein the 
spectroscopic probe comprises a Raman probe. 
24 The method as recited in claim 22, Wherein the in-situ 

mixture comprises at least one of a mixture in a reactor, a 
mixture fed to the reactor, a mixture exiting the reactor, and 
a mixture exiting a ?ash vessel. 

25. The method as recited in claim 24, Wherein the reactor 
comprises at least one of a loop slurry reactor and a gas 
phase reactor. 

26. The method as recited in claim 25, Wherein the 
mixture exiting the ?ash vessel comprises at least one of a 
?ash gas exiting in the ?ash vessel overhead and a substan 
tially polyole?n stream exiting in the ?ash vessel bottom 
discharge. 

27. The method as recited in claim 22, Wherein the 
property of interest comprises a concentration in the in-situ 
mixture of at least one of a monomer, a comonomer, a 

diluent, and hydrogen. 
28. The method as recited in claim 22, comprising at least 

one of the acts of: 

adjusting at least one addition rate of a feed stream to a 
polymeriZation reactor in response to the property of 
interest; 

adjusting a concentration of at least one component in a 
feed stream to a polymeriZation reactor in response to 
the property of interest; and 

adjusting a concentration of at least one component in a 
polymeriZation reactor in response to the property of 
interest. 

29. A method of monitoring and controlling a polyole?n 
production process, comprising the acts of: 

exposing a polyole?n polymeriZation mixture to a radia 
tion emission from the Raman spectroscopic probe; 

acquiring a Raman spectroscopic signal from the mixture 
in response to the radiation emission via the Raman 
spectroscopic probe; and 

analyZing the spectroscopic signal to determine at least 
one property of interest of the mixture, Wherein the 
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mixture comprises at least one of a polyole?n, an ole?n 
monomer, a comonomer, a diluent, a catalyst, a co 
catalyst, and hydrogen. 

30. The method as recited in claim 29, Wherein the Raman 
spectroscopic signal is acquired in substantially real-time, 
and the mixture comprises an in-situ mixture in at least one 
of a polymeriZation reactor feed stream, a polymeriZation 
reactor, a polymeriZation reactor discharge, a polymeriZa 
tion ?ash separator, and a polymeriZation ?ash separator 
discharge. 

31. The method as recited in claim 29, Wherein the 
property of interest comprises a concentration of at least one 
of a solid polyole?n, an ole?n monomer, a comonomer, a 
diluent, and hydrogen. 

32. The method as recited in claim 29, Wherein the 
mixture comprises ethylene and hexene, and Wherein loW 
resolution Raman is used to determine the concentration of 
hexene in the mixture. 

33. The method as recited in claim 29, Wherein the 
mixture is an off-line sample collected from at least one of 
a polymeriZation reactor feed stream, a polymeriZation reac 
tor, a polymeriZation reactor discharge, a polymeriZation 
?ash separator, and a polymeriZation ?ash separator dis 
charge. 
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34. The method of claim 29, comprising the act of 
adjusting the amount of at least one of a reactor feed 
component and a reactor component, in response to the 
property of interest, Wherein the reactor feed component and 
reactor component comprise at least one of a catalyst, a 
co-catalyst, a monomer, a comonomer, a diluent, and hydro 
gen. 

35. A polyole?n production process, comprising: 

means for polymeriZing an ole?n to a polyole?n; 

means for exposing an in-situ polymeriZation mixture to 
radiation emission from a Raman spectroscopic probe; 

means for acquiring a Raman spectroscopic signal from 
the in-situ mixture in substantially real-time in response 
to the radiation emission via the Raman spectroscopic 
probe; and 

means for analyZing the Raman spectroscopic signal to 
determine at least one property of interest of the in-situ 
mixture, Wherein the in-situ mixture comprises at least 
one of a polyole?n, an ole?n monomer, a comonomer, 
a diluent, a catalyst, a co-catalyst, and hydrogen. 

* * * * * 


