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ABSTRACT: A novel lab-scale stirred bed gas phase reactor system has been designed
and constructed for investigating the kinetic behaviour of olefin copolymerization reac-
tions using heterogeneous catalysts. The system, equipped for basic temperature and
pressure control, also includes an on-line composition control system which maintains
close control of reactor composition for gaseous and liquid monomers as well as for
hydrogen. With this apparatus, it is now possible to investigate the fundamental kinetic
features of the catalyst system with high precision. q 1997 John Wiley & Sons, Inc. J Appl
Polym Sci 64: 373–382, 1997
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INTRODUCTION In this work, a lab-scale stirred bed gas phase
reactor system which addresses the basic control
problem is designed and constructed. This appa-Since the discovery of transition metal catalysts

for olefin polymerization, intensive research ef- ratus is capable of producing various polyolefins
using heterogeneous transition metal catalysts.forts have been directed toward obtaining a com-

prehensive understanding of their structure and Emphasis is placed on the reliability of the system
in obtaining instantaneous kinetic data, its versa-kinetic behaviour. In spite of their successful ap-

plications in industry, a complete knowledge of tility in producing different types of polyolefins,
as well as its flexibility in changing the reactorthe kinetic mechanism of this group of catalysts

is still lacking. operating parameters on-line.
This article describes the reactor system, theThe dearth of fundamental kinetic models is

related to the difficulty in obtaining high-preci- temperature control system, the pressure control
system, the gas composition controller, and re-sion kinetic data. A complete kinetic study re-

quires extensive experiments due to the vast sults from kinetic studies conducted with this ap-
paratus; detailed results of complete mechanisticnumber of combinations of important operating

parameters (temperature, pressure, hydrogen studies of some catalyzed polymerization systems
will be reported in subsequent publications.level, monomer composition) which influence

these reactions. High precision in the experiments
demands close control of these parameters for the
duration of reaction. This poses a challenging REACTOR SYSTEM
problem.

The reactor (Fig. 1) is a 1-L stainless steel vessel
Correspondence to: W. H. Ray. manufactured by Parr Instrument Co. The gas
Contract grant sponsors: the National Science Foundation phase reactor system was originally designed byand the University of Wisconsin Polymerization Reaction En-

Choi as a vertical reactor for propylene polymer-gineering Laboratory (UWPREL).
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/020373-10 ization studies using unsupported catalysts.1 It
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374 HAN-ADEBEKUN, DEBLING, AND RAY

tion. Note that 1-butene, although purified as a
gas, is subsequently condensed with dry ice and
introduced into the reactor as a liquid.

The catalyst injection system also shown in
Figure 1 allows the control of the precontact be-
tween the catalyst and the cocatalyst for the
Ziegler–Natta catalyst. The three-chamber de-
sign makes it possible to control both the aging
time as well as the cocatalyst to catalyst ratio.
For the production of isotactic polypropylene, co-
catalyst and external donor may also be precon-
tacted for a specified time period. The diluent
(e.g., heptane or hexane) wash is required in or-
der to further rinse out any possible catalyst resi-
due. For a supported metallocene catalyst, only

Figure 1 The stirred bed reactor. the nitrogen pressure is needed to inject the cata-
lyst, which is in the form of a dry powder.

In a typical polymerization reaction, the reac-was modified by Chen for ethylene/propylene co-
polymerization studies using feedback control of tor is filled with approximately 160 g of Teflon

resin (Grade 9B, E. I. Du Pont, average particletemperature, pressure, and composition using on-
line gas chromatography (GC).2 Chen also found diameter É650 mm) as seed bed material. The

amount of bed material is selected to insure thatthat horizontal operation provided better particle
agitation and improved reactor heat transfer. good heat conduction through the reactor wall is

obtained as well as to guarantee that the denseMore recently, the reactor system was redesigned
and newly constructed to allow for feeding liquid phase temperature can be measured by a thermo-

couple. The reactor is then heated to 707C andmonomers, rapid response monomer composition
control using on-line Fourier transform infrared kept under vacuum atmosphere for 2 h, followed

by a 1 h continuous nitrogen purge. After injectingspectrometry (FTIR),3 and hydrogen partial pres-
sure control using on-line thermal conductivity. the catalyst/cocatalyst, the polymerization reac-

tion begins by introducing the reactants into theThe reactor operates in a horizontal position for
better particle temperature control. reactor. The control program in the microcom-

puter is also started simultaneously. The instan-A schematic diagram of the feed system is
shown in Figure 2. As indicated in the figure, gas-
eous feeds are fed through the three-stage purifi-
cation trains prior to injection into the reactor.
The current scheme for gas purification is shown
in Table I. Gas feed flow rates are measured and
controlled with Teledyne Hastings mass flow con-
trollers. These controllers may be manually oper-
ated as fully open, or the set point may be supplied
from a digital/analog convertor installed in a mi-
crocomputer.

To purify the liquid monomers, vacuum dis-
tillation is carried out under a nitrogen atmo-
sphere, and the distillate is collected over dry mo-
lecular sieves.4 Following the distillation, the pu-
rified monomer is transferred to a 500 cc Whitey
sample cylinder (under nitrogen) which is then
connected to the reactor system. This cylinder
serves as the reservoir for the programmable sy-
ringe pump (Harvard Instrument, model 55-
1144) that is used to inject the purified liquid
monomer into the reactor. The pumping rate
through the syringe pump may be controlled by a

Figure 2 The stirred bed reactor feed system.microcomputer through a RS-232 serial connec-
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Table I Gas Purification System

Purification Column

Gas Type 1st Stage 2nd Stage 3nd Stage

Ethylene BASF R3-11 Molecular sieves 3A Activated alumina
Propylene BASF R3-11 Molecular sieves 3A Activated alumina
1-Butene N/A Molecular sieves 3A Activated alumina
Nitrogen RIDOX Molecular sieves 13X Activated alumina
Hydrogen RIDOX Molecular sieves 4A Activated alumina

taneous data such as temperature, pressure, as reaction temperature can be maintained to within
{0.57C for most of the duration of the reaction.well as inlet and outlet flow rates are all recorded

using this control program. After a predefined po- However, as is shown in Figure 4, a slightly larger
temperature oscillation may exist for a few min-lymerization time, the reaction is then terminated

by shutting off the feed streams, followed by nitro- utes during the initial stages of the reaction.
gen purge.

REACTOR PRESSURE CONTROLREACTOR TEMPERATURE CONTROL

When the reaction is operated under no-purgeThe reactor temperature is controlled by a combi-
mode (usually in the case of homopolymeriza-nation of heating and cooling. An electrical heat-
tion), reactor pressure is maintained by openinging jacket custom-made by GLAS-COL is used to
the monomer flow controller fully in order for theprovide a constant heating source. Cooling is
gas to flow as needed to maintain a constant pres-achieved using both ambient air and external
sure. When the gas composition in the reactorcooling water, which is pumped from an isother-
needs to be monitored and controlled, a continu-mal bath through copper coils soldered to the out-
ous gas purge is necessary. Under this condition,side of the reactor. Although the desired reactor
a back pressure regulator (Tescom Corp.) is used.temperature is maintained by the balance be-
As indicated in Figure 5, part of the purge streamtween the voltage supply to the heating jacket and
is fed to the gas composition analyzer. A typicalthe temperature setpoint for the water bath, the
reactor pressure readout during a copolymeriza-manipulated variable in the reactor temperature
tion experiment is presented in Figure 6.control loop is the on/off switch of the external

cooling water. A simple schematic diagram of this
arrangement is shown in Figure 3. Note that the
energy balance also depends on the polymeriza-
tion rate as well as the temperature difference
between the reactor temperature and the ambient
temperature. With a careful balance, the desired

Figure 3 The temperature control system. Figure 4 Example of reactor temperature control.
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ON-LINE GAS COMPOSITION CONTROL

Heterogeneous transition metal catalysts can be
used to produce a wide variety of polyolefins.
These range from homopolymers (polypropylene,
polyethylene) to copolymers (high-density poly-
ethylene, HDPE; linear low-density polyethylene,
LLDPE; polypropylene copolymers; ethylene pro-
pylene rubber, EPR; etc.) , and from single-layer
polymers to multilayer polymers (impact polypro-
pylene). Consequently, for purposes of kinetic
studies, the control of the composition of the gas
mixture becomes quite important.

The gas compositions commonly used in olefin
polymerization reactions can be quite broad de-
pending on the product. Some typical components
and their approximate compositional ranges are
listed in Table II. Figure 6 Example of reactor pressure control.

The fundamental basis for selecting the appro-
priate measurement technology is the difference

an on-line sensor, the selected composition mea-in physical properties between the constituents in
surement method must be amenable to continu-the gas mixture. Some other important considera-
ous sampling, exhibit rapid response, and allowtions come from the fact that, since it is used as
for easy integration into an automatic data acqui-
sition system using a microcomputer.

Comonomer Composition Measurement

A Fourier transform infrared spectrometer (Gal-
axy 3020, Mattson Instrument) is used to mea-
sure the composition ratio of comonomer to major
monomer. Although gas chromatography (GC) is
usually used for gas composition detection in con-
tinuous commercial operation,2,5 the elution time
for hydrocarbons such as 1-hexene and 1-octene
is on the order of many minutes.6 This limits the
quality of feedback composition control. For the
purpose of composition control in a lab-scale semi-
batch reactor, FTIR is extraordinarily advanta-
geous because of its speed; it can provide a compo-
sition measurement within 15 s. In order to obtain
good composition control, particularly for experi-
ments having run times ranging from a few min-
utes to several hours, this short response time has
proven to be very important.

To measure the gas composition, a beam con-
forming gas cell (TGC-B5, Harrick Scientific
Corp.) with KBr lenses is used. This gas cell,
which is temperature controllable, has a path
length of 5 cm and a volume of 4 cc to maintain
a short gas residence time. The detection of hydro-
carbons using FTIR is based on the fact that each
constituent of the mixture has specific absorptionFigure 5 Schematic diagram of the stirred bed reac-
bands. Using Beer’s law,7 concentrations of thetor system: exit system and on-line gas composition

measurement. constituents in the sample may be determined
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Table II Summary of Major Constituents in Olefin Polymerization
Experiments

Composition Range
Species Roles in Reaction (mol %)

Ethylene Monomer in HDPE/LLDEP 85–100
Monomer in EPR 40–60

Propylene Monomer in EPR 40–60
Comonomer in HDPE/LLDPE 0–15

1-Butene Comonomer in HDPE/LLDPE 0–10
1-Hexene Comonomer in HDPE/LLDPE 0–10
Other higher a-olefins Comonomer in LLDPE 0–10
Hydrogen Chain transfer agent 0–50
Nitrogen Inert 0–50

from the intensities of the absorption bands. Fig- dynamic (on-line mixing of metered gas samples)
methods.8ure 7 shows clearly the change of peak areas for

an ethylene–propylene mixture as the composi-
tions of the components vary. Although FTIR does

Hydrogen Concentration Measurementnot have selective absorption for diatomic mole-
cules such as H2 and N2, the total concentration Gas-phase hydrogen concentration is measured
of FTIR inert species can be back-calculated from with a thermal conductivity analyzer (Model 50-
the calibration equation. Note that in this study, 150, GOW-MAC Instrument Co). This is justified
the gas mixtures of known compositions used to on the grounds that hydrogen has an extremely
calibrate the FTIR spectrometer were prepared high thermal conductivity (Table III) relative to
through both static (premixed reference gas) and the other species of interest in this study.

In the thermal conductivity analyzer (TCA) ,
the sample gas is passed through a cell con-
taining filaments within a metallic block. The
filaments are heated electrically and arranged
in a balanced Wheatstone bridge. The loss of
this heat depends on cell geometry (fixed) as
well as gas properties; in particular, the thermal
conductivity. Therefore, a change in composi-
tion of the sample generates an imbalance in

Table III Thermal Conductivities of Possible
Constituents in Olefin Polymerization

Thermal Conductivity
(Relative to N2)

Species 277C 1277C

Ethylene 0.79 1.07
Propylene 0.68 0.90
1-Butene 0.60 0.79
1-Hexene N/A 0.72
1-Octene N/A 0.64
Hydrogen 7.2 7.1
Nitrogen 1.0 1.0

From D. R. Lide, Ed., CRC Handbook of Chemistry and
Figure 7 Infrared spectrum for ethylene–propylene Physics, CRC Press, Boca Raton, FL, 1991. Used with permis-

sion.mixture.
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the Wheatstone bridge. The signal resulting
from this imbalance (proportional to the change
in gas composition) can thus be measured and
used to infer the gas composition. Figure 5
shows the connection of the TCA to the reactor
system. Propylene is used as a reference gas.

During calibration, the sample gas composi-
tion is calculated from the gas flow meter in-
stalled on each gas stream. For a binary system
such as ethylene and hydrogen, the voltage out-
put from the TCA depends only on the hydrogen Figure 9 Microcomputer-based data communication
composition. However, for a tertiary system system.
such as ethylene, propylene, and hydrogen, the
voltage output depends largely on hydrogen
composition, but must be compensated for the

sult of the dynamic characteristic of this system.relative monomer composition. This compensa-
Modeling studies coupled with system identifi-tion term can be especially significant when hy-
cation reveal that the copolymerization reactiondrogen occupies less than 10 mol % of the total
system in this study can be modeled as a first-sample. Therefore, in our calibration, an equa-
order system with time delay. The time-domaintion derived from a simple mixing rule based on
realization of the controller is given by equa-mole fractions is used:
tions of the form: 9

Voutput

u (k ) Å S tr

tr / DtD u (k 0 1)Å m1 / m2 Ratio
1 / Ratio

/ m3 / m4 Ratio
1 / Ratio

yH2 (1)

where Ratio Å
yC3

yC2

. / S Dt
tr / DtD u (k 0 D ) / F t / Dt

K (tr / Dt ) G 1 (k )

Feedback Composition Controller Design 0 F t

K (tr / Dt ) G 1 (k 0 1) (2)
A simple block diagram of the control system is
presented in Figure 8. A digital PI controller
with Smith predictor has been applied as a re-

where u (k ) represents control variables such as
reactor feedrates and 1 is deviations from de-
sired composition. Here t and K are the time
constant and system gain, respectively, of the
first-order system model, tr is the designed rise
time for the closed-loop response, Dt is the sam-
pling interval, and D is the integer delay. Using
this control strategy, the appropriate control
parameters are determined through system
identification and further fine tuned on-line.
The data communication system is implemented
as shown in Figure 9.

KINETIC STUDY EXAMPLES

In this section, three examples are given to illus-Figure 8 Block diagram of the composition control
system. trate the various kinetic studies that can be con-
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ducted using this reactor system. These examples
were selected only to demonstrate the potential
possibilities presented by the system. Other com-
prehensive studies can also be conducted; for ex-
ample, two-stage impact polypropylene produc-
tion.

Ethylene Homopolymerization with Hydrogen as
the Chain Transfer Agent

For conventional Ziegler–Natta catalysts, hydro-
gen is often used as the chain-regulating agent. It
is generally accepted that the average molecular
weight obeys the following relationship when hy-
drogen is used:10,11

1/ Mn Å a / b[H2]n (3) Figure 11 Polymerization reaction rate of ethylene
as a function of reaction time (T Å 507C, Al/Ti Å 85.5).

where n Å 0.5. Even so, in spite of various re-
search efforts,12–15 no general conclusion appears

ally operated in a batch mode with varying hydro-to have been made regarding the kinetic effect of
gen partial pressure,16 yielding inconclusive re-hydrogen. In most of the lab-scale investigations
sults. However, in our reactor system, the on-linestudying the hydrogen effect, the reactor was usu-
composition control of hydrogen has been imple-
mented, and this makes it possible to systemati-
cally investigate this hydrogen effect. Shown in
Figure 10 is the hydrogen mole fraction in the
reactor during an ethylene homopolymerization
reaction using high-activity MgCl2 supported
TiCl4 catalyst with Al(Et)3 as the cocatalyst. The
desired hydrogen composition yH2 is 5% (molar).
Also depicted is the manipulated variable (inlet
hydrogen flowrate). Since the total gas inlet flow-
rate is fixed, the exit flowrate changes if the reac-
tion rate varies with time. For this catalyst sys-
tem, a typical reaction rate curve for ethylene po-
lymerization at 507C (Fig. 11) can be described
as an immediate attainment of maximum activity,
followed by a decay which eventually tails off to
a stable value. Therefore, the hydrogen inlet flo-
wrate in Figure 10 exhibits an increase and grad-
ual leveling-off in order to compensate for the
change in the exit flowrate.

Another advantage of employing the gas-phase
reactor for kinetic studies is the ease of changing
operating conditions during a single run.14 Such
studies are important in analyzing the reversibil-
ity of effects arising from changing operating pa-
rameters.17 For this reactor system, not only can
both the reaction temperature and pressure be
varied, but with the on-line gas composition con-
trol, it is also possible to change the gas-phaseFigure 10 Hydrogen gas phase composition control
composition during the polymerization. Figure 12during an ethylene homopolymerization reaction using

supported MgCl2/TiCl4/TEA catalyst. Top: yH2
; bottom: shows one such example where the influence of

the hydrogen composition on the kinetic behaviormanipulated variable (T Å 507C, Al/Ti Å 85.5).
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Figure 12 Change of gas-phase hydrogen composi-
tion during ethylene polymerization reaction in order
to study the reversibility of its kinetic effect (T Å 707C,
TiCl4/MgCl2/Al(Et)3 , Al/Ti Å 85.5).

of ethylene homopolymerization is investigated.
It is clear that once the set point is changed, the
hydrogen composition settles down to the desired
value within a reasonable time period.

Figure 14 1-Hexene gas-phase composition control
during an ethylene–1-hexene copolymerization reac-Linear Low-Density Polyethylene with 1-Hexene
tion. Top: yC6

/yC2
; bottom: manipulated variable (Tas the Comonomer

Å 707C).
In the production of LLDPE, comonomers such as
propylene, 1-butene, 1-hexene and 1-octene are
used. The amount of comonomer incorporated into

the polymer is directly linked to polymer proper-
ties such as density, melting temperature, and
crystallinity. Furthermore, when comonomer is
present in the system, it has been observed that
the reaction rate of ethylene increases dramati-
cally.18 This so-called comonomer effect has gener-
ated significant attention. However, a complete
understanding of this rate enhancement effect is
still lacking. In studying this effect, the usual
practice is to operate the reactor in a no-purge
mode, and then to inject the comonomer either at
the beginning of the run or periodically during the
run.18 Both methods invariably lead to significant
drift of the comonomer composition during the
course of the reaction.

In order to further illustrate the possibility of
composition drift, a simple calculation is carried
out assuming a 2-L reactor with initial charge of
3 cc 1-hexene. The catalyst load is about 125 mg,
ethylene partial pressure is 75 psi, and tempera-
ture is 707C. It is assumed that both ethylene andFigure 13 Simulation of 1-hexene gas-phase compo-

sition change if comonomer is only charged initially. 1-hexene follow the ideal gas law, and no sorption
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Ethylene–Propylene Copolymerization with
Hydrogen as the Chain Transfer Agent

In ethylene–propylene copolymerization with hy-
drogen as the chain-transfer agent, both the como-
nomer composition and the hydrogen composition
need to be maintained constant. An illustrative re-
sult obtained from such a study is presented in Fig-
ure 15. In this case, during a 3-h copolymerization
reaction using high-activity MgCl2 supported TiCl4
catalyst, the gas compositions of both monomers
and hydrogen are the controlled variables. If a mass
balance is performed across the reactor inlet and
outlet, the instantaneous reaction rate of each
monomer can be obtained (Fig. 16). It should be
emphasized that only with this quality of on-line
composition control is it possible to obtain reaction
rate information for both monomers. An estimate
of the monomer reaction rate in turn enables the
calculation of the comonomer incorporation rate as
a function of time (Fig. 17). The instantaneous com-
onomer composition of the polymer is fundamental

Figure 15 Monomer and hydrogen gas-phase compo-
sition control during an ethylene–propylene copoly-
merization reaction with hydrogen as the chain trans-
fer agent. Catalyst system: TiCl4/MgCl2/Al(Et)3 , T
Å 507C. Top: yC2

; middle: yC3
; bottom: yH2

.

of 1-hexene into seed bed material is included. For
the 1-hexene consumption rate, a typical value of
100 g C6 per gram of catalyst per hour per 1 atm
C6 is used. Figure 13 shows the resulting 1-hexene
gas phase composition drift during the reaction.
This would produce a very broad copolymer com-
position distribution and greatly distort the reac-
tion rate profile.

By contrast, with our reactor using the on-line
composition control scheme, Figure 14 shows
much-improved gas-phase 1-hexene composition
control during the reaction. Also presented in the
same figure is the manipulated variable (1-hex-
ene feed rate through the syringe pump). This
figure indicates quite clearly that a constant com- Figure 16 Consumption rates of ethylene and propyl-
onomer concentration is maintained by the con- ene as a function of time. Catalyst system: TiCl4/MgCl2/
troller essentially over the entire duration of the Al(Et)3 , T Å 507C. Top: ethylene rate; bottom: propyl-

ene rate.reaction.
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of the FTIR measurement system, and to Mr. Masashi
Hamba for his help with the illustrative examples.
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