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The processability of various polyolefins may be enhanced by producing one having a bi-
modal molecular weight distribution. Such polymers can be produced by loading the reac-
tor with a catalyst on which two different catalytic sites are impregnated. The catalysts
must be loaded with a proper ratio between the two catalytic sites to produce the desired
polymer. The total loading should enable a maximum polymer production in the specified
residence time while keeping the maximum transient temperature below a specified maxi-
mum, in order to avoid local melting and sheet formation. A model is presented that ena-
bles this catalyst design based on kinetic information about the initiation, propagation, and
deactivation reaction rates of the two individual catalytic sites. The model simulations pro-
vide insight about the factors affecting the maximum safe loading of the two catalytic sites.
We show here how to utilize kinetic information about each of the two catalytic sites to pre-
dict the optimum loading of dual-site metallocene catalysts. As the maximum temporal tem-
perature occurs during the initial stages of the reaction, the site that leads to a faster gen-
eration of a temperature peak, exerts a stronger bound on the total polymer production
than the second site. The larger the propagation and|/or the initiation rate constants or their
activation energies are, the lower should be the catalyst loading. The deactivation rate
constants affect both the relative site loading of the two sites as well as the total production.
The total polymer production can be increased by decreasing the deactivation rate of the
more active site. © 2007 American Institute of Chemical Engineers AIChE J, 53: 687-694, 2007
Keywords: bimodal polyolefins, metallocene catalysts, temperature rise, catalyst
design, dual-site catalyst

Introduction properties due to their narrow molecular weight distribution
(MWD) but are difficult to process.”’ The processing and me-
chanical properties can often be enhanced by synthesizing a poly-
mer having a bimodal MWD, as they have a better balance
between rheological behavior and final mechanical properties
than polymers with a unimodal MWD. The processability of a
physical mixture of two polymers can suffer from inhomogene-
ous distribution of the two polymers. Thus, the synthesis of these
bimodal polymers is usually conducted in situ in a sequence of
two or more reactors.>’ A recent advance is the production of a
bimodal polymer in a single reactor using a dual site catalyst,
that is, one on which two different metallocene catalysts are

Metallocene catalysts enable control of polymer structure, to
create polymers with desired physical properties' and to manu-
facture improved polymers. For example, they have been utilized
to produce previously unobtainable stereo-regular polypropy-
lenes, syndotactic polystyrene, ethylene-styrene copolymers, and
block copolymers. The metallocene catalysts can also produce
polymers of higher molecular weight and narrower molecular
weight distribution than conventional Ziegler-Natta catalysts.>
Polymers produced by single site catalysts have good mechanical
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a growing particle softens or melts, other particles stick to it,
eventually forming polymer “sheets” that require reactor shut-
down and loss of production time. These technical problems
compelled Exxon to declare force majeure on its Exceed line of
metallocene LLDPE catalysts at the Mont Belvieu plant in 1997,
which was the first commercial, gas-phase polyolefin polymer-
ization by metallocene catalysts. To develop catalysts that avoid
sheet formation, it is important to understand the mechanisms
involved and to be able to predict the conditions that lead to the
local overheating.13 Many studies investigated the temperature
rise during gas-phase olefin polymerization.“P20 The early math-
ematical models accounted only for the polymer chain propaga-
tion reaction.'*"? Song and Luss®® showed that a proper predic-
tion of the temperature rise during the polymerization requires
accounting also for the chain initiation and catalyst deactivation.

In order to produce a bimodal polymer with a specified MWD,
the catalyst support should be impregnated with a proper ratio
between the two catalytic sites. We present here guidance on
how dual-site catalysts should be loaded so that they produce the
highest possible amount of the desired polymer while keeping
the transient temperature below a specified maximum tempera-
ture. This study is an extension of a previous one associated with
the design of single-site metallocene catalysts.'*>° We predict
the optimum loading of dual-site metallocene catalysts utilizing
the kinetic information about each of the two catalytic sites.

Model Development

Gas-phase olefin polymerization may be described by the
simplified reaction network>’:
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where C° is the total concentration of the deposited catalyst
sites, C" the concentration of active sites to which no polymer
chain is attached, C*( p;) the concentration of active sites with
an attached living polymer with chain length j, and
C* =377, C*(p;) the total concentration of the active sites.
We describe the polymer production rate and heat evolution
using a lumped-thermal, uniformly distributed catalyst model.
We assume that the catalyst site concentration remains uniform
as the polymer particle grows and that the particle temperature
is uniform, but different from that of the ambient gas. We
account for intra-particle monomer concentration gradients by
an isothermal effectiveness factor. The dual-site model consid-
ers two types of active sites denoted as site 1 and site 2. The
initial concentration of sites 1 and 2 are C? (0) and Cg 0),
respectively. The governing equations are:
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The corresponding initial conditions are:
M=C;=C;=0,T,=T,, C)=C)(0),

CY=C30), Vy=V,(0), at r=0. )

Floyd et al.*' pointed out that the gas Sherwood number is
constant for the typically low Reynolds numbers of the small
growing polymer particles. We define the dimensionless vari-
ables and parameters,
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where j = 1,2 and Cl}-ef is the concentration of active sites of
type j, loaded on the catalyst in the experiments used to
determine the values of k,(T,). The dimensionless model
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As the particle grows, dilution decreases the uniform con-
centration of the catalytic sites by a factor of g,°. Thus, the
Thiele modulus, ¥/, is proportional to g:o.s’ and the value of
the isothermal effectiveness factor is shifted towards unity as
the particle grows. The corresponding initial conditions are:
X=X =x0=0, y=1,

Xo2 = W2,

Xo1 = Wi,

=1 =0 (18)

Equations 9—18 were used to simulate the polymerization in a
dual-site metallocene catalyst. The time-average of the polymer
production P;(j = 1,2) by site jis:

tr o
(P)) = /0 Koy (T,)CF MV, 1 G=12. 9

We define a dimensionless production, P;, as:

)
Pj B Vp(O)Mb

(j=12). (20)
The total dimensionless production by the two sites is P =
Py + P».

The set of algebraic-differential equations was solved by the
Limex solver.”> We define a maximum temperature set, to be
the parameters at which the maximum transient particle tem-
perature attains a specified value. This maximum transient tem-
perature must be lower than the melting one, to avoid polymer
particles sticking to each other and formation of large agglom-
erates (sheeting). Clearly, the model is not valid for tempera-
tures exceeding the melting temperature, as it does not account
for the polymer melting. The melting set, as defined by Song
and Luss,14 is the maximum temperature set when we select
the melting temperature of the polymer as the maximum allow-
able temperature.

The loading of the catalyst by the two sites depends on the ki-
netic features of the sites. When both have similar kinetic
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behavior, that is, when similar temporal temperature rise occurs
when only one of the sites is impregnated on the support, then
one can treat the temperature rise as generated by a single
“lumped” reaction. In such cases, the total loading of the active
sites can be handled by the procedure described by Song and
Luss' for the case of a single reaction, just using the model pre-
sented here to determine the ratio between the two sites that pro-
duces the desired bimodal MWD. We consider here the more
general cases in which the temporal temperature rise generated
by the two sites are different so that the heat generation cannot
be properly described by a lumped single-reaction model.

Model Predictions

Simulations were conducted to determine the loading of
dual-site catalysts that produce, during a specified period (1 h
in our simulations), the largest time-average amount of the
desired bimodal polymer (with a specified ratio between the
two products), while keeping the maximum transient tempera-
ture below a specified maximum temperature (Tpn.x = Tr). In
all the simulations reported here, the loading of the two sites
was adjusted so that an equal amount of the two products, P,
and P,, was produced. Typical ranges of values of the physical
parameters encountered in gas-phase olefin polymerization are:
R(0) = 5-50 um; k,(353 K) = 60-1500 s k(353 K) = 5-50
hr™'; k4353 K) = 0.5-20 hr ™ '; AE,,, AE,, and AE, = 12-65 KJ/
mol; D, = 0.00008-0.0005 cm?/s; M, = 0.0004-0.0012 mol/
cm’; T, = 343-353 K; (—AH) ~ 108 KJ/mol (propylene);
(=AH) ~ 104 KlJ/mol (ethylene); A, = 0.00012-0.0003 J/
(cm*s*K); A, = 0.0008-0.002 J/(cm*s*K); and p,c, ~ 1.26 J/
(cm?#K), 14-2123-28

From these physical parameters ranges, ranges of the dimen-
sionless parameters can be determined. Typical ranges of val-
ues of the dimensionless parameters encountered in gas-phase
olefin polymerization are: 9, ;, and y, = 4-20; ¢, = 0.5-5; ¢;
= 0.004 -0.04; ¢, = 0.0005-0.02; p = 2-6.5; Bi,, = 10-60; Bi,
=0.1-0.3; Le = 5-30; and p = 0.01-0.03. The values of the pa-
rameters used in the simulations were within these ranges. The
base set of typical parameters values for the two sites were:

o1 =4, b =2, Yp1 = 14, Yoo =7,
¢y = 0.02, ¢, =0.01, Y=V = 14,
$q1 = 0.002, $ap =0.001, 4 =702 =7,
B =PF,=2, Bim =20, Le =25, p =0.019.

Figure 1 shows that when only one site is impregnated on the
support, catalytic site 1 reaches its peak temperature at 1/3 of
the time it takes site 2. Hence, we refer to site 1 as the more
active one.

The simulated values of the temporal temperature, effective-
ness factor, and particle dimensionless radius are shown in
Figure 2 using the base set of parameter values. In all the simu-
lations, we assume that an equal amount of polymer is pro-
duced by the two sites, that is, P; = P,. The simulations show
that the catalyst particle temperature increased rapidly after the
beginning of the reaction and reached its maximum value
within a rather short time relative to a typical sojourn in the re-
actor (order 1-3 h), and it then cooled down to a temperature
close to that of the bulk. Thus, the particle temperature was
rather close to that of the ambient gas during a large fraction of
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Figure 1. The temporal temperature of a growing poly-
mer particle when only one active site is
loaded on the support.

its sojourn in the fluidized bed. Since the particle temperature
rise is for such a brief period relative to the entire reaction
time, it can be assumed that this temperature rise will have
very little effect on the polymer properties. The initial tempera-
ture rise caused the Thiele modulus to exceed unity and the
corresponding effectiveness factor to be smaller than unity. As
the particle grew, the effectiveness factor increased due to the
decrease in the temperature and the dilution of the concentra-
tion of the active sites in the expanding particle.

Figure 3 shows that the time-average polymer production is
essentially proportional to the total catalyst loading (w; + w»).
The maximum transient temperature is a monotonic increasing
function of this loading. In this specific example, the average
polymer dimensionless production rate is approximately
700,000 when the maximum dimensionless transient particle
temperature is restricted to be 1.11. Similar simulations were
used to determine the dependence of the maximum catalyst
loading on various kinetic parameters under the constraint that
the maximum transient temperature does not exceed the speci-
fied maximum.

Simulations were conducted to determine the ratio between
the loading of the two sites in order to produce the desired
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Figure 2. The temporal temperature, effectiveness
factor, and growing particle dimensionless
radius.
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polymer blend. (In this example, the goal is that each site pro-
duces an equal amount of polymer). The simulations shown in
Figure 4 indicate that the proper ratio between the loading of
the two catalytic sites is essentially independent of the total
catalyst loading.

Extensive simulations were conducted in order to gain an
understanding of the impact of the various kinetic parameters
on the optimal loading of the two catalytic sites. The simula-
tions show that the peak transient temperature is a monotonic
increasing function of the activation energy of the propagation
rate constant of the more active site. However, this activation
energy has a very minor impact on the temperature after the
rather short period during which the peak temperature exists.
Figure 5 shows the impact of 7, for the base case. The peak
temperature increase was rather moderate for all y,; < 16. A
rather drastic increase in the peak temperature occurred as 7,
increased from 16 to 18. An even more drastic peak tempera-
ture increase (not shown in Figure 5) occurred upon a further
increase of y,;.

Increasing the initiation rate constant of the more active site
(site 1) significantly increased the peak transient temperature
and decreased the time during which the temperature peak
evolved. However, after this relatively short time during which
the peak temperature existed, the temporal temperature was
rather insensitive to the value of the initiation rate constant.
Figure 6 illustrates this behavior for the base case for several
values of ¢;;, which is proportional to the initiation rate con-
stant of the more active site.

Extensive simulations were conducted to determine the
impact of the kinetic parameters on the time-average produc-
tion under the constraint on the maximum transient tempera-
ture. All these simulations were conducted for cases in which
one site is more active than the other, that is, when only one of
the two active sites is impregnated on the support the tempera-
ture peak is attained at rather different times. The simulations
show that in these cases, the kinetic parameters of the more
active site have the main impact on the maximum attainable
time-average production. The kinetic parameters of the less
active catalyst site exert a much weaker impact on the time-
average production. Typical results showing the impact of
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Figure 3. Dependence of the total polymer production
and maximum transient temperature on the
total loading when each catalytic site pro-
duces an equal amount of polymer.
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Figure 4. Dependence of the loading of the two cata-
lytic sites and the ratio between them on the
total loading when each catalytic site pro-
duces an equal amount of polymer.

three kinetic parameters, y,1, ¢;1, and ¢4, on the maximum
time-average polymer production are shown in Figures 7—-10.

The time-average production of the polymer is rather sensi-
tive to the value of the activation energy of the propagation
rate constant, y,,, as shown by Figure 7. In contrast, it is rather
insensitive to the variation in the value of the propagation rate
constant, and is essentially the same for ¢, values between 3
and 100. The reason for this is that as ¢, is increased, the initial
site loading, w, is decreased subject to the maximum tempera-
ture constraint. Thus, the time-average production changes
very little even with large changes in ¢,. The simulations
reveal an essentially linear decrease in the time-average pro-
duction upon an increase in the activation energy. This occurs
as the higher the activation energy is, the faster is the increase
in the reaction rate upon a temperature change. Hence, a higher
temperature peak is obtained for higher values of the activation
energy. Thus, in order to keep the temperature peak below the
specified maximum, the loading of the catalyst needs to be
decreased as the activation energy is increased.

An increase in either the initiation rate constant or its activa-
tion energy decreases the maximum possible time-average
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Figure 5. Dependence of the temporal temperature on
the activation energy of the propagation rate
constant, y,4.
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Figure 6. Dependence of the temporal temperature on
the initiation rate constant of the more active
site.

polymer production, as Figure 8 shows. The reason is that an
increase in the initiation rate constant leads to a more rapid ini-
tial temperature rise and an increase in the amplitude of the
temperature peak. Hence, in order to maintain the maximum
temperature rise below the specified maximum, the total load-
ing of the catalyst has to be decreased. This, in turn, decreases
the total polymer production.

The rate constant for catalyst deactivation (¢,;) has a direct
effect on the total production since a catalyst site with a high
rate of deactivation will produce polymer for a shorter period
than one with a lower deactivation rate. The rate constant for
the active site deactivation (¢,;) has a strong effect on both the
ratio between the loading of the two types of sites as well as on
the time-average production rate. Figure 9 shows that w,/(w; +
wy) is a monotonic increasing function of both y4; and ¢q;.
Figure 10 shows that the time-average production is a mono-
tonic decreasing function of both y,4, and ¢;. Thus, the higher
the deactivation rate constant of the more active site and/or its
activation energy, the higher should be the fraction of that site
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Figure 7. Dependence of the time-average production
on the activation energy and rate constant
for the propagation reaction on production.

The production rate for each y,; was computed for various
¢p1 between 3 and 100.
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Figure 8. Dependence of the time-average polymer
production on ¢;; and y;4.

on the catalyst and the lower is the maximum possible time-av-
erage production of the polymer subject to the constraint on the
maximum temperature.

Simulations showed that initially the ratio between the poly-
mer generated by the two sites (P/P,) was larger than the
specified value (Figure 11). However, due to the more rapid
decay of the more active sites, the desired ratio was obtained at
the end of the specified period (1 h in our simulations). The
simulations showed that for a residence time of at least 1 h, this
ratio of P,/P, was a rather weak, monotonic decreasing func-
tion of the total reaction period.

Discussion

The simulations showed that an increase in the total catalyst
loading increased both the total amount of product and the
maximum transient catalyst temperature (Figure 3). The total
polymer production rate was essentially proportional to the cat-
alyst loading. This occurred as during a large fraction of the
polymerization period, the temperature was close to that of the
bulk and the diffusional limitations were minimal. The only
exception occurred during the relatively short period in which
the peak temperature existed. Under these conditions, the total
polymer production was approximately proportional to the
overall propagation rate constant, which is proportional to the
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Figure 9. Dependence of the loading ratio w4/(wy + wy)
on ¢d1 and Vdi-

692 DOI 10.1002/aic

Published on behalf of the AIChE

800

600
o
(=]
o
T 400
o

200 20

30
0 - - .
0.005 0.010 0.015

¢d1

Figure 10. Dependence of the time-average polymer
production on ¢44 and yg4.

catalyst loading. In contrast, the maximum transient catalyst
temperature was rather sensitive to an increase in the catalyst
loading, which increased the initial reaction rate. This in-
creased the initial pellet temperature, which increased, in turn,
the reaction rate constants, further increasing the temperature.
Hence, the percentage increase in the maximum transient
temperature exceeded that of the catalyst loading. We point out
again that the simulations are not valid for temperatures
exceeding the polymer melting, as the model does not account
for melting.

The simulations (Figure 4) reveal that in order to maintain a
specified ratio between the two polymers (such as P1/P, = 1),
the ratio between loading of the two catalytic sites, wi/wy,
should remain approximately constant as the total catalyst
loading is increased. Presence of diffusional limitations does
not affect this ratio as the effectiveness factor affects equally
both polymer production rates. The activation energies of the
rate constants of the two propagation reactions are different.
Hence, the ratio between the two propagation rate constants
varies during the short period in which the particle temperature
peak exists. However, this difference in the activation energies
is usually rather small and the peak temperature rise is usually
rather small (less than 30°C). Thus, this variation in the ratio of

0 600 1200 1800 2400 3000 3600
Time (s)

Figure 11. The temporal ratio of polymer produced
from each of the two catalytic sites.
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the two propagation rate constants is during a small fraction of
the particles’ sojourn in the reactor. Hence, the ratio between
the time average of the two propagation rates is essentially
constant for a typical industrial reactor residence time of the
order of 1 h (Figure 11). For an average residence time of 1 h
(as used in our simulations) or larger, the ratio P/P, depends
on the ratio (w1¢2)/(waa). Therefore, if the ratio of ¢,1/¢»
remains constant, the ratio of w;/w, must remain constant to
produce the specified ratio of P/P.

The simulations show that the more active catalyst site has a
major impact on the maximum catalyst loading and, hence, the
time-average production. The temperature spike and the total
production are less sensitive to the kinetic features of the less
active site than to those of the more active one. The magnitude
of the temperature peak is most sensitive to y,; and ¢;;, and
they affect the magnitude of the safe catalyst loading.

The simulations showed that the time-average production is
insensitive to the rate constant of the propagation reaction
(Figure 8). The reason is that the total catalyst productivity,
which is approximately proportional to the sum of § = W1</>§1 +
wzq’),?z, is limited by the constraint that the maximum transient
temperature cannot exceed the specified maximum temperature.
Thus, a change in the value of the propagation rate constants
necessitates a corresponding adjustment in the catalyst loading so
that the maximum temperature does not cause melting for the
specified ratio of P/P,. Thus, even when the values of ¢, and
¢,» change, the corresponding changes of w; and w, cause the
value of S to remain essentially constant and the time-average
catalyst activity remains approximately constant.

An increase in ¢;; or y,; increases the transient temperature
peak. This requires a reduction in the catalyst loading to maintain
the particle temperature below the maximum specified polymer
temperature. Thus, the higher the initiation rate constant or the
activation energy of the propagation rate constant, the smaller is
the total amount of polymer produced subject to the constraint on
the maximum temperature rise. The activation energy of the ini-
tiation rate constant (};;) has a similar effect. However, the total
production is more sensitive to ¢;; than to y;;. The rate constant
for the initiation of site 2 (¢,») also has a similar effect, that is,
increasing its value decreases the time-average production. How-
ever, the time-average production rate is more sensitive to varia-
tions in the value of ¢;; than to variations of ¢;,.

The simulations show that a higher deactivation rate of the
more active site requires that the support be loaded with a higher
percentage of these sites in order to maintain the specified prod-
uct ratio (Figure 9). This occurs as a catalyst site with a high
deactivation rate will produce a polymer for a shorter period than
the one with the lower deactivation rate. An increase in the ratio
of active sites is required to maintain the specified polymer prod-
uct composition constraint. Thus, to satisfy simultaneously the
constraint on the maximum transient temperature, it is necessary
to decrease the total loading of the catalytic sites. This decrease
in the loading of the catalyst sites decreases the total amount of
polymer produced, as illustrated by Figure 10.

Conclusions

The simulations provide guidance and insight about the
loading of silica-supported dual-site metallocene catalysts that
maximizes the time-average production of the polymer with
the desired composition, while keeping the maximum transient
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temperature below a specified maximum. We consider here
cases in which the time to attain a peak temperature is rather
different when the reaction is conducted with a catalyst on
which only one of the two sites is impregnated. While the sim-
ulations are for a specified product and period of operation, the
same methodology can be utilized for the design of many other
cases. The insight about the impact of the kinetic features of
each of the two sites should be helpful in the design of catalysts
that produce desired polymer with a bimodal MWD, while
ensuring safe operation and maximizing the total production.

The simulations reveal that when the reaction rate and tem-
perature rise associated with the two sites are rather different,
the kinetic features of the more active catalyst site are domi-
nant in controlling the total loading of the catalytic sites subject
to the constraint on the maximum temperature rise and the
product composition. The temperature peak is most sensitive to
the values of y,,; and ¢;;. In order to avoid exceeding the maxi-
mum allowable temperature, the total catalyst loading must be
restricted, which, in turn, restricts the time-average production.
The time-average production is sensitive to the sum of w, qﬁgl
+ wy qb,?z. The maximum production corresponds to the highest
value of this sum, which still maintains the particle temperature
below the maximum allowable temperature rise.

The relative loading of the two sites is controlled primarily
by the ratio of ¢,1/¢,» as the specified product ratio, P,/P, =
1, is close to being proportional to the ratio (wl(j)[%l)/(wzqﬁgz).
The deactivation rate constants have a significant effect on the
relative site loading as well as the total production. The maxi-
mum total production can be increased by decreasing the deac-
tivation of the more active site. The modeling and simulation
effort presented here offer guidance on how dual-site metallo-
cene catalysts should be loaded so that they attain the highest
possible productivity level of the desired polymer product mix-
ture while preventing the transient temperature from exceeding
a specified maximum temperature.
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