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ABSTRACT: A kinetic study of ethylene homopolymerization is conducted with a sup-
ported unbridged metallocene catalyst in a slurry reactor. The effects of operational
parameters such as the reaction temperature and pressure on kinetics are investigated.
The kinetic parameters which have been determined for this particular catalyst from
previous gas phase studies are used in a slurry reactor model to predict the polymer-
ization behavior under various reaction conditions. The experimental data compare
favorably with the predictions from this model. © 2001 John Wiley & Sons, Inc. J Appl Polym
Sci 81: 2901–2917, 2001
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INTRODUCTION

Slurry reactors, rather than gas-phase reactors,
are used on a wider scale in industrial laborato-
ries for catalytic olefin polymerization studies.
But gas-phase reactors are increasingly being
used for the commercial production of polyolefins
due to their significant process advantages. Dis-
crepancies can arise when comparing results for
the same catalyst run in a gas-phase reactor and
in a slurry reactor. The following study was mo-
tivated by a need to demonstrate how to unify
slurry and gas-phase kinetics.

This is the third part in the series of articles on
the kinetics of supported metallocenes. In Part I,1

a kinetic study on ethylene homopolymerization
and ethylene–propylene copolymerization in a
laboratory-scale gas-phase reactor was conducted
using an unbridged zirconocene on a silica sup-
port. The temperature and comonomer effects

were investigated and perturbation techniques
were implemented to estimate important kinetic
parameters. Using POLYRED™, models were
proposed and the predictions compared well with
the experimental data under various reaction
conditions. Hence, a kinetic model adequate for
continuous reactor design and scale-up was
achieved. In Part II,2 ethylene-1-hexene copoly-
merization in the gas phase was investigated with
the same catalyst used in Part I. Using a similar
experimental methodology as in Part I, a compar-
ison of the kinetic behavior and parameters of the
two ethylene–comonomer systems was possible.
Some of the significant results that were obtained
include (i) the reaction-rate order of ethylene in
the presence of the comonomer (irrespective of its
type) was found to be close to 1, while it was found
to be closer to 2 in the absence of the comonomer
and (ii) ethylene displayed higher activity in the
presence of propylene as compared to 1-hexene for
this particular catalyst. In Part III, we now com-
pare the behavior of this catalyst in different re-
actor systems. The kinetics of ethylene homopo-
lymerization is studied in a slurry reactor. The
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kinetic parameters obtained from the gas-phase
reactor in Part I are used in a slurry reactor
model to predict the behavior under various reac-
tion conditions. The model predictions are then
compared to the experimental data obtained in
the slurry reactor.

The stirred-bed reactor (SBR) system built at
the UWPREL3 is designed to study the gas-phase
kinetics of ethylene–comonomer systems such as
ethylene/propylene (E–P) and ethylene/1-hexene
(E/1-H). This gas-phase reactor was well de-
scribed in previous investigations with supported
metallocenes and traditional Ziegler–Natta cata-
lysts.4–6

The slurry reactor was built in 19937 and is
currently being used to conduct ethylene homopo-
lymerization reactions. The reactor system facili-
tates diluent-based or liquid pool polymeriza-
tions.

EXPERIMENTAL

The slurry reactor system has been used previ-
ously to conduct reactions with traditional
Ziegler–Natta catalysts.7 A schematic of the sys-
tem is shown in Figure 1 and the various ports on
the reactor vessel are shown in Figure 2. The
reactor vessel is a 4-L Zipperclave reactor manu-
factured by Autoclave Engineers. The gas-purifi-
cation system in the slurry setup is very similar to
what is present in the gas-phase reactor system.
The gaseous monomers, hydrogen and nitrogen,
are subject to triple purification to get rid of oxy-
gen, moisture, and other impurities. High-purity
heptane (HPLC grade) is used as the diluent in
the reactions. The heptane is poured into a puri-
fication column containing molecular sieves for no
less than 24 h prior to being used in a reaction.
Prior to conducting the reaction, the following
preparation procedure is instituted:

Figure 1 Slurry reactor system.
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● On the day before the reaction, the reactor is
evacuated at 90°C for about 2 h, following
which the reactor is pressurized with ultra-
high-pure (UHP) nitrogen overnight to check
for the presence of any leaks in the reactor
system.

● On the following day, the reactor is subject to
a 1-h heat evacuation at 90°C.

● On completion of the heat-evacuation cycle,
heptane is introduced into the reactor and
the magnetically driven motor is set to a
stirrer speed of about 1200 rpm.

● The temperature is then increased to the de-
sired set-point. The temperature is con-
trolled by passing steam and water through
the cooling jacket of the reactor vessel.

● Ethylene is introduced into the system after
the temperature has reached the desired set-
point. Ethylene flow into the system is not
stopped until vapor–liquid equilibrium has
been achieved.

● Following that, the scavenger [triethylalumi-
num (TEA) in a heptane solution] is intro-

duced into the system. The scavenging time
is approximately 15 min.

● The catalyst is introduced into the reactor on
completion of the scavenging procedure. Eth-
ylene is used to inject both the scavenger and
the catalyst. Once the catalyst is introduced,
the ethylene flow is started with computer
data logging.

The presence of the thermocouple and the pres-
sure transducer facilitate online monitoring of the
temperature and pressure during the course of a
reaction. During this “no-purge” mode operation,
the pressure is maintained by the constant flow of
the monomer.

SLURRY KINETICS

The primary objective of the current study was to
capture the kinetic behavior in slurry reactors using
a model with parameters estimated from gas-phase
studies. To observe kinetics under various reaction

Figure 2 Schematic of the slurry reactor vessel.
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conditions, the slurry experiments were conducted
in the pressure range of 3–6 atm and a temperature
range of 60–80°C. Compared to gas-phase kinetics,
there are a variety of issues that need to be dealt
with when trying to analyze slurry kinetics:

● Gas–liquid mass-transfer limitations: The
transfer of ethylene from the gas phase to the
liquid phase can prove to be rate-limiting if it
is slower than is the reaction rate in the
liquid phase. Changes in various operational
factors such as pressure, temperature, solids
concentrations, and stirrer speeds affect the
gas–liquid mass-transfer rate. The gas–liq-
uid mass-transfer coefficient, kLa, provides a
measure of the severity of these mass-trans-
fer limitations. Hence, the effects of the
aforementioned factors on kLa are examined.

● Determination of the equilibrium concentra-
tion of the monomer in the diluent and the
polymer: The Benedict–Webb–Rubin (BWR)
equation is used to determine the ethylene con-
centration in the diluent. Flory8 equations are
used to determine the concentrations of the
various species in the polymer phase.

● Presence of diffusion limitations: Floyd et
al.9 studied the importance of mass- and
heat-transfer limitations during polymer
particle growth using the multigrain model.

The presence of diffusion limitations at the
macroparticle level early on in the lifetime of
the polymer particle in slurry reactions was
predicted to be present irrespective of the
operating conditions. Hence, the presence of
diffusion limitations is considered in the
slurry reactor model.

Experimental Observations

A total of 10 experiments were conducted to study
(i) the pressure effects at 70 and 80°C and (ii) the
temperature effects at pressures of 55 and 90
psia. The experiments to be conducted include

● Pressure effects

1. 70°C—45, 55, 68, 90 psia
2. 80°C—45, 55, 68, 90 psia.

● Temperature effects

1. 55 psia—60, 70, 80°C
2. 90 psia—60, 70, 80°C.

The reaction-rate data is presented as gpol/gcat21

h21 [M21]eq. The procedure implemented to deter-
mine the equilibrium monomer concentration in the
polymer, [M]eq, will be described in a later section.

Figure 3 Pressure effects at 70°C.
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● Pressure effects: Figures 3 and 4 illustrate
the kinetics observed by varying the reactor
pressure at 70 and 80°C. The profiles ob-
tained at the different pressures for a given
reactor temperature are very similar because
the reaction rates were normalized by the
equilibrium ethylene concentration in the
polymer. Thus, if the observed polymeriza-
tion reaction rate were first order in ethyl-
ene, all curves are expected to be the same.
The fact that the normalized yield does in-
crease with the reactor pressure suggests a
reaction-rate order greater than 1 for ethyl-
ene homopolymerization as was found in our
earlier gas-phase studies.1

● Temperature effects: The kinetics obtained
at the different temperatures for pressures of
55 and 90 psia are shown in Figures 5 and 6.
While the peak position fails to change no-
ticeably with an increase in the reaction tem-
perature, the peak value and the decay rate
do increase with an increase in the tempera-
ture as expected. An overall enhancement in
activity is observed with an increase in the
temperature. The increase in the decay rate
with an increase in the temperature is more
pronounced when the reaction pressure is
maintained at 90 psia.

Determination of the Gas–Liquid Mass-transfer
Coefficient

The importance of gas–liquid mass-transfer ef-
fects in slurry and solution polymerizations was
emphasized in previous investigations.10 –15

Factors that can influence the rate of the mass
transfer of ethylene from the gas phase into
heptane include temperature, pressure, solids
concentration, and stirrer speeds. Morsi et al.13

used a statistical approach to investigate the
effects of the aforementioned factors on the
mass-transfer coefficient of ethylene into n-hex-
ane. They found pressure to have a negligible
effect on the kLa for ethylene transfer into n-
hexane. Also, the kLa values increased slightly
at small solid concentrations (#15 mass %) and
then sharply decreased when the solids concen-
tration exceeded 30 mass %. An increase in
temperature was found to have a slight increase
in the value of the mass-transfer coefficient.13

However, this and other studies11,15 showed
that, of all the factors, the stirrer speed exerted
the greatest influence on the gas–liquid mass
transfer; kLa increased significantly when the
agitator speed was increased. Based on the
above conclusions, the consideration of the ef-
fects of the different factors on kLa in the
present investigation are summarized:

Figure 4 Pressure effects at 80°C.
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● The stirrer speed was maintained at 1200
rpm for all the reactions conducted in this
work (the maximum stirrer speed possible
without overheating the motor).

● The effect of pressure on mass-transfer ef-
fects is assumed to be negligible.

● The solids concentrations in the diluent are

not very high for the reactions conducted
since 1.5 L of the solvent is used and the
catalyst amount is adjusted such that the
amount of the polymer collected does not
exceed 30 – 40 g. Hence, the impact of this
variable on kLa is assumed to be minimal.

● The effect of temperature on kLa was studied

Figure 5 Temperature effects at 55 psia.

Figure 6 Temperature effects at 90 psia.
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and is discussed in the latter part of this
section.

Previous researchers have, with some success,
used various empirical correlations involving di-
mensionless numbers to estimate kLa.11,14,15 In
the current effort, the experimental technique im-
plemented to determine the mass-transfer coeffi-
cient is based on the physical absorption tech-
nique used by Chang and Morsi.10 This tech-
nique was used by Mallon15 in our laboratory to
study mass-transfer effects in solution ethylene
polymerization. To summarize this technique,
consider the mass balance for ethylene in the
reactor:

dm
~Mw!dt 5

d~vgp!

~RT!dt 5 Fin 2 Fout

2 kLa~@M1#eql 2 @M1#liq!Vliq (1)

where m is the mass of ethylene; Mw, the mo-
lecular weight of ethylene; [M1]eql, the equilib-
rium monomer concentration in the liquid; and
[M1]liq, the bulk concentration of ethylene in the
liquid.

The following assumptions were made in eq.
(1): (i) ideal gas behavior for ethylene and (ii)
constant liquid-phase volume. Due to the semi-
batch operation, outflow does not exist. To ob-
serve pure mass-transfer effects, ethylene is fed

such that the reactor is pressurized to the desired
value and the flow into the reactor is stopped after
that. As a result, the mass-balance equation sim-
plifies to

kLa is the slope of the line when “y” is plotted
versus “x.” For a typical run, the following steps
are performed:

● The diluent (heptane) is charged into the re-
actor.

● The reactor is then pressurized with ethylene
and is heated to the desired temperature.

● When the stirrer (set to the desired mixing
speed) is turned on, the computer simulta-
neously starts recording the change in pres-
sure with time.

Figure 7 shows the change in pressure over
time as recorded by the computer. The corre-
sponding least-squares plot obtained is shown
in Figure 8(a). The equilibrium monomer con-
centration in heptane at the different pressures
is calculated by the BWR vapor–liquid equilib-
rium equation.15 The bulk concentration of the

Figure 7 Pressure as a function of time (1200 rpm).

dp
dt S vg

RTVliq
D 5 2kLa~@M1#eql 2 @M1#liq! (2)

y m x

{ { {
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monomer in the liquid may be seen in Figure 9
based on temperature and pressure in the gas
phase. The effect of temperature on the gas–

liquid mass-transfer coefficient is shown in Ta-
ble I. The least-squares fits obtained when de-
termining kLa at the various temperatures are

Figure 8 Least-squares fit for kLa at the different reaction temperatures.

Figure 9 BWR results: Equilibrium ethylene concentration in heptane as a function
of partial pressure.
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shown in Figure 8. The results show that the
coefficient increases slightly with an increase in
temperature, which is quite consistent with
what has been observed previously.10,13

Determination of the Equilibrium Monomer
Concentration in the Polymer

Various correlations such as Henry’s law13,17 or
the BWR equation can be used to ascertain the
concentration of ethylene in heptane. Hutchin-
son18 successfully used the BWR equation to fit
experimental data from the literature for the eth-
ylene–heptane system over a wide range of pres-
sures. Hence, this equation is used in determin-
ing the concentration of ethylene in heptane for
the various reaction conditions considered. The
concentrations for the various species in the poly-
mer phase are determined using the Flory equa-
tions18 for a ternary system consisting of a single
polymer component in a binary solvent mixture.
To determine the concentrations in the polymer
phase, equilibrium between phases needs to be
attained. In the current investigation, the three
conditions for equilibrium between the two
phases are said to be satisfied:

m1p 5 m1s

m2p 5 m2s

m3p 5 m3s (3)

where

● s is the solvent phase
● p is the polymer phase
● 1 is ethylene, 2 is heptane, and 3 is the poly-

mer.

The equations for the derivation of the chemical
potentials can be put in the form shown in Eqs.
(4)–(6):

m1 2 m1
0 5 RTF ln v1 1 ~1 2 v1! 2 v2Sx1

x2
D 2 v3Sx1

x3
D

1 ~x12v2 1 x13v3!~v2 1 v3! 2 x23Sx1

x2
Dv2v3G (4)

m2 2 m2
0 5 RTF ln v2 1 ~1 2 v2! 2 v1Sx2

x1
D 2 v3Sx2

x3
D

1 ~x21v1 1 x23v3!~v1 1 v3! 2 x13Sx2

x1
Dv1v3G (5)

m1 2 m1
0 5 RTF ln v3 1 ~1 2 v3! 2 v1Sx3

x1
D 2 v2Sx3

x2
D

1 ~x31v1 1 x32v2!~v2 1 v1! 2 x12Sx3

x1
Dv2v1G (6)

where

● x1, x2, and x3 represent the number of seg-
ments per molecule in the respective species.
They can be substituted for by their respec-
tive molar volumes.

● xij are the interaction parameters between
the different species involved. The following
relationship is used to determine xji:

Table I Effect of Temperature on kLa

Temperature (K) kLa (s21)

333 0.09
343 0.103
353 0.115

Table II Comparison of Partition Coefficients
for the Different Reaction Conditions

Pressure
(atm)

Temperature
(°C)

Partition Coefficient
(Kl)

3.06 70 0.225
3.06 80 0.243
3.74 60 0.216
3.74 70 0.222
3.74 80 0.224
4.63 70 0.217
4.63 80 0.225
6.12 60 0.197
6.12 70 0.204
6.12 80 0.211

Table III Elementary 1-Site Reaction-rate
Model for Homopolymerization

Name Reaction

Activation Cpot 1 M 3 C*o
Propagation C*n 1 M 3 C*n11

Deactivation C*n 3 Cd 1 Dn
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xji 5 xijSxj

xi
D 5 xijSVj

Vi
D (7)

where Vj and Vi are the partial molar vol-
umes of the species j and i, respectively.

● v1, v2, and v3 are the volume fractions of
species 1, 2, and 3, respectively.

The partial molar volumes are determined by the
method of Chueh and Prausnitz19 which uses a
modified Redlich–Kwong equation. Equations (8)

and (9) show how x12 (refs. 20–22) and x23 (ref.
18) were determined. x13 was obtained from the
Handbook of Polymer–Liquid Interaction Param-
eters and Solubility Parameters.23 x13 used in the
calculations was considered to be constant at 0.3:

x12 5 0.5 2 cS1 2
u

TD (8)

x23 5 S V2

RTD ~d2 2 d3!
2 1 g (9)

Table IV Kinetic Parameters for Homopolymerization

Parameter Estimated Value Units

Preexponential factors
Site activation, kaoCpot 0.74 3 101 cc-amor.polym. g21 cat21 s21

Propagation, kpoCpot 1.5 3 1010 cc-amor.polym. g21 cat21 s21

Deactivation, kdo 1.9 3 107 s21

Activation energies
Site activation, Ea 4.54 kcal/mol
Propagation, Ep 13.87 kcal/mol
Deactivation, Ed 16.90 kcal/mol

Figure 10 Model predictions versus experimental data at 60°C. Model A: Includes
gas–liquid mass-transfer limitations. Model B: Accounts for gas–liquid mass-transfer
and diffusion limitations.
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where (i) c, the entropy parameter,22 and u,
known as the theta (or Flory) temperature,22 were
obtained from previous studies with the values of
23.58 and 485 K, respectively, and (ii) g is an
entropy correction term considered to be constant
near 0.3 when the polymer is one of the compo-
nents in the pair.17 For the current problem, it is
assumed that the volume fraction of the polymer
in the solvent phase is small enough such that it
is negligible. With that, the equations used in
determining the volume fractions for the various
components in the polymer phase are shown in
eqs. (10)–(12). Based on the information obtained
from the volume fractions, it is possible to deter-
mine the monomer concentration in the polymer
phase at the different reaction conditions:

RTF ln v1 1 ~1 2 v1! 2 v2Sx1

x2
D 2 v3Sx1

x3
D

1 ~x12v2 1 x13v3!~v2 1 v3! 2 x23Sx1

x2
Dv2v3G 2 m1s 5 0

(10)

RTF ln v2 1 ~1 2 v2! 2 v1Sx2

x1
D 2 v3Sx2

x3
D

1 ~x21v1 1 x23v3!~v1 1 v3! 2 x13Sx2

x1
Dv1v3G 2 m2s 5 0

(11)

v1 1 v2 1 v3 2 1 5 0 (12)

Based on the knowledge of its volume fraction in
the polymer phase (vi) and the partial molar vol-
ume (Vi), the equilibrium monomer concentra-
tion ([Mi]eq) of monomer i in the polymer phase
can calculated:

@Mi#eq 5
vi

Vi
(13)

The equilibrium monomer concentration in the
diluent ([Mi]eql) is calculated using the BWR
equation. The partition coefficient (Kl) for mono-
mer i is therefore defined as

Figure 11 Model predictions versus experimental data at 70°C. Model A: Includes
gas–liquid mass-transfer limitations. Model B: Accounts for gas–liquid mass-transfer
and diffusion limitations.
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Kl 5
@Mi#eq

@Mi#eql
(14)

Table II contains the partition coefficients that
have been calculated at the different operating
conditions.

Role of Diffusion

Floyd et al.9 conducted theoretical investigations
on the effects of intraparticle heat and mass
transfer for a range of catalyst activities in slurry
and gas-phase reactors. The multigrain (MGM)
model was implemented to investigate the mass-
and heat-transfer effects at the macroparticle and
microparticle levels. Some of the important con-
clusions for slurry polymerization are summa-
rized9:

● Thermal gradients are negligible at the mi-
croparticle level and for most operating con-
ditions at the macroparticle level.

● Concentration gradients

– Can be significant at the microparticle level
for high-activity catalysts and for those
yielding large primary crystallites after
breakup.

– Are usually significant at the macroparticle
level, especially early in the lifetime of the
polymer particle.

Based on the conclusions put forth by Floyd et
al.,9 the following assumptions are made for the
present study:

● Negligible heat- and mass-transfer limita-
tions at a microparticle level.

● Negligible intraparticle temperature gradi-
ents in the macroparticle under normal op-
erating conditions.

The assumption of negligible intraparticle tem-
perature gradients leads to the following solution
for the isothermal reaction-diffusion problem for
the macroparticle9:

Figure 12 Model predictions versus experimental data at 70°C. Model A: Includes
gas–liquid mass-transfer limitations. Model B: Accounts for gas–liquid mass-transfer
and diffusion limitations.

2912 CHAKRAVARTI AND RAY



hl 5
3
al

F 1
tanh~al!

2
1
al
G (15)

where hl is the macroparticle effectiveness factor.
The Thiele modulus, al, is determined by the
following equation9:

al 5
dcat

2 fÎkpCact

f3Dl
(16)

where dcat is the diameter of the catalyst particle;
kp, the kinetic constant for propagation; Cact, the
concentration of active sites; and Dl, the macro-
particle diffusivity. The growth factor, f, is deter-
mined by

f 5 Î3 rcat

rpol
Yield 1 1 (17)

where rcat is the density of the catalyst, and rpol,
the density of the polymer. The observed reaction

rate can then be determined from Robs 5 hlRkin,
where hl is calculated by eq. (15).

Slurry Kinetic Model

The kinetic mechanism for this catalyst was al-
ready presented, but is summarized in Table III.
The equations used in the slurry model are out-
lined below:

rmix

dV
dt 5 2V

drmix

dt

1 kLa~@M1#eql 2 @M1#liq!MwVliq (18)

V
d@M1#b

dt 5 Rate V 1 kLa~@M1#eql

2 @M1#liq!Vliq 2 @M1#b

dV
dt (19)

V
dCcat

dt 5 2Ccat

dV
dt (20)

Figure 13 Model predictions versus experimental data at 80°C. Model A: Includes
gas–liquid mass-transfer limitations. Model B: Accounts for gas–liquid mass-transfer
and diffusion limitations.
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V
dCact

dt 5 ~hlkaCpot@M1#eq 2 kdCact!V 2 Cact

dV
dt

(21)

V
dm0

dt 5 ~hlkiCvac@M1#eq 2 kdCm0!V 2 m0

dV
dt

(22)

V
dCdead

dt 5 ~kdCact!V 2 Cdead

dV
dt (23)

V
dl1

dt 5 hl~kpm0 1 kiCvac!@M1#eqV 2 l1

dV
dt

(24)

The Appendix gives some additional details re-
garding the calculations of certain variables that
appear in the set of ordinary differential equa-
tions. From this model, the ethylene consumption
rate is determined by the following equation:

Rate 5 hl~kpm0 1 kiCvac 1 kaCpot!@M1#eq

Vswellamorph

V

(25)

The last factor in eq. (25) recognizes that only the
monomer swollen into the amorphous phase of
the polymer may react. The kinetic parameters in
Table IV (obtained from gas-phase studies1) are
used in model predictions. For the simulations,
the value of Cpot was equal to 1.25 3 1024.

Model Predictions

Figures 10 –14 contain the experimental data
and predictions by model A (where only gas–
liquid mass-transfer limitations are considered)
and model B (where both gas–liquid mass-
transfer and diffusion limitations are consid-
ered) for the different reaction conditions. At
62°C (see Fig. 10), model A predicts a slightly
higher initial reaction rate compared to model B
and the experimental data at the two operating

Figure 14 Model predictions versus experimental data at 80°C. Model A: Includes
gas–liquid mass-transfer limitations. Model B: Accounts for gas–liquid mass-transfer
and diffusion limitations.
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pressures. By contrast, at 70°C, Figures 11 and
12 show that failure to consider the presence of
diffusion limitations result in model A, predict-
ing a much higher initial reaction rate than
what is observed with the experimental data.
Comparatively, model B effectively captures the
experimental trends at the different reaction
pressures. Figures 13 and 14 provide the com-
parisons between the models and the experi-
mental data for the different reaction pressures
at a temperature of 80°C. The results further
emphasize the need to account for diffusion as
model A fails to capture the kinetic behavior
during early reaction times. The model predic-
tions prove that the presence of macroparticle
diffusion limitations at early reaction times is
the important difference between gas-phase
and slurry polymerization. To further illustrate
the significance of these diffusion limitations,
Figure 15 provides plots of the intraparticle
effectiveness factors as a function of time. The
plots provide information on the duration of the
reaction time, during which diffusion limita-
tions are important. As the pressure increases,
the time during which diffusion limitations are
important decreases. This would be appropriate
since a higher reaction pressure translates to a
higher monomer concentration in the polymer
and therefore the polymer particle grows at a
faster rate. As the growth factor increases, the

value of the Thiele modulus decreases and, sub-
sequently, the effectiveness factor is closer to 1
at much shorter reaction times.

CONCLUSIONS

In this study, the kinetics of ethylene homopoly-
merization was investigated in a slurry reactor
using a supported unbridged metallocene cata-
lyst. The main objective was to be able to predict
the slurry kinetic behavior using a model that
contained catalyst kinetic parameters obtained
from gas-phase studies. The slurry model in-
cluded the effects of gas–liquid mass-transfer and
diffusion limitations. It was found that failure to
consider the presence of diffusion limitations
would result in the loss of ability to predict slurry
experimental trends at early reaction times using
gas-phase parameters. The slurry model, ac-
counting for macroparticle diffusion and contain-
ing the kinetic parameters from the gas phase,
predicts the experimental trends rather well.
This study is, to the best of our knowledge, the
first time that slurry and gas-phase reactor be-
havior have been compared and modeled with the
same kinetic parameters. This provides the
groundwork for future studies dealing with copo-
lymerization kinetics in both gas-phase and
slurry reactors.

Figure 15 Intraparticle effectiveness factors as a function of time.
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APPENDIX

Physical Parameters Used in the Model

Initial volume 1.5 L
dcat 50 m
Macroparticle diffusivity, Dl 3 3 1026 cm2/s
rcat (g/cm3) 2.33
rpol (g/cm3) 0.94
Swell (333 K) 0.43
Swell (343 K) 0.29
Swell (353 K) 0.21
CrysFrac 0.65

Vliq and [Mi]liq are calculated using a proce-
dure that was previously implemented by
Zacca24:

ConP 5 Mw~l1! (A.1)

Vpol 5 V
ConP
rpolym

(A.2)

Vcryst 5 CrysFrac~Vpol! (A.3)

Swell 5 Vsorbed species/Vpol (A.4)

Vswellamorph 5
~1 2 CrysFrac!

~1 2 Swell! Vpol (A.5)

Vliq 5 V 2 Vcryst 2 Vswellamorph (A.6)

@Mi#liq 5 @Mi#b

V
Vliq

(A.7)

where [Mi]liq is the concentration of the monomer
in the diluent, and [Mi]b, the concentration of the
monomer in the bulk (polymer 1 diluent). The
swelling factors are estimates based on Henry’s
law. The value for CrysFrac was obtained from
results obtained for HDPE.5

The density of the mixture, rmix, is calculated
by the following equation:

1
rmix

5
wsol

rsol
1

wpolym

rpolym
1

wcat

rcat
(A.8)

NOMENCLATURE

Cact concentration of the active sites
(mol/cc-amor.polym.)

Ccat concentration of the catalyst (mol/
cc-soln)

Cdead concentration of the dead sites
(mol/cc-amor.polym.)

Cpot concentration of potential sites
(mol/cc-amor.polym.)

Cvac concentration of vacant sites (mol/
cc-amor.polym.)

Dl macroparticle diffusivity (cm2/s)
Ea activation energy of site activation

(kcal/mol)
Ep activation energy of propagation

(kcal/mol)
Ed activation energy of deactivation

(kcal/mol)
Fin and Fout inflow and outflow of ethylene (cc/

min)
kLa mass-transfer coefficient (1/s)
ka kinetic constant for site activation

(cc-amor.polym/mol.act-sites s21)
kp kinetic constant for propagation

(cc-amor.polym./mol.act-sites s21)
kd kinetic constant for deactivation

(1/s)
[Mi]liq concentration of the monomer in

the diluent (mol/cc-soln)
[Mi]b concentration of the monomer in

the bulk (mol/cc-bulk)
[Mi]eq equilibrium monomer concentra-

tion in the polymer (mol/cc-amor.
polym.)

[Mi]eql equilibrium monomer concentra-
tion in diluent (mol/cc-soln)

p partial pressure (atm)
R universal gas constant (0.0802 L

atm g21 mol21 K21)
T reactor temperature (K)
vg volume of the gas phase in the re-

actor (L)
vi volume fractions of a species in the

polymer phase
Vliq volume of the liquid phase in the

reactor (cc)
V total volume of reaction medium

(solid 1 liquid) (cc)
Vi partial molar volume of species i
Vpol volume of polymer (cc)
Vcryst volume of the crystalline fraction

(cc)
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Vswellamorph volume of the swollen amorphous
polymer (cc)

wsol weight fraction of the solvent
wpolym weight fraction of the polymer
wcat weight fraction of the catalyst
di solubility parameter of component

i (cal/cm3)1/2

g entropy correction factor
l1 first moment (bulk) (mol/cc)
m0 zeroth moment (live) (mol/cc)
mis chemical potential of species i in

the solvent phase
mip chemical potential of species i in

the polymer phase
c entropy parameter used to deter-

mine x12
u theta or Flory temperature used to

determine x12
xij interaction parameter between

species i 2 j
rsol density of the solvent (g/cc)
rpol density of the polymer (g/cc)
rcat density of the catalyst (g/cc)
rmix density of the mixture (g/cc)
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