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The slurry homopolymerization of propylene catalyzed by the isospecific metallocene
rac-Et(Ind)2ZrCl2/MAO was investigated using a semi-batch reactor. A full factorial
design with three temperatures (50, 65 and 75°C) and four monomer partial pressures
(1.5, 2.5, 3.2, and 3.8 atm) was performed. Analysis by 1H NMR revealed the formation
of vinylidene, cis-2-butenyl and 4-butenyl end-groups. A kinetic model based on a
coordination-insertion mechanism was developed to predict instantaneous reaction rate,
molecular weights and polymer chain ends. The kinetic rate constants were estimated
using a systematic optimization strategy. The model predicts that the insertion of the first
propylene molecule is rate limiting with respect to propagation. Molecular weight
decreases with temperature due to the high activation energy of the main chain transfer
reaction (101 kJ/mol) relative to propagation (52 kJ/mol). The percentage of butenyl
end-groups with respect to vinylidene decreases with temperature, thus predicting a lower
activation energy for the �-hydride elimination after secondary insertion (27 kJ/mol).
© 2006 American Institute of Chemical Engineers AIChE J, 52: 1824–1835, 2006
Keywords: Kinetic modeling, parameter estimation, olefin polymerization, metallocene
catalyst, end-group analysis.

Introduction

The development of metallocene-based catalyst technology
represents one of the most important innovations in the pro-
duction of polyolefins. The benefit of metallocene catalysts is
that they allow the production of tailored macromolecules,
leading to new products such as syndiotactic polypropylene or
syndiotactic polystyrene. Understanding process conditions
and having control over them are also critical in the production
of tailored macromolecules. Mathematical modeling of the
polymerization process is a key step towards developing such
understanding and affords opportunities for optimization.

Thermoplastic industries for polypropylene (PP) are mainly

based on Ziegler-Natta catalyst technology. In 2000, the global
demand for polyolefins was approximately 79 million metric
tons, with polypropylene being nearly one-third of total con-
sumption. Metallocene-catalyzed polypropylene accounted for
less than 0.5% of this market. Nevertheless projections forecast
substantial growth for metallocene-based polypropylene de-
mand, which is expected to reach 20% of the total global
propylene consumption by 2010.1 Given these promising
trends, efforts in academic and industrial laboratories are fo-
cused towards developing a better understanding of metallo-
cene-catalyzed polyolefin processes for a variety of purposes,
including future reactor design. Thus detailed knowledge of
polymerization kinetics using metallocene catalysts is critical.
Semi-batch or continuous laboratory-scale reaction systems are
frequently used to determine kinetics parameters and to eval-
uate new reaction models.2, 3

Olefin polymerization kinetics have been investigated for a
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wide variety of homogeneous metallocene catalyst systems.4

Many experimental studies focused on identifying the individ-
ual steps of the kinetic mechanism.5-10 However, only a few
kinetic models have been validated using instantaneous reac-
tion rate and molecular weight data. In some studies there was
no attempt to even predict the molecular weight distribution
(MWD) of the final polymer.11-13 Some kinetic models are
based on the assumption that chain initiation is instantaneous
with respect to propagation.14-16 In more recent models, the
activation period was characterized by the non-instantaneous
insertion of the first monomer molecule into the alkylated
catalyst.11-13, 17 Most researchers agree that metallocene cata-
lysts systems have only one type of active center, which is
supported by the fact that the molecular weight distribution of
the final polymer typically follows a Schulz-Flory distribution.
However Vela Estrada and Hamielec15 proposed that a two-site
model was required to fit their bimodal distributions for the
molecular weight of polyethylene.

A common feature in several kinetic models is the inclusion
of reversible reactions from which polymer chains with latent
sites are produced from growing chains. Wester et al.11 in-
cluded the reversible formation of latent sites, which are con-
sidered to be misinserted chains or non-active Zr/MAO com-
plexes that do not undergo further propagation. An equilibrium
reaction between an active center and its latent dimerized
product is included in some models13, 16 to describe the second-
order deactivation observed in the activity curve. This equilib-
rium reaction was proposed by Fisher et al.14 when studying
the Cp2ZrCl2/MAO system. Although uncommon, Ochoteco et
al.13 also included an irreversible bimolecular deactivation of
the catalyst species to explain decreasing catalyst activity with
increasing catalyst-cocatalyst premixing time.

A kinetic model capable of predicting reaction rate and
MWD for the slurry polymerization of propylene using the
catalyst system rac-Et(Ind)2ZrCl2/MAO was reported by Bel-
leli et al.17 Based on a polymeric multigrain model, they
considered the existence of two types of active sites with
different induction, formation and deactivation kinetics. Due to
the complexity of the kinetic model, they had to assume values
for ten parameters and to adjust nine parameters to match
predicted and experimental productivities and average molec-
ular weights. A propagation rate constant at 40°C of 365
L/(mol s) for the first site and 362 L/(mol s) for the second site
was reported. Nele et al. developed a two-state kinetic model to
describe the propylene polymerization behavior of fluxional
metallocene catalysts,18 and they also applied the model to
ansa-metallocene catalysts.19 The model can predict isotactic-
ity, molecular weight and polymer crystallinity. However, we
are not aware of any kinetic model in the literature that allows
the prediction of instantaneous reaction rate, molecular weights
and polymer end-groups resulting from competing chain trans-
fer mechanisms.

Estimation of the kinetic parameters from experimental data
is necessary to achieve qualitative predictions. Kinetic rate
constants for initiation, propagation and termination reactions
are usually estimated from polymerization rate data.15, 17 By
contrast, chain transfer reactions have no impact on the poly-
merization rate, but they strongly affect the molecular weight
distribution. Therefore, the parameter estimation problem in-
volves both on-line measurements of the reaction rate and
end-of-batch measurements of molecular weight. Due to the

complexity of the problem, estimates of kinetic parameters
have been usually generated by trial-and-error procedures15 or
by invoking questionable approximations, such as using the
time averaged value of the reaction rate.16 Some papers contain
very little information about the parameter estimation strate-
gy,11, 12 which is of paramount importance to obtain meaningful
values of the kinetic rate constants.17

We present a kinetic investigation of slurry propylene poly-
merization with rac-Et(Ind)2ZrCl2/MAO (rac-ethylenebis (in-
denyl) zirconium dichloride / methylaluminoxane). The objec-
tives of the work were to: (1) study the effects of monomer
concentration and polymerization temperature on the polymer-
ization behavior; (2) develop a kinetic model able to predict the
instantaneous reaction rate, the molecular weight distribution
and the percentage of unsaturated end-groups of the final
polymer; and (3) estimate kinetic parameters by applying a
systematic optimization technique using both on-line measure-
ments of the reaction rate and end-of-batch measurements of
the MWD and end-groups. This study represents the first step
towards our long-term goal of developing a general and chem-
ically based kinetic model that is applicable to many metallo-
cene catalyst systems for polyolefin production.

Experimental
Materials

The metallocene complex rac-Et(Ind)2ZrCl2 and triisobuty-
laluminum (TIBA) 1.0 M solution in toluene were purchased
from Sigma-Aldrich. Methylaluminoxane (MAO) 30% wt so-
lution in toluene was donated by Albemarle Corp. (Baton
Rouge, LA). The metallocene complex, MAO and TIBA were
used without further purification. Propylene (grade 2.0, 99.9%
pure) was supplied by BOC Gases (Murray Hill, NJ). Nitrogen
(pre-purified grade) was supplied by Merriam Graves Corp.
(Greenfield, MA). 3 Å molecular sieves from Sigma-Aldrich
(St Louis, MO), Selexsorb COS (Alcoa World Chemicals,
Houston, TX) and non-activated cuprous oxide (Engelhard Co.,
Iselin, NY) were used as adsorbents to purify the propylene.

Reactor

The semi-batch reactor is an Autoclave Engineers 500 mL
ZipperClave®. Two gas monomer streams can be fed simul-
taneously to the reactor. Mass flows were measured by two
Sierra Instruments SideTrak 840 Series mass flow controllers
(0-5000 cm3/min of air at 70°F and 1 atm). A purification train
of adsorption beds ensured oxygen, moisture and CO removal
from the monomer gas lines. The adsorbents for these beds
were activated cuprous oxide for the oxygen trap and a com-
bination of 3 Å molecular sieves and Selexsorb COS to remove
water and carbon dioxide, respectively. A suitable gas supply
line was built to safely provide the system with a reliable
monomer flow. Check valves were installed upstream of the
mass-flow controllers to avoid contamination from other gases
and backflow. Excess flow valves were set in the monomer
lines to prevent an uncontrolled gas leak should a line break or
an accidental valve opening occur. The gas supply line is
shown in Figure 1.

Pressure in the reactor was controlled by cascading an in-
ternal pressure controller to both mass flow controllers. As a
safety measure, a F-type rupture disk (Oseco, burst pressure

AIChE Journal May 2006 Vol. 52, No. 5 Published on behalf of the AIChE DOI 10.1002/aic 1825



876 psig) was mounted at the top of the reactor. A Julabo FP50
MV Heating/Cooling System, using Thermal H5S bath fluid as
heat transfer medium, allowed reactor temperature control
from -20°C to 120°C. Mixing in the reactor was provided by a
magnetically driven 45° pitched 4-blade turbine with a maxi-
mum speed of 3,000 rpm. Reactor temperature, pressure, gas
flow and agitator speed were automatically controlled using a
National Instruments LabView® software Virtual Instrument,
interfaced to a Koyo Model 250 Programmable Logic Control-
ler with a 205 Model CPU to handle all analog/digital inputs
and outputs. A simplified scheme of the control system and
equipment layout is presented in Figure 2.

Polymerization procedure

All polymerization runs were preceded by a system cleanup
protocol to ensure the absence of moisture and oxygen in the
reactor. A day before the experimental run, the vessel was
heated to 80°C while a makeup stream of pre-purified nitrogen
(2,500 cm3/min of N2 measured at 21°C at 1 atm) was purged
through the reactor for 2 hours. The reactor was subsequently
evacuated two times for 5 minutes and fresh nitrogen was used
to refill the system. The system was cooled to room tempera-
ture under nitrogen flush and was then subjected to a positive
static pressure test overnight. If the pressure test was satisfac-
tory, the reactor was then heated to the desired polymerization
temperature and loaded with 200 mL of toluene and 0.6 mL of
1.0 M triisobutyl aluminum (TIBA), which acted as a scaven-

ger, via a stainless steel cylinder. Agitation was set at the
desired speed, and the vessel was saturated with monomer at
the experimental partial pressure. The reaction began with the
injection of a previously activated catalyst/cocatalyst mixture
using inert gas overpressure. We found that the activated
catalyst was very sensitive to oxygen and water impurities.
Therefore, the precursor was prepared in dry boxes with oxy-
gen levels less than 20 ppm and water levels of less than 10
ppm using 18-mL commercial vials. Typically, 2.8 �mol of
catalyst in toluene solution of 6 � 10-4 mol/L were mixed with
the MAO solution without stirring for 30 minutes. Vapor-liquid
equilibrium between propylene and toluene was estimated us-
ing the Peng-Robinson equation for both phases to calculate the
concentration of propylene in the liquid phase.20 Polymeriza-
tions were finished by stopping the monomer gas flow injecting
10 mL of methanol and degassing the reactor. The reactor
contents were washed overnight with a methanol/hydrochloric
acid mixture and dried under vacuum.

Characterization methods

The molecular weight distributions of the polypropylenes
were measured by Gel Permeation Chromatography on a Poly-
mer Laboratories PL-220 high temperature GPC with a Differ-
ential Refractive Index Detector (wavelength 633 nm). 1,2,4-
tricholobenzene was used as solvent at 135°C. Absolute
measurements of molecular weights were calculated using a
universal calibration method against narrow polystyrene stan-
dards. Mark-Houwink constants for polystyrene, K � 0.0172
and � � 0.67, and isotactic polypropylene (iPP), K � 0.0137
and � � 0.75, were used.21 Polymer end-groups were analyzed
by high temperature 1H NMR spectroscopy, using a Bruker
AVANCE 400 NMR spectrometer at 100°C and 1,1,2,2-tetra-
chloroethane-d2 as solvent. Instrument conditions were as fol-
lows: pulse angle, 30°; pulse repetition, 5.0 s; spectral width,
8278 Hz; number of scans, 500.

Results and Discussion
Kinetics of polymerization

A full factorial experimental design with four propylene
partial pressures (1.5, 2.5, 3.2 and 3.8 atm) and three levels of
temperature (50, 65 and 75°C) was performed in the semi-
batch reactor. The temperature range was selected based on the

Figure 3. Reaction rate profiles at 65°C for four different
partial pressures of propylene: (E) 3.8 atm, (�)
3.2 atm, (�) 2.5 atm, (}) 1.5 atm.

Figure 1. Gas supply line.

Figure 2. Semi-batch reaction system.
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conditions of commercial polypropylene processes, such as the
Spheripol process, which range between 60 and 80°C.22 Poly-
merization rate curves (Figures 3 and 4) were consistent with
previous profiles shown in the literature for metallocene sys-
tems in semi-batch reactors.5, 11, 13, 17, 23 As reported by other
authors,24 there was an induction period of about 1-2 min after
catalyst injection during which the pressure did not drop suf-
ficiently to require monomer flow to maintain the internal
pressure set point. Time zero was established when propylene
gas began flowing into the reactor. Polymerization rate profiles
were characterized by an activation period before a maximum
rate was reached, followed by deactivation decay with time.
For runs performed at the same temperature (Figure 3), the
reaction rate increased with the partial pressure of propylene
due to the higher concentration of monomer in the liquid
phase.9 For runs performed at the same propylene partial pres-
sure (Figure 4), temperature accelerated the reaction rate. The
deactivation decay was more significant at high temperatures
and pressures, giving a more pronounced maximum rate of
reaction. Experimental measurements of activity of the poly-
merization, expressed as kg PP/(molZr M h), appeared to be
insensitive to monomer concentration while they increased
with polymerization temperature (Table 1).

Monomer concentration and temperature effect on
molecular weight

The MWD of the final polymer is determined by the rate of
chain transfer reactions relative to the propagation rate. For a
single-center catalyst, molecular weight of the produced poly-
mer follows a Schultz-Flory distribution with a polydispersity
(Mw/Mn) equal to 2. Polydispersities measured for our polypro-
pylene ranged from 2.01 to 2.39 (Table 2). The deviation from
the theoretical value of two can be explained by variation of
propylene concentration in the liquid phase.18 Therefore, we
assumed that our metallocene system was acting as a single-
center catalyst. Both number average and weight average mo-
lecular weight decreased with increasing polymerization tem-
perature (Table 2). This result shows that temperature
accelerates the rate of chain transfer reactions with respect to
propagation. In other words, the activation energy of the main
chain transfer reaction is higher than the activation energy of
propagation.16

The effect of monomer concentration on molecular weight is

important to elucidate whether the main chain transfer reaction
is bimolecular (monomer dependent) or unimolecular.6, 9 A
bimolecular chain transfer to the monomer gives a constant
molecular weight with respect to monomer concentration,
while unimolecular chain transfer to the metal gives a linear
increase in molecular weight with monomer concentration.25

Results from Resconi et al.6 for Et(Ind)2ZrCl2/MAO in liquid
propylene at 50°C showed that Mw increased for a monomer
concentration range from 0 to 10 mol/L. This trend can be
separated into two regimes: a linear increase in Mw from 0 to
1 mol/L and a slower increase from 1 to 10 mol/L. According
to our results (Table 2), Mw appeared to be constant with
increasing monomer concentration at 65 and 75°C within the
studied monomer concentration range. For the runs performed
at 50°C, Mw showed a large increase for a monomer concen-
tration range between 0.6-1.09 mol/L, followed by a slight
decrease at concentrations from 1.09 to 1.83 mol/L. Therefore,
our experimental results appeared to be consistent with the
assumption that the main chain transfer reaction was bimolec-
ular giving a constant Mw with respect to monomer concentra-
tion.

End-group analysis of the polymer

Analysis of end-group configurations of the polypropylene
chain is the technique used to determine the chain transfer
reactions taking place during the polymerization. For rac-
Et(Ind)2ZrCl2/MAO, the vinylidene end-group (Figure 5)
formed by �-hydride elimination has been reported as the
dominant termination.10, 26 The olefin region of the 1H NMR
spectra (400 MHz, TCE-d2, 100°C) of the PP samples poly-
merized at a monomer concentration of approximately 1 mol/L
are shown in Figure 6*. PP samples from rac-Et(Ind)2ZrCl2/
MAO showed four olefinic end-groups: vinylidene (structure a
in Figure 5, 4.68 H1A singlet, 4.75 H1B singlet) formed by
�-hydride elimination; cis-2-butenyl (structure b, 5.39-5.54 H2

and H3, complex multiplet) produced by �-hydride elimination
after a secondary insertion; allyl (structure c, 4.94-5.05 H5A

and H5B, 5.75-5.95 H6 complex multiplet) formed by �-methyl
elimination; and a triplet at 5.20 ppm, which has been assigned

*The spectra of the PP samples obtained at different reaction conditions are
available as supplementary information.

Table 1. Catalyst Activity for Experimental Runs

Run(a) T °C P atm M mol/L Time min
Activity(b) kg PP/
(mol Zr [M] h)

1 50 1.5 0.60 55 15600
2 50 2.5 1.09 40 9900
3 50 3.2 1.47 40 10600
4 50 3.8 1.83 30 10300
5 65 1.5 0.42 30 24100
6 65 2.5 0.78 40 20500
7 65 3.2 1.05 40 20000
8 65 3.8 1.30 30 21400
9 75 1.5 0.33 30 35100
10 75 2.5 0.63 40 25900
11 75 3.2 0.85 40 30800
12 75 3.8 1.05 20 36600

(a)Polymerization conditions: 200 mL toluene, [Zr]0 � 1.4 10�5 mol/L, MAO/
Zr � 3000, agitation speed 1250 rpm. (b)Best activity for each polymerization
condition.

Figure 4. Reaction rate profiles at 3.2 atm of partial
pressure of propylene for three different tem-
peratures: (E) 75°C, (�) 65°C, (�) 50°C.
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to the vinylic proton in 4-butenyl (structure d, 5.20 H4 trip-
let).7,8,26 The unsaturated group 4-butenyl was only detected
when the 2-butenyl end-group was present. We hypothesize
that the formation of 4-butenyl is associated with that of
2-butenyl. However, 4-butenyl production due to isomerization
of 2-butenyl during polymer work-up or NMR analysis can be
ruled out, since Carvill et al.7 reported that 2-butenyl group did
not isomerize to the 4-butenyl end-group after 48 h at 103°C.
Also, Resconi et al.8, 26 proved that the cis-2-butenyl group was
stable in the presence of added acids (p-toluene-sulfonic-acid,
C2D2Cl4, 130°C, 30 minutes). With these experimental evi-
dences, we postulate that the 4-butenyl end-group is formed in
an isomerization reaction catalyzed by a zirconocene hydride
complex during polymerization. Further experiments to con-
firm this hypothesis are underway.

Another important feature of the unsaturated end-groups was
that the two vinylidene peaks were unequal in intensity. This is
due to the presence of a symmetrical vinylidene overlapping
the lowest field vinylidene peak (structure e).8, 26-28 The internal
vinylidene has been postulated to result from a propylene
insertion into an allylic activated zirconocene cation. This
mechanism involves the reversible formation of a zirconocene
(allyl) dihydrogen complex.27, 29 Note that the internal vinyli-
dene is not an end-group, but rather an internal unsaturation.

The amount and nature of the chain end-groups is influenced
not only by the catalyst structure, but also by process condi-
tions.7 This fact is corroborated by the percentages of unsatur-
ated end-groups from the polymer obtained in each experimen-
tal run (Table 2). Vinylidene and 2-butenyl were the dominant
end-groups for the studied conditions. The percentage of
2-butenyl decreased with increasing temperature, indicating

that temperature enhances formation of vinylidenes with re-
spect to 2-butenyl unsaturations. The trend with pressure was
not clear, since the percentage of 2-butenyl remained constant
with monomer concentration at 75°C, but appeared to have a
slight increase with monomer pressure at 65 and 50°C. Allyl
end-groups were detected only in polymer chains produced at
75°C, indicating that �-methyl chain transfer reaction has a
larger activation energy than �-hydride elimination.

A question that arises is if the vinylidene end-groups were
produced by bimolecular �-hydride transfer to the monomer or
by unimolecular �-hydride transfer to the metal. These two
chain transfer reactions cannot be distinguished by NMR anal-
ysis since both produce the same end-groups. Instead, the
dependency of molecular weight on monomer concentration
must be investigated.6, 9, 25 As discussed previously, our exper-
imental results do not show a clear dependency, and therefore

Figure 5. Proton numbering of unsaturated end-groups
and internal vinylidene.

Table 2. MWD and End-Groups Characterization for Experimental Runs

Run T °C P atm

MWD(a) % Unsaturated Groups

Mn g/mol Mw g/mol Mw/Mn a Vinylidene b 2-Butenyl c 4-Butenyl d Allyl(b) e Internal Vinyl

1 50 1.5 7580 18100 2.39 41.1 30.2 18.4 n.d 10.3
2 50 2.5 15700 31700 2.01 32.1 40.8 16.3 n.d 10.8
3 50 3.2 12800 29700 2.32 37.4 31.7 14.1 n.d 16.8
4 50 3.8 12800 26600 2.09 37.4 40.5 11.0 n.d 11.1
5 65 1.5 6210 13900 2.24 65.3 17.0 11.8 n.d 5.9
6 65 2.5 8120 17700 2.18 51.2 26.3 13.5 n.d 9.0
7 65 3.2 6870 15000 2.19 46.5 26.5 14.4 n.d 12.7
8 65 3.8 9170 19000 2.07 37.2 32.0 21.6 n.d 9.2
9 75 1.5 4340 8900 2.06 70.6 2.6 3.7 7.8 15.3
10 75 2.5 5590 12100 2.16 65.3 9.9 8.9 6.4 9.4
11 75 3.2 7330 17000 2.31 60.3 15.8 6.9 n.d 16.9
12 75 3.8 5640 12300 2.19 57.1 12.0 8.8 10.2 11.8

(a)Measured using GPC with two injections per sample. (b)n.d: peak not detected.

Figure 6. 1H NMR olefinic region (400 MHz, 1,1,2,2-tet-
rachloroethane-d2, 100°C, Ref. C2HDCl4 at 5.95
ppm) of iPP from rac-Et(Ind)2ZrCl2/MAO poly-
merized at approximately M � 1 mol/L and
temperatures 50, 65 and 75°C (runs 2, 7 and 12
in Table 1).
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we assumed that Mw is independent of monomer concentration.
This assumption implies that the vinylidene end-groups were
produced by �-hydride transfer to the monomer.

Kinetic Model

A chemically based kinetic model was developed from the
available experimental data. The kinetic mechanism shown in
Table 3 is based on the following assumptions: (i) the activated
complex acts as a single-center catalyst; (ii) chain growth is
initiated by the noninstantaneous insertion of the first monomer
molecule; (iii) chain transfer following a primary (1,2) inser-
tion occurs by bimolecular �-hydride transfer to the monomer,
producing a vinylidene-terminated dead chain and liberating an
active center; (iv) unimolecular deactivation of growing chains
produces deactivated catalyst, which no longer undergoes
propagation; (v) �-methyl elimination is not included due to its
low frequency relative to �-hydride elimination under the
studied conditions and; (vi) a secondary (2,1) insertion pro-
duces a mis-inserted chain, which can undergo propagation or
�-hydride transfer to the monomer to produce a butenyl-termi-
nated chain. We postulate that 4-butenyl end-groups are
formed in an isomerization reaction from cis-2-butenyl during
polymerization, thus both unsaturations are considered as bute-
nyl end-groups. The occurrence of two consecutive secondary
insertions is not included due to its low probability.

The reactor volume change attributable to polypropylene
accumulation in the liquid phase is neglected due to the small
polypropylene production rates achieved. Therefore, the mate-
rial balance on monomer in the semi-batch reactor is given by

dM

dt
�

F

V
� kinMC* � �kp � ktr � ks� ML0 � �ksp � kstr� MQ0

(1)

where F is the propylene molar flow, and L0 � ¥i�1
� Ri and Q0

� ¥i�2
� Pi are the concentration of active and mis-inserted

chains of all lengths, respectively. The consumption of mono-
mer in the initiation, secondary insertion and chain transfer
reactions is considered negligible compared to the consumption
of monomer by propagation (the long chain approximation).
Since the pressure is held constant during the polymerization,
the concentration of propylene in the reaction mixture is ap-
proximately constant with time (dM/dt � 0). Therefore, the
propylene flow provides a direct measurement of the rate of
reaction as follows:

F

V
� kpML0 (2)

Material balances for active chains, mis-inserted chains, dead
chains and catalyst activated complex are written below where
k� � kM:

dR1

dt
� k�inC* � k�pR1 � k�tr�R1 � L0� � kdR1 � k�sR1 � k�strQ0

(3)

dR2

dt
� k�p�R1 � R2� � k�trR2 � kdR2 � k�sR2 (4)

dRi

dt
� k�p�Ri�1 � Ri� � k�trRi � kdRi � k�sRi � k�spPi�1

for i � 2 (5)

dPi

dt
� k�sRi�1 � k�spPi � k�strPi for i � 1 (6)

dD1

dt
� k�trRi � kdRi (7)

dDi

dt
� k�trRi � kdRi � k�strPi for i � 1 (8)

dC*

dt
� �k�inC* (9)

The method of moments is used to characterize the molec-
ular weight distribution (MWD) of the polymer chains, where
Ln,Qn and Un are the n-th order moments for the distribution of
active, mis-inserted and dead chains, respectively:

Ln � �
i�1

�

inRi; Qn � �
i�2

�

inPi; Un � �
i�1

�

inDi (10)

Table 3. Kinetic Model for Metallocene Catalyzed
Polymerization of Propylene

Kinetic Model

Initiation C* � MO¡
kin

R1

Propagation Ri � MO¡
kp

Ri	1

Chain transfer to monomer Ri � MO¡
ktr

Di � R1

Deactivation RiO¡
kd

Di � C*d

Secondary insertion Ri � MO¡
ks

Pi	1

Propagation after mis-insertion Pi � MO¡
ksp

Ri	1

Chain transfer after mis-insertion Pi � MO¡
kstr

Di � R1

Species

C* catalyst activated
complex

Di dead chain with “i” monomer units

M monomer Pi chain with “i” monomer units with
misinsertion

Ri active chain with “i”
monomer units

C*d inactive catalyst complex
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Ordinary differential equations (ODEs) for the zeroth-, first-
and second-order moments of the distribution of polymer
chains are obtained by multiplying Eqs. 3 to 8 by i0, i1 and i2,
and then summing over all values of i as in Eq. 10. The zeroth
moment for dead chains is divided in vinylidene-terminated
chains (U0)V and butenyl-terminated chains (U0)B to predict the
percentage of each end-group with respect to the total number
of unsaturations. The resulting equations are:

dL0

dt
� k�inC* � �kd � k�s� L0 � �k�sp � k�str�Q0 (11)

dL1

dt
� k�inC* � k�pL0 � �kd � k�s� L1 � k�tr�L0 � L1�

� k�sp�Q0 � Q1� � k�strQ0 (12)

dL2

dt
� k�inC* � k�p�L0 � 2L1� � �kd � k�s� L2 � k�tr�L0 � L2�

� k�sp�Q0 � 2Q1 � Q2� � k�strQ0 (13)

dQ0

dt
� k�sL0 � �k�sp � k�str�Q0 (14)

dQ1

dt
� k�s�L0 � L1� � �k�sp � k�str�Q1 (15)

dQ2

dt
� k�s�L0 � 2L1 � L2� � �k�sp � k�str�Q2 (16)

d�U0�V

dt
� �kd � k�tr� L0 (17)

d�U0�B

dt
� k�strQ0 (18)

dU1

dt
� �kd � k�tr� L1 � k�strQ1 (19)

dU2

dt
� �kd � k�tr� L2 � k�strQ2 (20)

An analytical solution for L0(t) is obtained by solving Eqs. 9,
11 and 14 with the appropriate M value shown in Table 1, and
the initial conditions C*(0) � C*0 and L0(0) � Q0(0) � 0,
where C*0 is the initial concentration of activated complex.
Then an analytical expression for the reaction rate is derived
from Eq. 2. It was found that a reasonable simplifying assump-
tion is to consider that the rate of secondary insertion, propa-
gation of the mis-inserted chain and chain transfer after a
secondary insertion do not affect the rate of reaction. The
reaction rate for this simplified model comprised of initiation,
propagation, chain transfer to monomer and deactivation has
the following form:

r�t� � kPML0 �
kpC*0kinM

2

kd � kinM

e�kinMt � e�kdt� (21)

This expression for the reaction rate is in agreement with
previous modeling work for metallocene systems.15 The poly-
merization rate does not depend on the rate constant of the
chain transfer to monomer reaction, which will have a large
effect on the molecular weight.

The MWD of the final polymer is characterized by the
number and weight average molecular weights:

Mn � m
L1 � Q1 � U1

L0 � Q0 � U0
(22)

Mw � m
L2 � Q2 � U2

L1 � Q1 � U1
(23)

where m is the molecular weight of propylene, and U0 � (U0)V

	 (U0)B. The kinetic model predicts the formation of vinyli-
dene-terminated chains and butenyl-terminated chains. The
percentage of butenyl end-groups (B) relative to the total
number of unsaturations is given by:

B � 100 �
�U0�B

�U0�B � �U0�V
(24)

Numerical solutions for Mn, Mw and B are obtained solving
Eqs. 9 and 11 to 20 with the following initial conditions: C* �
C*0, L0 � L1 � L2 � 0, Q0 � Q1 � Q2 � 0, and U0 � U1

� U2 � 0.

Parameter Estimation

The kinetic rate constants of the model were estimated from
on-line measurements of the reaction rate and end-of-batch
measurements of the molecular weight distribution and per-
centage of unsaturated end-groups. The kinetic rate constants
were assumed to have an Arrhenius dependence with temper-
ature:

ki�T� � Aiexp��
Ei

T� (25)

where the activation energy Ei and the pre-exponential factor Ai

for each rate constant ki serve as adjustable parameters.
For simplicity, the kinetic rate constants for initiation, prop-

agation and deactivation were assumed to only affect the rate of
reaction, while the kinetic rate constants for chain transfer to
monomer, secondary insertion, propagation after mis-insertion
and chain transfer after mis-insertion were assumed to only
affect the molecular weight and percentage of end-groups. This
simplification allowed the estimation of kinetic parameters to
be decomposed into two sequential subproblems.17 First, kin, kp

and kd were estimated from polymerization rate data by solving
the following least-squares problem:
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min
	1

�
i�1

Ni �
j�1

Nj


pi�tj� � p̂i�tj��
2 (26)

where pi(tj) represents the measured polymerization rate at
time tj for experimental run i, the “ ” denotes a predicted value
obtained from the kinetic model, Nj is the total number of data
points for i-th semi-batch run, and Ni�12 is the total number of
runs. The kinetic parameters 	1 � {Ain, Ein, Ap, Ep, Ad, Ed}
serve as decision variables in the first optimization problem.
The difference between the experimental and predicted reac-
tion rates was not scaled to emphasize runs with higher rates
and more pronounced deactivation decay. We found that this
scaling was important to generate good estimates of the initi-
ation and deactivation rate constants. Second, the rate constants
of the reactions that mainly affect molecular weight and per-
centage of end-groups were estimated from molecular weight
data as well as the measured percentage of butenyl end-groups
(B) by solving the following least-squares problem:

min
	2

�
i�1

Ni ��Mn(tf
i) � M̂n(tf

i)

Mn(tf
i) �2

� �Mw(tf
i) � M̂w(tf

i)

Mw(tf
i) �2

� �B(tf
i) � B̂(tf

i)

B(tf
i) �2� (27)

where tf
i is the final time for the i-th experiment. The esti-

mated parameters 	2 � {Atr, Etr, As, Es, Asp, Esp, Astr, Estr}
serve as decision variables, with the first set of kinetic param-
eters (
1) fixed at their previously determined values since they
primarily affect the polymerization rate. The optimization
problem was solved by temporally discretizing the kinetic
model equations using orthogonal collocation on finite ele-
ments.30

Because the second set of parameters (
2) has some effect
on the rate of reaction and the first set of parameters (
1)
affects the MWD, a one step optimization was performed by
combining the objective functions (26) and (27) using weight-
ing factors that roughly equalized the absolute value of the two
objective functions. Parameter values obtained from solution of
the sequential estimation problem were used as initial guesses
for the one step optimization problem. The optimization prob-
lem was coded in AMPL, and the nonlinear solver program
CONOPT was used to obtain kinetic parameters that mini-
mized the combined objective function.

As shown by the simplified expression for the reaction rate
(eq. 21), the initial concentration of activated complex C*0 was
needed to determine the kinetic parameters. The activated
complex is a cationic species generated in an equilibrium

reaction between the zirconocene molecule and MAO. In our
experimental procedure, the catalyst/MAO mixture was pre-
mixed for 30 minutes prior to injection into the reactor to
achieve an equilibrium concentration of activated complex that
depends on the MAO/Zr ratio and temperature. Chien and
Sugimoto5 reported that for the rac-ethylenebis(4,5,6,7-tetra-
hydro-1-indenyl)zirconium dichloride/MAO species, approxi-
mately two-thirds of the metallocene becomes catalytically
active at 30°C for MAO/Zr ratios greater than 3500. Several
methods including chemical labeling31 and quenched flow32

have been proposed to determine the amount of active catalytic
complex. We performed a quenched flow experiment by stop-
ping the polymerization reaction with CH3-OD at different
reaction times. From this experiment, more than 63% of the
original zirconocene was estimated to be active at 25°C. How-
ever the results from this experiment were not conclusive, and
for the purpose of kinetic parameter estimation we assumed
that 100% of the zirconocene molecules were activated in the
equilibrium reaction with MAO.

A growing polypropylene chain with a last inserted 2,1 unit
undergoes monomer insertion at a lower rate due to steric
hindrance.33 For the metallocene system studied in this paper,
Busico et al.25 reported k/kps for the hydro-oligomerization of
propylene at 60°C by GC analysis. This result suggests that a
high frequency of mis-insertions should yield a significant
decrease in reaction rate. In our analysis, the effect of mis-
inserted chain propagation on the reaction rate was dominated
by the higher frequency of the competing chain transfer reac-
tions that produce a butenyl-terminated chain. The inclusion of
the propagation reaction for a mis-inserted chain did not im-
prove the prediction of reaction rate, since ksp appears in the
model equations as a lumped parameter ksp 	 kstr. Furthermore,
the inclusion of the propagation reaction resulted in non-con-
vergence of the optimization problem involving end-of-batch
measurements (eq. 27). For these reasons the propagation of
mis-inserted chains was neglected in the subsequent analysis.

The combined optimization problem produced a very large
value of the chain transfer rate constant after secondary inser-
tion (kstr), which did not affect the prediction of reaction rate
and ensured that a chain with a mis-inserted monomer unit
would produce a butenyl-terminated chain. Therefore, kstr was
simply set equal to a sufficiently large value and removed from
the optimization problem. Furthermore, the experimental per-
centage of butenyl end-groups for run 9 was not used for
estimation because the peak intensities were close to the limit
of detection.

When all these considerations are taken into account, solu-
tion of the combined optimization problem produced the ki-
netic parameter values reported in Table 4. Simulation results
for the polymerization rate show that the model captured the

Table 4. Kinetic Rate Constants Estimated from Rate of Reaction, MWD and End-Group Analysis Data

kin (L mol�1 s�1) kp (L mol�1 s�1) kd (s�1) kM (L mol�1 s�1) ks (L mol�1 s�1) ksM
(a) (L mol�1 s�1)

ln Ai 10.24 24.05 13.42 35.55 8.50 �6
Ei (kJ/mol) 43.05 52.32 62.03 100.65 26.58 0
T (°C)
50 3.07E�03 9.75E	01 6.36E�05 1.48E�01 2.50E�01 �4E	02
65 6.27E�03 2.31E	02 1.77E�04 7.78E�01 3.87E�01 �4E	02
75 9.74E�03 3.95E	02 3.34E�04 2.18E	00 5.08E�01 �4E	02

(a)Values greater than the reported one affect less than 1/1000 the absolute value of the objective function.
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behavior of the experimental rate profiles (Figures 7-9) despite
difficulties associated with impurities and slow temperature
control. The model predicted an increasing reaction rate at high
monomer concentrations and temperatures and also produced a
steeper decay in the rate of reaction at higher propylene con-
centrations, thereby producing a more pronounced maximum
in activity. A simple expression for the time at which the
maximum reaction rate is achieved can be derived from Eq. 21:

tmax �

ln�kinM

kd
�

kinM � kd
(28)

The model predicts that the maximum polymerization rate is
not function of kp, and for the estimated parameters tmax de-
creases with increasing monomer concentration and reaction
temperature. This result is in agreement with our experimental
data (Figures 7-9). The small value of kin relative to kp in Table
4 supports the hypothesis that the insertion of the first monomer
unit is rate limiting with respect to chain propagation.12, 34

Therefore, the activation period is modeled by the non-instan-
taneous insertion of the first propylene molecule.11, 13

Predicted and measured values of Mn and Mw at the end of
the batch are compared in Table 5, while the monomer con-

centration dependence of Mw is illustrated in Figure 10. The
predicted polydispersity (Mw/Mn) is a constant equal to two
since the kinetic model assumes that the activated complex acts
as a single-center catalyst and predicts a theoretical Schultz-
Flory distribution of molecular weights. Both Mn and Mw are
predicted to be independent of monomer concentration because
the chain transfer reactions are bimolecular and have the same
monomer dependency as the propagation rate. However, the
experimental trends are less clear and seem to deviate from the
model predictions at the lowest temperature. The model pre-
dicts decreasing molecular weight with temperature, in agree-
ment with our experimental data. This trend is explained by the
high activation energy of the �-hydride elimination reaction
after primary insertion (100.6 kJ/mol) relative to the activation
energy of the propagation reaction (50.3 kJ/mol).

The predicted results for the production of butenyl-termi-
nated chains relative to vinylidene-terminated chains (Table 6
and Figure 11) show a constant value with respect to monomer
concentration. This trend appears to be consistent with exper-
imental values at 50°C and 75°C but inconsistent with the trend
at 65°C. As observed experimentally, the model predicts a
decreasing percentage of butenyl-terminated chains with in-
creasing temperature. This result is explained by the low acti-
vation energy of the mis-insertion reaction (26.6 kJ/mol) rela-
tive to the activation energy of the bimolecular �-hydride
elimination reaction (100.6 kJ/mol). Another prediction gener-
ated by the kinetic model is the percentage of 2,1 insertions

Table 5. Measured and Predicted Molecular Weights

Run

Experimental Predicted

Mn g/mol Mw g/mol Mw/Mn Mn g/mol Mw g/mol Mw/Mn

1 7580 18100 2.39 10366 20637 2.00
2 15700 31700 2.01 10378 20662 2.00
3 12800 29700 2.32 10382 20669 2.00
4 12800 26600 2.09 10383 20672 2.00
5 6210 13900 2.24 8393 16716 2.00
6 8120 17700 2.18 8398 16726 2.00
7 6870 15000 2.19 8399 16729 2.00
8 9170 19000 2.07 8400 16730 2.00
9 4340 8900 2.06 6230 12401 2.00
10 5590 12100 2.16 6232 12406 2.00
11 7330 17000 2.31 6233 12407 2.00
12 5640 12300 2.19 6233 12408 2.00

Figure 8. Measured polymerization rate (scattered
points) and model prediction (solid line) at
65°C and four partial pressures of propylene:
(E) 3.8 atm, (�) 3.2 atm, (�) 2.5 atm, (}) 1.5 atm.

Figure 7. Measured polymerization rate (scattered
points) and model prediction (solid line) at
75°C and four partial pressures of propylene:
(E) 3.8 atm, (�) 3.2 atm, (�) 2.5 atm, (}) 1.5 atm.

Figure 9. Measured polymerization rate (scattered
points) and model prediction (solid line) at
50°C and four partial pressures of propylene:
(E) 3.8 atm, (�) 3.2 atm, (�) 2.5 atm, (}) 1.5 atm.
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relative to regioregular 1,2 insertions (ks/(kp 	 ks)). Table 7
shows that the percentage of regioirregular 2,1 insertions de-
creases with increasing temperature due to the lower activation
energy of mis-insertion relative to propagation. This result is
consistent with previous results reported in the literature for the
studied catalyst system.25 However, the trend is inconsistent
with the small increasing degree of secondary insertion that
Resconi et al.26 reported for polymerization in liquid propylene
using the studied catalyst.

Conclusions

A kinetic model for the semi-batch slurry polymerization of
propylene with rac-Et(Ind)2ZrCl2/MAO as catalyst system has
been developed. Polymerization temperatures from 50 to 75°C
and propylene partial pressures from 1.5 to 3.8 atm were
explored. The kinetic model was based on the key mechanistic
steps of the coordination-insertion mechanism of single site
metallocene olefin polymerization catalysts. Contrary to some
kinetic models reported in the literature,14-16 this work suggests
that the activation period is due to the non-instantaneous in-

sertion of the first monomer unit.11-13, 17 The chain transfer
reactions were delineated from a detailed 1H NMR analysis of
the unsaturated chain end-groups. The relative amount of each
end-group depended on polymerization conditions. Allyl end-
groups were only present at 75°C, while 2-butenyl and 4-bute-
nyl end-groups were more frequent at low polymerization
temperatures. The formation of cis-2-butenyl and 4-butenyl
terminated-chains appeared to be related to the regioirregular
2,1 insertion of a monomer unit since 4-butenyl end-groups
were always detected when 2-butenyl terminals were present.
The possible isomerization of 2-butenyl to 4-butenyl after
polymerization was ruled out, and we postulated that the
isomerization was produced by trace amounts of a zirconocene
hydride complex present during polymerization.

The estimation of kinetic rate constants was performed using
on-line measurements of the reaction rate and end-of-batch
measurements of molecular weight distribution and percentage
of unsaturated end-groups. Experimental data from the twelve
runs carried out at different reaction conditions were used to
estimate the Arrhenius form of the rate constants. Unlike other
modeling works where the kinetic parameters were estimated
by trial-and-error procedures,13, 15 a systematic optimization
strategy was used to solve the parameter estimation problem.
The kinetic model produced good agreement with experimental
polymerization rate curves. The estimated kinetic parameters
suggested that the insertion of the first monomer unit is rate
limiting relative to propagation. A theoretical Schultz-Flory
distribution of molecular weights and constant MW with M
were predicted. The kinetic model yields comparatively poor
estimates of molecular weights due to the ambiguous experi-
mental trend of Mw with respect to M. Thus, the assumption of
bimolecular �-hydride elimination as the main chain transfer

Figure 10. Measured weight average molecular weight
(solid points) and model prediction (lines) vs.
monomer concentration at 50°C (}), 65°C (‘),
and 75°C (F).

Table 6. Measured and Predicted Percentage of End-Group
Assuming only the Formation of Vinylidene and Butenyl

Unsaturations

Run

Experimental(a)(b) Predicted

% Vinylidene % Butenyl % Vinylidene % Butenyl

1 57.6 42.4 37.2 62.8
2 44.0 56.0 37.2 62.8
3 54.1 45.9 37.2 62.8
4 48.0 52.0 37.2 62.8
5 79.3 20.7 66.8 33.2
6 66.0 34.0 66.8 33.2
7 63.7 36.3 66.8 33.2
8 53.7 46.3 66.8 33.2
9 100.0 trace 81.1 18.9
10 86.8 13.2 81.1 18.9
11 79.2 20.8 81.1 18.9
12 82.6 17.4 81.1 18.9

(a)trace: signal close to the limit of detection. (b)Percentage of butenyl for run
9 was not included in the optimization of kinetic parameters.

Figure 11. Measured percentage of butenyl end-groups
(solid points) and model prediction (lines) vs.
monomer concentration at 50°C (}), 65°C (‘),
and 75°C (F).

Table 7. Regioirregular 2,1 Insertion of Propylene Units
Predicted by the Kinetic Model

T (°C) 2,1 Insertion (mol %)

50 0.26
65 0.17
75 0.13
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reaction must be reevaluated in future work. The model cor-
rectly predicted the decreasing percentage of butenyl-termi-
nated chains relative to vinylidene-terminated chains with in-
creasing temperature.

The developed kinetic model is restricted to catalyst systems
that undergo a bimolecular chain transfer reaction as the main
termination event. In the future, the kinetic model will be
extended to different catalyst systems and polymerization con-
ditions by including a monomolecular chain transfer reaction.
Furthermore, the influence of the MAO/Zr ratio on reaction
rate, molecular weight and microstructure of the final polymer
chain will be studied and included in the kinetic model.
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Appendix

Mass-transfer limitation

Polymerization rate was measured by monitoring monomer
consumption while keeping the pressure constant during the
reaction. To have a constant propylene concentration in the
liquid phase, the rate of mass transfer must be fast relative to
the rate of reaction (the reaction must be kinetically con-
trolled). A preliminary analysis to evaluate the rate of mass
transfer of propylene was performed to ensure that the produc-
tion of polymer does not influence the propylene concentration
through mass transfer effects.9

To determine the effects of mass transfer in the semi-batch
polymerization runs, a series of three experiments were per-
formed measuring the absorption of propylene between equi-
librium states: one in pure solvent (toluene) and two runs
observing the effect of gas transport in a polymer-solvent
mixture at different levels of solid content (7.7% wt and 14.5%
wt). All runs were performed at 50°C and 1250 rpm of agita-
tion with propylene partial pressures between 1.4 to 3.5 atm
and using isotactic polypropylene powder as the solid. After
thermal and pressure stabilization the system was forced to be
at a higher pressure by injecting propylene, and the amount of
time for the system to reach equilibrium was measured. The
monomer concentration corresponding to the partial pressure
was calculated by determining fugacities of monomer and
solvent in both phases using the Peng-Robinson equation of
state. Using the data presented in Figure A1, a mass transfer
coefficient (kLa) for propylene in the liquid phase was calcu-
lated using Eq. A1.

d
M�Liq

dt
� kLa�
M�eq � 
M�Liq� (A1)

Average kL results are presented in Table A1. Reductions in the
mass transfer coefficient by the polymer were not dramatic up
to 14.5% wt. However, other authors have reported a consid-
erable reduction in kLa for polymer solid concentrations above
30% wt.35 This criterion limited the reaction time in the exper-
iments performed to avoid solid contents above 30% wt. With
knowledge of the mass transfer coefficient, a simple quasi-
steady-state material balance (Eq. A2) provided a prediction of
the mass transfer resistance effect on the observed polymeriza-
tion rate (Robs) at 50°C.36

Robs

Rideal
�

kLa � Robs
M�eq

kLa
(A2)

where Rideal is the “ideal” reaction rate in the absence of any
mass transfer resistance. Based on this analysis, Table A2
shows that mass transfer resistance will always be present
during the polymerization. Minimization of the mass transfer
effect was achieved by using a high agitation speed and avoid-
ing high solids content at the end of each batch.

Reproducibility test

Reproducibility in the measurement of polymerization rate
and polymer properties was tested by performing two duplicate
runs at 50°C and 1.5 atm. The absolute time average difference
between both reaction rates was 6.2 � 10-3 mol/L min. An
analysis of variance (ANOVA) statistical test was carried out
for the measurements of weight average molecular weight (Mw)
and percentage of butenyl end-group for the obtained polymer.
Four measurements of Mw and three measurements of percent-
age of end-groups were performed for each run. The pooled
standard deviation for Mw was 1182 g/mol and for the percent-
age of butenyl end-groups was 3.5%. The p-value of the
ANOVA test for Mw was 7.4%, and for the percentage of
butenyl was 55.7%.

Table A1. Mass-Transfer Coefficient for Propylene in Slurry
with Toluene at 50°C

Solution kLa (s�1)

Pure Toluene 2.11E�02
7.7% wt solids 1.81E�02
14.5% wt solids 1.54E�02

Table A2. Evaluation of Mass-Transfer Effects on Experimental Runs at 50°C Using rac-Et(Ind)2ZrCl2/MAO

Pressure (atm) Temperature (°C) Solid Content (% wt) k*La(a) (s�1) Meq (mol/L) Average Robs (mol/L s) Robs/Rideal
(b)

1.5 50 12.2 1.62E�02 0.60 8.17E�04 0.916
2.5 50 11.0 1.67E�02 1.09 6.70E�02 0.939
3.2 50 14.6 1.53E�02 1.47 1.06E�01 0.921
3.8 50 13.4 1.58E�02 1.83 1.35E�01 0.922

(a)The value of kLa was calculated by linear interpolation of the values reported in Table 1 with respect of solid contents. (b)Value equal to 1 indicates no mass
transfer resistance.

Manuscript received Jun. 22, 2005, and revision received Nov. 21, 2005.

Figure A1. Cumulative time to reach equilibrium mono-
mer concentration for three levels of polymer
solids: (F) 0% wt, (}) 7.7% wt, (‘) 14.5% wt.
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