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Abstract

BACKGROUND: Kinetic and morphological aspects of slurry propylene polymerization using a MgCl2-supported Ziegler–Natta
catalyst synthesized from a Mg(OEt)2 precursor are investigated in comparison with a ball-milled Ziegler–Natta catalyst.

RESULTS: The two types of catalyst show completely different polymerization profiles: mild activation and long-standing
activity with good replication of the catalyst particles for the Mg(OEt)2-based catalyst, and rapid activation and deactivation
with severe fragmentation of the catalyst particles for the ball-milled catalyst. The observed differences are discussed in relation
to spatial distribution of TiCl4 on the outermost part and inside of the catalyst particles.

CONCLUSION: The Mg(OEt)2-based Ziegler–Natta catalyst is believed to show highly stable polymerization activity and good
replication because of the uniform titanium distribution all over the catalyst particles.
c© 2008 Society of Chemical Industry
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INTRODUCTION
Polyolefins like polyethylene (PE) and polypropylene (PP) are
some of the most important polymers, comprising about 60%
of the worldwide thermoplastics market. The production of
polyolefins using heterogeneous Ziegler–Natta (ZN) catalysts
is the main route in response to the strong demand of the
polyolefin market, which is still steadily growing. In particular,
propylene polymerization using heterogeneous ZN catalysts
has been the only major process for the production of highly
isospecific PP. Typical ZN catalysts for propylene polymerization
are titanium tetrachloride attached to a magnesium dichloride
support (TiCl4/MgCl2) combined with internal and external donors
to mainly improve the stereospecificity. They are applied to
bulk, slurry and gas-phase propylene polymerization processes,
where the kinetic behaviour and morphological development
of olefin polymerization are most important issues. In general,
the kinetic behaviour of polymerization with a moderate initial
activity followed by a slow decay rate of the catalyst activity is
practically efficient for producing desirable particle morphology
and also to control reactor performance and conditions in the
polymerization process.1 – 8 In addition, the morphology of powder
particles, which is related to the morphology of catalyst particles
through replica phenomena, strongly affects the productivity of
polyolefin processes as well as excellent handling and processing
properties of final polymer powders.1 – 8 Thus, understanding the
kinetic behaviour of polymerization and polymer/catalyst particle
morphologies as well as their relation is an interesting and practical
issue.

A number of previous investigations of the kinetic and
morphological aspects of olefin polymerization with ZN catalysts
have revealed the importance of early-time polymerization and
fragmentation in relation to the prepolymerization technique or
polymerization under mild reaction conditions. Parts of some
important studies are briefly reviewed in the following.

Floyd et al.9 and Hutchinson and Ray5 mentioned the necessity
of controlling the initial growth of polymer particles using a
prepolymerization step at low temperature and pressure for
the development of good polymer particle morphology. They
developed the comprehensive multigrain model (MGM) based on
experimental observations, which is commonly used to explain
the fragmentation and replication phenomena for ZN olefin
polymerization. Noristi et al.10 investigated the particle growth
mechanism in propylene polymerization with a spherical MgCl2-
supported ZN catalyst, and showed that the homogenous polymer
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growth throughout the catalyst particles should be attained
by uniform distribution of active sites for the homogeneous
fragmentation process. Their results were in good agreement
with the MGM outline. However, as was pointed out by McKenna
and Mattioli,11 the MGM-type morphology could be well applied
for prepolymer particles at the early stage of polymerization, but,
as the reaction proceeds, the agglomeration of micrograins would
occur for which another model should be proposed. Weickert
and co-workers12,13 investigated the effect of the reaction rate
on polymer morphology using a highly active MgCl2-supported
ZN catalyst in liquid propylene polymerization. They concluded
that a larger initial polymerization rate led to a larger number
of catalyst fragments and consequently determined the final
polymer structure. They explained that, at high initial reaction
rates, the particles were not able to replicate the catalyst shape
and irregular structures were formed, while a short time of
prepolymerization was adequate to get regular particle shapes.
Kittilsen and McKenna14 used SEM to observe polymer particles for
slurry and gas-phase propylene polymerization using a commercial
MgCl2-supported catalyst. They obtained more regular and
spherical morphology as well as a long-standing activity for the
slurry polymerization under mild conditions. Abboud et al.15,16

found a correlation between the catalyst morphology and
kinetic behaviour in propylene polymerization using spherical
ZN catalysts with and without silica as the secondary support, a
synthesis based on a novel emulsion technique. They mentioned
that the large initial activity of the MgCl2-monosupported ZN
catalyst could be related to the catalyst particle morphology
which gave rapid catalyst fragmentation at early polymerization
times.

In this way, most previous academic studies have been devoted
to the prepolymerization or polymerization under mild reaction
conditions for successful developments of polymer morphologies
by controlling the initial activities of ZN catalysts, while the
prepolymerization technique itself has been utilized in the industry
since the 1970s.17 In these studies, commercially available ZN
catalysts have been frequently employed, mostly solution method-
based ones with spherical morphology. There are three major
synthetic routes for ZN catalysts,7 namely ball milling,18 – 23 alcohol
adduct-based solution15,23 – 26 and chemical reaction.23,27 – 31 They
lead to catalysts which differ from each other in the nature
of the active sites, spatial distribution of active sites, shape or
size distribution of the catalyst particles, etc. Consequently the
synthetic methods of ZN catalysts strongly affect the kinetic
profiles and morphology development, but their relation has
not been much examined.15,23 Tait et al.23 showed that the
three classes of catalyst preparation procedures exhibited clearly
different kinetic behaviour for slurry propylene polymerization:
ball-milled catalysts showed the highest initial activity followed by
a rapid deactivation, so called decay-type kinetics; alcohol adduct-
and Mg(OEt)2-based catalysts had similar kinetic behaviour with a
slow decay after a short acceleration period, that is, build-up-type
kinetics. In their study, the Mg(OEt)2-based catalyst exhibited the
highest overall activity in spite of the low initial activity, since it
had the largest number of active sites.

ZN catalysts synthesized from spherical Mg(OEt)2 solid
precursors27 are known to show the highest level of performance,
that is, good replication and highly stable activity, and therefore
are widely used in industrial applications worldwide in competi-
tion with alcohol adduct-based spherical catalysts. However, up to
now only a few studies have been conducted in relation to their
kinetics and morphology.23

In the study reported in the present paper, we examined kinetic
and morphological features of propylene polymerization using a
Mg(OEt)2-based ZN catalyst, and closely compared these features
with those of a conventional ball-milled ZN catalyst, in order to
clarify why and how Mg(OEt)2-based ZN catalysts show a better
performance. Propylene polymerization was carried out in slurry
phase under mild reaction conditions with the two catalysts in
order to study the kinetic behaviour and morphology development
of polymer particles. The Mg(OEt)2-based ZN catalyst showed a
typical build-up-type kinetics with good polymer morphology
development confirmed using SEM and particle size distribution
(PSD). Both the stable kinetics and good replication behaviour
of the Mg(OEt)2-based ZN catalyst were regarded as originating
from the uniform spatial dispersion of active sites in the catalyst
particles.

EXPERIMENTAL
Materials
Propylene of research grade (donated by Japan Polypropylene
Co.), nitrogen, TiCl4 and triisobutylaluminium (TiBA; donated by
Tosoh FineChem Co.) were used without further purification. Ethyl
benzoate (EB) was used as internal and external donor after
dehydration with 13X molecular sieves. Heptane and toluene
were purified by passing through a column with 4A molecular
sieves. Anhydrous MgCl2 was supplied by Toho Titanium Co. and
anhydrous spherical Mg(OEt)2 was from Yuki Gosei Co.

Catalyst synthesis
Mg(OEt)2-based catalyst (Cat-C)
A Mg(OEt)2-based TiCl4/EB/MgCl2 catalyst was prepared based on
a patent27 with slight modifications. Briefly, 20 g of Mg(OEt)2 was
charged in a 500 mL three-necked flask with mechanical stirring
under nitrogen, and 160 mL of toluene was added to form a
suspension. After injecting 40 mL of TiCl4 into the suspension,
the temperature was elevated to 90 ◦C and then 6.0 mL of EB was
further injected with continuing agitation at the same temperature
for 2 h. Subsequently, the reaction product was washed with
toluene and reacted with 40 mL of TiCl4 at 90 ◦C for 2 h. After
completion of the reaction, the suspension was washed with
heptane to get the final catalyst, Cat-C, characterized in Table 1.

Ball-milled catalyst (Cat-G)
A ball-milled TiCl4/EB/MgCl2 catalyst was prepared according
to our previous paper.32 MgCl2 (36 g) and EB (7.8 mL) were
placed in a 1.2 L stainless steel vibration mill pot with 55 balls
(25 mm diameter) under nitrogen and ground for 24 h at room
temperature. The ground powder was transferred to a 1 L three-
necked flask, and treated with 400 mL of TiCl4 at 90 ◦C for 2 h with
mechanical stirring under nitrogen, followed by washing with
heptane. The final catalyst, Cat-G, is characterized in Table 1.

Table 1. Details of the ZN catalysts employed

Catalyst Type Tia (wt%) Average particle sizeb (µm)

Cat-C Mg(OEt)2-based 3.28 28.0

Cat-G Ball-milled 1.70 21.8

a Characterized by titration.
b Determined by particle size distribution analysis.
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Propylene polymerization
Slurry polymerization of propylene was carried out based on
the following procedure. Heptane (50 mL) was injected into a
reactor under nitrogen, followed by propylene saturation at 30 ◦C.
Subsequently, the pressure of the reactor was fixed at 0.115 MPa
and 6.25 × 10−4 mol of TiBA as co-catalyst was injected into the
reactor. Then, 2.5×10−5 mol of EB was immediately injected as an
external donor (Al/EB molar ratio = 25). After 5 min, the required
amount of the catalysts corresponding to an Al/Ti ratio of 90 was
injected to start the polymerization. Propylene consumption was
recorded using a mass flow meter (Kofloc 3100) throughout the
polymerization time for 2 h. The reactor pressure and temperature
were strictly kept at 0.115 MPa and 30 ◦C (mild enough for
the morphological study), respectively. The polymerization was
quenched by adding 4 : 1 EtOH/HCl solution.

13C NMR spectroscopy
The mesopentad fraction was measured using 13C NMR (Varian
Gemini-300) at 120 ◦C with hexachloro-1,3-butadiene as a diluent
and 1,1,2,2-tetrachloroethane-d2 for the internal lock and internal
chemical shift reference.

SEM and PSD analysis
The catalysts and polymer particles obtained were analysed using
SEM (JEOL JSM-6390). The catalyst PSDs were obtained using a
laser diffraction particle size analyser (HORIBA LA-920). The PSDs of
the polymers obtained were directly measured from SEM images
in a statistical way to study the morphology development with
polymerization time.

RESULTS AND DISCUSSION
Kinetic profiles in the absence and presence of external donor
Figures 1 and 2 show the kinetic profiles of propylene polymeriza-
tion in the absence or presence of the external donor for Cat-C
and Cat-G, respectively. It is known that the addition of exter-
nal donors to catalyst systems is essential to keep the catalyst
isospecificity for propylene polymerization, as well as to get ap-
propriate particle morphology.24 Further, the presence of external
donors in propylene polymerization generally affects the kinetic
profile.23,24,28 As shown in Figs 1 and 2, the trends of the kinetic
profiles are similar with and without EB as an external donor,
while the total activity is lowered in the presence of EB. The two
catalysts clearly exhibit completely different kinetic behaviour,
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Figure 1. Kinetic profiles of propylene polymerization using Cat-C with
and without EB as an external donor.
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Figure 2. Kinetic profiles of propylene polymerization using Cat-G with
and without EB as an external donor.

Table 2. Kinetic parameters and polymer properties in the presence
or absence of EB

Cat-C Cat-G

No EB With EB No EB With EB

Rp,ave
a (kg PP (mol Ti)−1 h−1) 344.7 236.9 504.1 384.8

Rp,max
a (kg PP (mol Ti)−1 h−1) 360.3 247.6 1060.6 839.0

(Decay index)ave
b 1.65 1.6 16.3 12.6

Initial rate indexb 11.0 10.9 126.0 121.0

mmmmc (mol%) 56 75 57 79

a Averaged and maximum instantaneous consumptions of propylene.
b Defined as Rp(max)/Rp(2 h) and (dRp/dt)0.
c Determined by 13C NMR.

as Tait et al. have already shown.23 The kinetics for Cat-C are of
the build-up type with a slow activation rate, followed by a rel-
atively long stationary period for 2 h. On the other hand, Cat-G
showed a much higher initial activity followed by a significant
decay, regarded as a decay-type profile. Table 2 summarizes some
useful parameters to quantitatively evaluate the kinetic curves
of the two catalysts, where the initial rate and decay indices are
respectively defined as (dRp/dt)0 and Rp(max)/Rp(2 h). The addi-
tion of EB as an external donor slightly decelerated the decay
rates with a decrease in the averaged instantaneous consump-
tions (equal to the activities) of 24–32%. Both the initial rate and
decay indices for Cat-C are almost 10 times smaller than those for
Cat-G.

SEM and PSD of catalyst/polymer particles
The kinetic profiles using the two catalysts showed considerable
differences, while the polymerization conditions were all kept
constant. Our recent results with the stopped flow technique33 – 38

showing that the nature of the active sites is very similar for
the two catalysts indicate that the kinetic difference may arise
from other factors such as spatial distribution of Ti active sites
on the catalyst surface, morphology and particle size distribution
of catalyst particles (Hiraoka H et al., to be published). For the
evaluation of the effects of these factors on the kinetic behaviour,
morphological studies of catalyst and polymer particles have been
useful.15,23,24

Firstly, the original catalyst particles were characterized using
SEM and PSD. Figure 3 shows SEM images of the two catalysts. Most
of the catalyst particles of Cat-C have spherical shapes, indicating
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Figure 3. SEM images of the original catalyst particles: (a) Cat-C; (b) Cat-G.

good replication of the spherical Mg(OEt)2 particles.28 – 31 It is
notable that a few particles (bottom left of Fig. 3(a)) showed a
cracked structure while keeping a spherical shape, which might
happen during the reaction of TiCl4 with the Mg(OEt)2 precursor.
In Fig. 3(b), almost all the Cat-G particles exhibit irregular shapes,
namely non-spherical and largely different in size and shape,
which must be due to the severe physical ball-milling process of
the original MgCl2 particles rather than the reaction of TiCl4 with
the ball-milled MgCl2.

PSD analysis of Cat-C and Cat-G is shown in Fig. 4. As was
deduced from the SEM images in Fig. 3, the two catalysts have
completely different PSD patterns: a highly broad PSD for Cat-G
centred at ca 20 µm, in contrast to a narrow PSD for the Cat-C
centred at ca 30 µm. The PSD of the original Mg(OEt)2 precursors
had a similar broadness centred at 26–27 µm, indicating good
replication of the spherical Mg(OEt)2 particles as was also
confirmed by SEM observations. On the other hand, it is reasonable
to think that the severe grinding of the MgCl2 particles gave a
wide range of particle sizes including fine particles as well as
agglomerated particles with some fine structures.

Next, the morphology development of the polymer particles
produced at different polymerization stages in the presence of
EB as an external donor was investigated using SEM. A typical
SEM image of the polymer particles using Cat-C after 90 min of
polymerization is shown in Fig. 5(a), while Fig. 5(b) shows a SEM
image of the polymer particles using Cat-G after 60 min. It should
be mentioned that the SEM images shown are only part of the
whole SEM images, and we have confirmed basically the same
trend in the other images. As can be seen in Fig. 5(a), most of the

Figure 4. PSDs of the original catalyst particles: (a) Cat-C; (b) Cat-G.

polymer particles have spherical shapes, replicating the shape of
the Cat-C in Fig. 3(a). A few particles have non-spherical shapes,
such as agglomerated or broken ones. A plausible origin of this
might be the fracture of the original catalyst particles that was
occasionally found in the SEM image of Fig. 3(a) (bottom left
corner). At the early stage of the polymerization, the rapid growth
of polymer inside catalyst pores generally forms a tension.8 This
tensile force might overcome the strength of the fractured parts
in order to separate them into some irregular particles. The SEM
image for the polymer particles produced using Cat-G shown
in Fig. 5(b) reveals poor particle morphology including irregular
shapes and fine particles, which look similar to the morphology of
the original catalyst.

In order to examine the morphology development of the
polymer particles for the two catalyst types, the PSDs of the
polymer particles were statistically analysed based on the SEM
images at different polymerization times, where the sampling
number was typically over 200 polymer particles for each plot.
Different polymerization times were selected regarding the
individual kinetic profile: 15, 45, 90 and 120 min for Cat-C, and
10, 30 and 60 min for Cat-G (see Figs 1 and 2).

Figures 6 and 7 show the PSD evolution for Cat-C and Cat-G.
Three representative particle sizes where the cumulative curve of
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Figure 5. SEM images of PP particles (a) using Cat-C after 90 min of
polymerization in the presence of EB as an external donor and (b) using
Cat-G after 60 min with EB.

the PSD (such as the curves in Fig. 4) corresponds to 10, 50 and 90%
were plotted against the polymerization time (the zero time values
were taken from Fig. 4), in comparison with the average particle
sizes estimated from the kinetic curves (Figs 1 and 2). For Cat-C in
Fig. 6, all the particle sizes at 10, 50 and 90% grew relatively evenly,
although the broadness of the PSD was gradually expanded as
the polymerization proceeded. The average particle size derived
from the kinetic curve showed good coincidence with the particle
size at 50% for 15 min of polymerization time in spite of the
rough estimate from the kinetic curve, indicating good replication
of the catalyst particles at the early stage without significant
breakage or aggregation of the polymer (or catalyst) particles.
However, as polymerization proceeded, the estimated value
became smaller than the particle size at 50% (the deviation was
ca 23% at 120 min), consistent with the observed agglomeration
in Fig. 5(a). The formation of agglomerates after the early stage of
the polymerization was also observed by McKenna and Mattioli.11

On the other hand, Cat-G showed a completely different PSD
development (Fig. 7). Once the PSD was significantly broadened at
the very early stage (10 min) of the polymerization, the broadening
seemed depressed at later stages. The significant broadening at the
early stage originated from the quite low speed of development of
the particle sizes at 10 and 50% in contrast to the fast development
of the particle size at 90%. Considering that the particle size at 50%
was 54% smaller than the average particle size estimated from
the kinetic curve, severe fragmentation to cause separation of the
catalyst particles into finer particles must occur at the early stage
of the polymerization due to the high initial activity of Cat-G.12,13

Figure 6. Development of PSD of the polymer particles produced using
Cat-C with EB as an external donor. The PSD was acquired from a statistical
analysis of SEM images over 200 polymer particles. Three representative
particle sizes where the cumulative curve of the PSD corresponds to 10,
50 and 90% are shown with the average particle size estimated from the
polymer yield.

Figure 7. Development of PSD of the polymer particles produced using
Cat-G with EB as an external donor. The PSD was acquired from a statistical
analysis of SEM images over 200 polymer particles. Three representative
particle sizes where the cumulative curve of the PSD corresponds to 10,
50 and 90% are shown with the average particle size estimated from the
polymer yield.

Origin of the kinetic and morphological differences between
Cat-C and Cat-G
The present results indicate the slow activation–deactivation
kinetics for Cat-C with good replication and uniform growth of
all the particles, and rapid activation–deactivation kinetics for
Cat-G with severe fragmentation of the catalyst particles caused
by high initial activity. In this final discussion, we address the
origin of the kinetic and morphological differences between Cat-C
and Cat-G. As was described already, the basic characters of the
active sites are quite similar for the two catalysts. However, the
different catalyst preparation procedures are expected to cause a
large difference of the spatial distribution of TiCl4 in the catalyst
particles. For Cat-C, spherical Mg(OEt)2 particles are converted
to MgCl2 by the reaction of the ethoxide functional groups with
TiCl4 during catalyst synthesis.7,27,28 Therefore, it is necessary
to design a porous or channel structure of original spherical
Mg(OEt)2 particles to enable the homogeneous penetration of
TiCl4 even inside of the precursor particles and subsequent
complete exchange of poisonous ethoxide groups by TiCl4,
suggesting spatially homogeneous placement of TiCl4 in catalyst
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particles of Cat-C. For Cat-G, large amounts of TiCl4 could reside
on the outermost surfaces of the catalyst particles rather than
inside, since the grinding process hardly reconstructs the bulk
part of the original MgCl2 particles and TiCl4 is supposed to be
attached only to the surface of the fractured MgCl2 particles.39,40

Our recent stopped-flow results (Hiraoka H et al., to be published)
revealed that the concentration of the active sites of Cat-G was
ca 5 times larger than that of Cat-C at the very early stage (less
than 0.2 s), even if Cat-G had only half the Ti loading compared
with Cat-C (Table 1). The results suggest that the amount of Ti
species on the outermost surface of the catalyst particles, which
is available for the initial stage of the polymerization, is much
higher for Cat-G. Accordingly, it is plausible that predominant
amounts of the outermost Ti species and small amounts of the
inner Ti species lead to the observed high initial activity and rapid
deactivation behaviour for Cat-G, since most of TiCl4 is available at
the initial stage and fragmentation of the catalyst particles during
polymerization hardly exposes new TiCl4 inside them. Further, the
severe fragmentation at the initial stage might force scarce inner
Ti species to become exposed, so as to accelerate the trend. In
contrast, Cat-C is believed to show mild initial activity and long-
standing activity because of the uniform Ti distribution all over the
catalyst particles,10 which enables continuous exposure of new
TiCl4 through fragmentation for the stable replication and uniform
growth of particles.

CONCLUSIONS
The kinetic and morphological behaviour of slurry propylene
polymerization with a Mg(OEt)2-based MgCl2-supported ZN
catalyst was studied in comparison with a conventional ball-
milled catalyst. The Mg(OEt)2-based catalyst showed slow ac-
tivation–deactivation kinetics during polymerization, while the
ball-milled catalyst showed a high initial activity followed by a fast
decay. SEM and PSD results demonstrated good morphology and
uniform growth of the polymer particles for the Mg(OEt)2-based
catalyst, in contrast to the severe fragmentation and extensive PSD
broadening at the early stage of the polymerization for Cat-G. The
origin of the high performance of the Mg(OEt)2-based catalyst is
likely explained by uniform spatial distribution of TiCl4 all over the
catalyst particles to successfully control the initial fragmentation
process and subsequent stable growth of the polymer particles.
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