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a b s t r a c t

A factorial design was used to understand how reaction parameters such as the monomer concentration,
temperature, alkyl aluminium concentration, etc. influence the reaction rate and the polymer properties
on two types of metallocene catalyst systems. The polymerisation kinetics and molecular weight distri-
bution (MWD) obtained using a novel system (catalyst supported on an activated silica) were to those
eywords:
etallocene

olymerisation
olyethylene

obtained with the reference system (same catalyst and silica but activated with MAO). As expected, the
reaction temperature and the monomer concentration are the most important factors influencing the
polymerisation rate, and this is independent of the catalytic system. Otherwise, the statistical approach
allowed us to identify useful levels of MAO and comonomer at which to run in order to maximise the
reaction rate.
ptimization

eaction rate
actorial design

. Introduction

One of the main reasons for the interest in metallocene catal-
sis is the potential for unprecedented control over the polymer
icrostructure, the generation of new polymer architectures, and

he development of new polymer reactions [1–3]. The main dif-
erence between metallocenes and catalysts such as Ziegler–Natta
ZN) and Phillips catalysts (chromium oxides) is that – in principle

one and only one configuration is obtained during the activa-
ion of these sterically hindered molecules, and consequently only
ne type of active site can be formed. With ZN or Phillips catalyst
t is thought that the active sites can have many different config-
rations, each of which can produce different molecular weights
nd have different copolymerisation rates as well. For this rea-
on, metallocenes are often referred to as “single-site” catalysts,
nd they offer us the possibility of tailoring the molecular weight
nd molecular weight distribution, as well as rates of comonomer
ncorporation by varying the nature of the ligand at the active cen-

re. As we will see below, well-defined metallocene complexes do
ot necessarily lead to single-site catalysts especially in the case
f supported catalysts. Nevertheless, even if the act of support-
ng a metallocene can produce changes that lead to “multiple site
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behaviour”, they still give us much finer control over molecular
structure than is possible with other types of catalysts.

The discovery of metallocenes themselves dates back to
the early 1950s, when Kealy and Pauson [4] first synthesised
bis(cylopentadienyl)iron (Cp2Fe, or ferrocene). However, these
original metallocenes had low activities (<100 gpolymer/molmetal/h),
poor stability during the polymerisation of ethylene, and produced
only low molecular weight polymers. Additionally, they were not
active in propylene polymerisation [5]. Later it was found that acti-
vators, such as diethylaluminium chloride (DEAC) improved the
rates of polymerisation [6]. It was observed that the activity was
function of the purity of the ethylene. In fact, when the quantity of
oxygen present in the ethylene varied from 0.003 to 0.025 mol%,
the activity was approximately multiplied by ten (activity var-
ied from 2600 gpolymer/molTi/h to 35,000 gpolymer/molTi/h). Later,
Reichert and Meyer [7] proved that the polymerisation rate could be
enhanced by adding a small quantity of water to a titanocene/alkyl
aluminium chloride system. This observation was totally unex-
pected because in the case of Ziegler–Natta or Phillips catalysts,
water acts as a poison. In 1976, Sinn and Kaminsky [1] demon-
strated that the metallocene complex: Cp2TiMe2 was very active
when contacted with trimethylaluminium (TMA) that had ini-
tially been precontacted with water. This relatively high activity

was attributed to the reaction of water and alkyl aluminium to
form aluminoxane, in this case methylaluminoxane (MAO). The
polyethylene obtained with this catalytic systems had different
properties than the one obtained with Ziegler–Natta catalysts, and
in particular the molecular weight distribution was very narrow

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:tim.mckenna@chee.queensu.ca
dx.doi.org/10.1016/j.cej.2009.12.006
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ith a polydispersity index (PDI) was around 2. This low value
f polydispersity index indicates that only one type of active site
s present. Metallocenes reached commercially viable rates when
inn et al. [2] independently synthesised MAO and used it as cocata-
yst with a zirconocene complex. These new catalytic systems were
t least ten times more active than the best Ziegler–Natta catalysts
t equal quantity of metal.

These initial studies on metallocenes were performed using a
omogeneous catalyst. These homogeneous systems present cer-
ain disadvantages, in particular they required a very large amount
f MAO to achieve the maximum polymerisation reaction rate
MAO is an expensive, unstable, and self-igniting compound).

hile solution, or homogeneous, processes are becoming com-
ercially important, heterogeneous (i.e. on supported catalysts)

lurry or gas phase processes remain the predominant means for
aking polyethylene. Therefore, the development of effective tech-

iques for the immobilisation of homogeneous single site catalyst
n a suitable support material has become an essential step for
he widespread implementation of the metallocene catalysts in
olyolefin production. The objective of supporting a catalyst is
o immobilize it and to preserve the advantages of the homoge-
eous form in terms of high activity and control of the polymer
icrostructure, and at the same time to provide acceptable poly-
er particle morphology, high bulk density, and to prevent reactor

ouling and fines productions.
Consequently, it is crucial to understand the impact of the phys-

cal and chemical properties of the catalyst support on the polymer
roduced. The role of the physical properties (particle size, poros-

ty, etc.) will be discussed in a separate publication from our group
8]. In this paper, we will concentrate on understanding the role
f the activation system on catalyst performance. MAO appears to
e the most common cocatalyst used in industrial situations, but
e will also discuss new types of activation systems that are being
eveloped.

During the immobilisation stage, MAO is assumed to chemi-
ally bond to the silica support, and that the activated metallocene
ation is fixed to the supported MAO by electrostatic interactions.
he interaction between the catalytic complex and the support is
ssential since this will strongly influence the possibility of leaching
9]. Partial absence of the catalyst components metallocene/MAO
n the porous supporting material might, in certain cases, cause
n incomplete fragmentation of the silica gel, which in turn leads
o larger silica fragments within the final polymer particle [10].
his is detrimental to certain end-use applications. Therefore, it is
mportant to choose the right combination of conditions for the
upporting procedure. Three main processes for the immobilisa-
ion of the catalytic system on the silica support are described in
he literature [11]:

. Anchoring the MAO cocatalyst with the hydroxyl groups present
on the silica surface, followed by impregnation with the metal-
locene. A modified version of this method can be found in the
literature and implies the use of alkyl aluminium to replace the
MAO.

. Anchoring the metallocene to the silica support (modified with a
previous treatment or not) and then reacting the MAO solution.
The reaction conditions can be either mild or more drastic, i.e.
high temperature or long contact time. This route was the first
one to be applied.

. One step impregnation with a preactivated complex
MAO/metallocene.
For all the immobilisation techniques described, the mixing
ime and temperature are important parameters since they seem
o influence both the catalytic performance and the final proper-
ies of the polymer [11,12]. The different methods are difficult to
g Journal 157 (2010) 194–203 195

compare in the sense that the nature of silica, metallocene, etc.
varies from study to study. However, the impregnation of MAO in
toluene at temperatures around 60–100 ◦C, followed by washing
in warm toluene and drying under vacuum seems to be an effec-
tive technique. In most industrial processes, the MAO is synthesised
separately and afterwards contacted with the support. No real evi-
dence of the localisation of the MAO was found in the literature,
but it seems to be generally admitted that MAO encapsulates the
silica particles [12].

The temperature treatment of the support will be governed by
several factors such as the polymerisation process, cocatalyst, tar-
get properties of the polymer, etc. It is the parameter that exerts
the greatest influence on the immobilisation of the active species
because it regulates the concentration of the OH groups on the sur-
face of the support [13–17]. For instance, it has been found that the
number of hydroxyl groups present on the surface of the silica at
250 ◦C was two times higher than at 600 ◦C [17,18]. Consequently,
the chemical fixation of MAO on the silica calcinated at 250 ◦C will
be higher and the diffusion of MAO throughout the particle will be
slower.

In order to form active systems, catalyst precursors must be
transformed into active catalysts by appropriate and effective acti-
vating species. The cocatalyst is a vital part of a catalytic active
cation–anion ion pair, and may significantly influence polymeri-
sation characteristics and polymer properties. There appears to be
a consensus in the literature that methylaluminoxane (MAO) is to
be more effective as cocatalyst than the other aluminoxanes such
as ethylaluminoxane (EAO) and isobutylaluminoxane (IBAO) [19].
Consequently, we will concentrate on MAO for our aluminoxane
activator. It should be pointed out that although extensive research
has been carried out in both academia and industry, the exact com-
position and structure of MAO are still not entirely clear [20,21].

However MAO is not necessarily the last word in metal-
locene activation. For instance several research groups, e.g. [22–25]
worked on the use of boranes and borates to activate different types
of metallocene, i.e. di- or mono-alkyl metallocene. These and other
studies have been reviewed by Severn et al. [12]. The general con-
clusion is that these interesting products because they generate
catalytic systems with activity comparable to that obtained with
MAO, and the polymer properties are unchanged or improved.
However the active species are associated to the surface support
only by electrostatic or van der Walls interactions, so the polar-
ity of the solvent medium during the polymerisation has a great
importance [26]. Other groups therefore investigated the possi-
bility of directly modifying the surface of the support in order to
create species which can react and activate a metallocene complex.
Soga and co-workers [27–29] demonstrated that the activation of
a metallocene was possible by using a support having a sufficient
Lewis acidity in combination with an alkyl aluminium. However,
the activities in polymerisation obtained with this type of activated
support are low compared to those obtained with a metallocene
supported on a support treated with MAO. In order to overcome this
limitation, one can also consider the modification of the surface in
order to create a sufficient Lewis acidity. Based on the fact that the
support needs to have a sufficient Lewis acidity [16,27], Saudemont
et al. patented a method to create a Lewis acidity on the surface of
the silica [30]. One of the claims of the patent in question is the
synthesis of a new type of metallocene-supported catalyst. This
catalytic system can be used in slurry, gas or bulk-phase polymeri-
sations of at least one olefin, such as ethylene, propylene, 1-hexene,
etc. A subsequent patent was filed on an activating support having

acid sites based on alumina and fluor, in which the fluor is directly
linked to the alumina [31]. This patent teaches there is no need of
an activating agent such as MAO.

While supported metallocene catalysts offer great possibilities
in terms of tailoring polymer properties, but some improvements
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the support (the sites are already present on the support in the case
Fig. 1. Temperature programme for the thermal treatment of silica.

ave to be performed to widespread their use industrially. It
ppears that extensive research is currently underway in order to
nd the best combination cocatalyst/metallocene complex/support
ecause the best cocatalyst available at this time, MAO, has two
ain disadvantages: its price and instability. The discovery of

n activated support, i.e. silica treated with alumina and fluorine
eems to be good alternative.

The main objectives of this investigation are therefore to
nderstand how reaction parameters such as the monomer concen-
ration, temperature, alkyl aluminium concentration, etc. influence
he reaction rate and the polymer properties on two types of met-
llocene catalyst systems. We will compare the polymerisation
inetics and molecular weight distribution (MWD) obtained using
novel system (catalyst supported on an activated silica) to those
btained with the reference system (same catalyst and silica but
ctivated with MAO). For this study, a factorial approach will be
erformed to reduce the number of experiments and to detect the
ain parameters as well as the eventual existing interactions.

. Experimental

Two types of catalyst supports were investigated
n the current paper. The same metallocene complex,
thylenebis(indenyl)zirconium dichloride (EtInd2ZrCl2) and
he same silica was used in both cases, but the support differ
n terms of silica treatment. The first catalyst is based on silica
reated with methylaluminoxane (MAO), whereas the second
onsists of silica treated with aluminium and fluorine as described
n the patent WO 2005/075525 [31]. The MAO was supplied by
lbemarle (solution 30 wt% in toluene) and used without further
nalysis. For the sake of simplicity, the first support will be called
MAO and the second, activated support. It should also be noted
hat in the case of SMAO, a dry catalyst is obtained whereas when
sing the activated support, the support and a solution of the
etallocene complex in toluene are contacted just before their

ntroduction into the reactor. In this section, the synthesis and the
haracteristics of these both systems will be investigated.

.1. Synthesis of the SMAO catalyst

The most common technique reported in the literature is to
nchor the MAO on dehydroxylated silica and afterwards to tether
he metallocene complex [2]. 5 g of silica are introduced in a
chlenk-tube and calcinated under dynamic vacuum (∼=10−7 bar)

sing the temperature program represented in Fig. 1. This program
as based on the one used in Ref. [31]. The maximum temperature
as optimised as discussed below. Note that the short plateau at

30 ◦C is necessary to remove any absorbed water.
g Journal 157 (2010) 194–203

After this treatment, the concentration of the hydroxyl groups
(OH groups) on the surface of silica was found to be around 4
OH/nm2 by titration with triethylaluminium.

The dehydroxylated silica was suspended in toluene. A com-
mercial MAO from Albermarle (solution at 30 wt% in toluene) was
added to the suspension in sufficient quantity to fix 15 wt% of alu-
minium on the silica. The mixture was gently stirred for 1 h at 85 ◦C.
After the reaction, silica was washed three times with toluene at
85 ◦C and dried under static vacuum. The solid SMAO obtained is a
white, free-flowing powder.

The SMAO was once again suspended in toluene and a known
quantity of metallocene complex, in our case EtInd2ZrCl2, was
added in order to tether 2 wt% on the silica. The mixture was stirred
at low stirrer speed during 1 h at 30 ◦C. Afterwards, the solid was
washed three times with heptane and dried under static vacuum.
The solid catalyst obtained, EtInd2ZrCl2 supported on SMAO, was
an orange free-flowing powder.

2.2. Synthesis of the activated support

The synthesis of the activated support was performed as
described in [31]. According to this invention, the following steps
can describe the preparation of the support:

• Dehydroxylation of silica.
• Formation of fluorinated acid sites.
• Thermal treatments in a fluidised bed in order to generate a sup-

port having a sufficient level of acidity to activate the metallocene
complex.

Note that the SMAO and activated supports were made from
the similar silicas in order to facilitate the comparison of the 2.
However, we verified that the different activation routes did not
adversely influence the porosity and particle size distribution of the
final catalysts. For reasons of brevity, the results of this preliminary
study will not be presented here. The overall conclusion is that all of
the catalysts had very similar particle size distributions and initial
porosity. The different treatments did not change this [32]. Finally,
it should also be noted that the active site concentration is 0.4% in
the case of EtInd2ZrCl2 supported on the activated silica vs 2% in
the case of SMAO – this will obviously have a potential impact on
the observed reaction rates.

2.3. Polymerisation reaction and polymer characterisations

In this following section, a description of the reaction proce-
dure as well as the different analytical techniques employed for
the characterisation of the polymer is performed.

The reactor was first cleaned stirring with a solution of triethy-
laluminum (TEA) in heptane at 90 ◦C for 10 min to remove any
impurities that might be present. The reactor was then purified
at 90 ◦C under vacuum for at least 30 min. All glassware was filled
with argon and emptied by vacuum three times in order to remove
all possible traces of water and air. 500 ml of solvent (heptane)
was mixed with 0.2 ml of pure triisobutylaluminium (TiBA) and a
known quantity of comonomer (in our case 1-hexene). This mix-
ture is introduced into the reactor, which then is brought to the
desired reaction temperature and pressure. The catalyst support is
suspended in 15 ml of heptane, a known quantity of TiBA (acting
as an activator) and, in the case of the activated support, a known
quantity of catalytic solution at 0.4 wt% in toluene with respect to
of the SMAO) are successively added before the introduction in the
reactor. The catalyst mixture is injected into the reactor via an injec-
tion cartridge using an overpressure of ethylene. When the reaction
is finished, the contents are rapidly degassed and the temperature
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Table 1
Experimental conditions of the random sampling model for the SMAO catalyst.

[TiBA] (mmol/l) Time (min) T (◦C) [C2] (mol/l)

0.5 0 65 0.2
4 0 65 0.2
0.5 20 65 0.2
4 20 65 0.2
0.5 0 85 0.2
4 0 85 0.2
0.5 20 85 0.2
4 20 85 0.2
0.5 0 65 1
4 0 65 1
0.5 20 65 1
4 20 65 1
0.5 0 85 1
4 0 85 1
0.5 20 85 1
4 20 85 1
V.F. Tisse et al. / Chemical Engi

s decreased in order to stop the reaction. The final polymer powder
s filtered and dried under vacuum at 100 ◦C for 2 h.

.4. Polymer characterisation

SEM was used for the visual study of the external surface of the
olymer or catalyst particles. Two different apparatus were used to
erform SEM depending where the experiments were carried out
microscope JSM6400 from Jeol or a Hitachi S800.

The bulk density or apparent density is the weight per unit vol-
me of a material including voids in the tested material. The bulk
ensity was measured as described in the norm ASTM D 1895.

A DSC using a Pyris I from PerkinElmer was used to measure
olymer crystallinity and melting temperature. The polymer sam-
le (about 10 mg) is first heated to 190 ◦C at a rate of 5 ◦C/min
o remove its thermal history. It is then cooled down to 40 ◦C at
◦C/min. A second heating cycle at the scanning rate of 5 ◦C/min is
arried out to acquire the DSC thermogram. The polymer melt tem-
erature was taken at the peak temperature, i.e. at the value where
ll the polymer chains have melted. The crystallinity is calculated
s the enthalpy change of the sample divided by the enthalpy of
ure polyethylene, where the enthalpy of crystallisation of pure
olyethylene is taken to be equal to 269.69 J/gPE [3].

The particle size distribution was evaluated by sieving as
escribed by the norm ASTM D 1921-89. The size of the sieves used
ill vary with the type of material to analyse and the precision
esired for the results. In our case, the sizes of the different sieves
sed were: 1000, 500, 400, 325, 250, 200, 160, 125, 100, 80, 63, 45
nd 36 �m.

SEC (size exclusion chromatography, also called gel perme-
tion chromatography; GPC) was used for the determination of the
olecular weight distribution (MWD) and the average molecular
eights (Mn and Mw). The analysis was performed at a temper-

ture of 150 ◦C and with a flow rate of TCB (trichlorobenzene) of
.92 ml/min using a Waters Alliance 2000 GPC. Molecular weights
nd molecular weight distribution were determined using the
niversal calibration curves obtained from narrow polystyrene
tandards.

In order to get an approximate notion of the influence that the
ifferent supporting and/or activation treatments used here influ-
nce the structure of the active sites, the MWD thus obtained were
econvoluted using the method proposed by Soares and Hami-
lec [33]. They deconvoluted the experimental MWD into a certain
umber of Flory distributions (each of which is associated with a
iven type of site) by minimising the difference between the exper-
mental distribution and the estimated one via the sum of Flory’s
istribution. This algorithm provides us the minimum number of
ctive sites needed to successfully model the MWD of homo- or
opolymers for a given set of reaction conditions (T, [C2], [TiBA],
tc.). However, it is important to note that while the information
hat we get is useful, there is no guarantee that this is exactly the
umber of family of active sites present on the catalyst. Neverthe-

ess, this technique is interesting to understand how the different
amilies of active sites are influenced by the reaction parameters.

. Results and discussion

For each catalytic system, four reaction parameters were inves-
igated in order to characterise their effect on ethylene/1-hexene
opolymerisation kinetics and copolymer properties (molecular

eight, bulk density, etc.):

Concentration of the alkylating agent: [TiBA].
Contact time between support and alkylating agent: contact time.
Temperature of polymerisation: T.
2.25 10 75 0.6
2.25 10 75 0.6
2.25 10 75 0.6

• Ethylene concentration: [C2].

By definition the contact time represents the contact time
between the catalyst and the alkylating agent in the case of the
SMAO support and the contact between the suspension (activated
support/alkylating agent) and the catalytic solution in the case
of the activated support. The 1-hexene concentration was kept
constant in all runs. In addition, as one of the performance charac-
teristics that we will consider is comonomer uptake, a preliminary
study was run to consider whether or not composition drift was
important in this reactor, and to determine whether or not the way
in which the comonomer (here hexene) was added had an impact
on the reaction rate and polymer properties. The results of this pre-
liminary study not detailed here for reasons of brevity [32] showed
that there no visible effects on the kinetic profile and polymer prop-
erties were noted when 1-hexene was added at different times, and
this is the case for both of the catalysts considered. Consequently,
there appears to be no real problem of composition drift in our
batch reactor. In the reminder of this work, in the copolymerisa-
tion reaction the comonomer will be introduced in one shot at the
beginning of the reaction.

As the four parameters studied can vary over a wide range, we
decided to use a statistical approach to experimental design in order
to obtain a maximum of information from the minimum number of
experiments necessary. In this study, the range of each parameters
as well as the number of levels possible in this range were defined
based on the conditions typically used for copolymerisation in a
commercial context:

• [TiBA] from 0.5 to 4 mmol/l with 8 levels.
• Contact time from 0 to 20 min with 5 levels.
• T from 65 to 85 ◦C with 3 levels.
• [C2] from 0.2 to 1 mol/l with 5 levels.

If we wanted to test all of the possible permutations, we would
need to do 600 experiments (without accounting for any repli-
cate experiments). It is therefore more practical to use a random
sampling model.

A factorial matrix of experiments allowed us to use only the
lower and upper limits of each variable (cf. Table 1). For statistical

evaluation, three tests in the middle of the range (of each param-
eter) were also carried out. This will allow us to validate the limit
of our experimental parameters, and depending on the results, the
experimental domain can be extended out of the ranges or detailed
in the ranges defined before.
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Table 2
Extended random sampling model for SMAO support.

[TiBA] (mmol/l) Time (min) T (◦C) [C2] (mol/l)

6 10 85 1
4 10 85 1
5.5 10 85 1.2
4.5 10 85 0.8
5.5 10 85 0.8
4.5 10 85 1.2
ig. 2. Coefficients for the average activity with EtInd2ZrCl2/SMAO. The dashed lines
re the 95% confidence interval. 1 = [TiBA], 2 = contact time, 3 = T and 4 = [C2].

The experimental results were analysed using a commercial
oftware package, NemrodWTM that allows us to construct an
mpirical model based on Eq. (1) that correlates a measured out-
ut (e.g. average activity, molecular weight, etc.) to the different
arameters and their possible interactions.

utput = b0 +
4∑

i=1

biXi +
4∑

i, j = 1
i /= j

bijXiXj +
4∑

i, j, k = 1
i /= j /= k

bijkXiXjXk

+
4∑

i, j, k, l = 1
i /= j /= k /= l

bijklXiXjXkXl (1)

here bi represents the coefficients of the model relative to the dif-
erent parameters Xi. By definition, X1 = [TiBA], X2 = contact time,
3 = T, and X4 = [C2]. In the case where only two parameters are
tudied, Eq. (1) can be reduced to:

utput = b0 +
2∑

i=1

biXi +
2∑

i=1

biiXiXi +
2∑

i, j = 1
i /= j

bijXiXj (2)

here bi represents the coefficients of the model and Xi the
ifferent parameters. By definition, X1 = [TiBA], X2 = [C2]. Each
arameters bi or bij can have a positive or a negative effect on the
nalysed output.

.1. Effect on the average activity

.1.1. SMAO support
The experiments defined in Table 1 were carried out randomly
nd the comonomer content was fixed at 2.44 wt% in heptane for
ll the reactions using the SMAO system. The coefficients of Eq. (1)
nd the 95% CI are shown in Fig. 2 for the SMAO supported catalyst.
hree of the four parameters seem to have a significant effect at
5% confidence: the quantity of TiBA, temperature, and monomer
5 10 85 1
5 10 85 1
5 10 85 1

concentration. They all have a positive effect, which means that an
increase of the concerned parameters will induce an increase of the
average activity. Concerning the interactions of the first order, only
the one existing between the significant parameters are important.
Unexpectedly, there is no interaction between the quantity of alkyl
aluminium and the temperature (b13) even though both of these
factors are significant on an individual level. The strong interaction
between TiBA concentration and monomer concentration (b14) is
probably due to the scavenging effect of the alkyl aluminium. In fact,
increasing the quantity of monomer will increase the concentration
of impurities, thus an increase of TiBA will be favourable to clean the
reaction medium. Finally, the only second order interactions that
are significant at this level are those between the three principal
parameters.

Since the contact time between the catalyst and TiBA does not
appear to have a significant influence on the average activity, the
contact time was set at 10 min for the subsequent experiments.
In addition, as all the other parameters have a positive effect, it
was decided to extend the experimental matrix above the upper
limits of each one. The new extended random sampling model is
described in Table 2. The concentration of the alkylating agent was
varied between 4 and 6 mmol/l, and the monomer concentration
between 1 and 1.2 mol/l. For experimental reasons (limitation due
to the ethylene storage tank), we could not increase the monomer
concentration further, and the temperature could not be greater
than 85 ◦C. This new set of experiments will allow us to determine
the range of conditions of monomer and TiBA concentration for
which we can expect the highest possible activities.

Even if both of these parameters have a positive effect (Fig. 3(a))
on the average copolymerisation activity, their influence is very
different. The monomer concentration is the only statistically sig-
nificant parameter (cf. Fig. 3(b)). An increase of the concentration
of TiBA from 4 to 6 mmol/l has only a small effect on the average
activity whereas an increase of the monomer concentration from
0.8 to 1.2 mol/l allows us to multiply the activity by 1.5. This result
was expected as the reaction rate is proportional to the monomer
concentration with a reaction order around 1. At the higher levels
of these two parameters, it appears that the interaction between
them is also insignificant at a confidence level of 95%.

To conclude the reaction conditions that allow us to
obtain the highest copolymerisation average activity with the
EtInd2ZrCl2/SMAO catalyst are: temperature: 85 ◦C, [C2] = 1.2 mol/l,
[TiBA] = 4 mmol/l, contact time: 10 min. It is important to note that
these values are valid only in the range of variation of the parame-
ters defined above.

3.1.2. Activated support
As the aim is to compare both catalytic systems, the same
reaction parameters were studied. However, in the case of the
EtInd2ZrCl2/activated support catalyst, the range of some parame-
ters, particularly the lower limit, had to be modified. The random
sampling model defined above was applied, but with a lower limit
of 1.5 mmol/l for the concentration of TiBA and 2 min for the contact
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Table 3
Refined random sampling model for activated support.

[TiBA] (mmol/l) Time (min) T (◦C) [C2] (mol/l)

4 11 85 1
1.5 11 85 1
3.375 19 85 1
2.125 3 85 1
3.375 3 85 1

Reaction curves for the two catalyst systems are shown in Fig.
6 for the same conditions. It should be noted here that although
the reaction rate with the SMAO support appears to be higher,
the rate of polymerisation per potential site is actually higher in
ig. 3. (a) Coefficients for the average activity with EtInd2ZrCl2/SMAO. (b) Graphic
epresentation of the effects of the different parameters on the average activity.
= [TiBA] and 2 = [C2].

ime. With this catalytic system, if the support and the alkylat-
ng agent are not contacted before introduction into the reactor,
o polymerisation activity is observed. In addition, if the alky-

ating agent concentration is too low, some soluble polymer will
e formed (i.e. the heptane after the reaction is not transparent).

s previously, all the experiments were carried randomly and the
omonomer content was fixed to 2.44 wt% in all reactions. The same
bjectives were fixed for the analysis of the results.

ig. 4. Coefficients for the average activity with EtInd2ZrCl2/activated support.
2.125 19 85 1
2.75 11 85 1
2.75 11 85 1

As can be seen in Fig. 4, only two parameters have a significant
positive effect on the average activity: the reaction temperature
and the monomer concentration. However it is possible that the
two dominant ones hide the effects of the two other parameters.
Consequently, the random sampling model was refined as shown in
Table 3 in order to study more in details the effect of the alkylating
agent concentration and contact time. The two other parameters
were set up at their upper limit, i.e. T = 85 ◦C and [C2] = 1.2 mol/l.

The results of the refined random model are represented in Fig.
5. Both parameters have an effect, but one is positive and the other
negative. The representation in Fig. 5(b) clearly demonstrates that
the optimal path is a compromise between the quantity of alkyl
aluminium and the contact time. If the TiBA concentration is high,
the contact time should be low (and vice versa).

To conclude, the reaction conditions that allow us to
obtain the highest copolymerisation average activity with the
EtInd2ZrCl2/activated support catalyst are: temperature: 85 ◦C,
[C2]: 1.2 mol/l, [TiBA]: 2.5 mmol/l, contact time: 10 min. Once again,
these values are valid only in the range of variation of the parame-
ters.
Fig. 5. (a) Coefficients for the average activity with EtInd2ZrCl2/activted support.
(b) Graphic representation of the effects of the different parameters on the average
activity.
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Fig. 6. Comparison of the activity profile for both catalytic systems. Condi-
tions: T = 85 ◦C, [C2] = 1.2 mol/l, [1-hexene] = 2.44 wt%, [TiBA] = 4 mmol/l, contact
time = 10 min.
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are observable, and in particular those involving the TiBA and
ig. 7. Coefficients for the bulk density with EtInd2ZrCl2/SMAO. The dashed lines
re the 95% confidence interval.

he case of the activated support since the concentration of met-
llocene is five times lower in the latter case. Although a value of
TiBA] = 2.5 mmol/l is preferred for the activated support, this fig-
re shows experiments run under identical conditions (optimal for
he SMAO support) in order to compare them on an equal footing. It
an be seen that the activated support has lower peak and average
ctivities (although these are still in a commercially viable range).

.2. Effect on the polymer properties

The same type of statistical study was performed on different
olymer properties such as bulk density, crystallinity and molecu-

ar weight.

.2.1. Bulk density

The coefficients of Eq. (1) with the bulk density as the output

re represented in Fig. 7 for the SMAO supported catalyst (no data
s available for the activated support). The concentrations of alkyl
luminium and reaction temperature have a positive effect, and
g Journal 157 (2010) 194–203

the interaction of TiBA-monomer also seems to be significant at
95% confidence. It is not clear why this is. The relationship between
reaction rate and morphology (the bulk density is obviously related
to the shape and porosity of the polymer particles) is a complex one,
to say the least [34].

3.2.2. Melting temperature
The coefficients of Eq. (1) with melt temperature as the output

are represented in Fig. 8. Once again, only two parameters have
a significant influence for the SMAO system: the temperature and
the monomer concentration, with the latter being more significant.
The effect of monomer was predictable because as the experi-
ments were carried out with the same concentration of comonomer
(2.44 wt%), the ratio ethylene/1-hexene increases when the ethy-
lene concentration increases and thus the polymer formed will be
more crystalline. In addition, no interactions are observed to be
significant for the SMAO system.

As can be seen in Fig. 8(b) the results for the activated support are
slightly different. In addition to the temperature and monomer con-
centrations showing a similar influence as we saw above, the alkyl
concentration is also significant. Furthermore, the 1–4 interaction
(alkyl and monomer concentration) is significant, but unexpectedly
negative (unexpected since the impact of these two parameters
individually is positive as one would think). A much more in-depth
treatment of this aspect is needed in order to fully comprehend the
reasons for this. Suffice to say that this demonstrates that there is a
noticeable impact of how the catalyst is supported, not just on the
activity but also on the polymer properties.

The melting temperature varies from 121 ◦C for the less crys-
talline up to 131 ◦C for the copolymer obtained with 1 mol/l of
ethylene for both the SMAO and activated supports.

3.2.3. Molecular weight
The average molecular weights (Mn and MW) and the molecular

weight distribution (MWD) are very important in terms of end-use
properties. In fact depending on the MW, the processability will
not be the same. In this part, we will first study the influence of
the reaction parameters on the average molecular weight using
a statistical approach and we will also deconvolute the MWD in
order to determine the effects of these reactions parameters on
each family of active sites.

3.2.3.1. Effect on the average molecular weights. The coefficients
of Eq. (1) are represented in Fig. 9 for the SMAO system. Only
two parameters have statistically significant influence on Mn and
MW: as expected, the temperature has a negative effect and the
monomer concentration has a positive effect. The increase of the
molecular weight with the monomer pressure was also observed
by Soares and Penlidis [35] and indicates that the chain termina-
tion mechanism is controlled by �-hybride elimination or transfer
to the cocatalyst. No significant interactions between the parame-
ters are observable. While these two parameters have an influence
on the average molecular weights, it can be noted that the varia-
tion of the molecular weight is not particularly significant with Mn

varying from 28,000 to 35,000 and MW varying from 120,000 to
150,000.

It can be seen that from Fig. 10 that once again three of the four
parameters have an influence on the average molecular weight for
the activated support. The concentrations of TiBA and monomer
have a positive effect whereas the temperature has a negative
impact. In addition, interactions between the main parameters
monomer concentration, and the temperature and monomer con-
centration. Since the 1–4 interaction is important in the melting
temperature, it is not necessarily unexpected that it has a similar
impact on the average molecular weights since the two proper-
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Fig. 8. Coefficients for the melting temperature with (a) EtInd2ZrCl2/SMA

ies will be related. Finally, it can be noted that the variation of
he molecular weight is slightly more significant than with the
revious catalyst, with Mn varying from 20,000 to 35,000, and
W from 100,000 to 160,000. The PDI remained in the range

–4.

.2.3.2. Effect on the different family of active sites. Deconvolution
f the molecular weight distribution allows us to quantify the het-
rogeneity of the active sites on the support. Ideally, a single type of
ctive site will produce a Flory-distributed polymer – i.e. one with
polydispersity index of 2. If the PDI is greater than 2, this implies

hat there might be more than one type of site on the support (if we
iscount mass transfer resistance). The deconvolutions were per-
ormed using the method presented by Soares and Hamielec [33],
here we iterate on the number of families of sites until the resid-
al error between the measured and predicted MWD is less than

ome specific value. In this work, the tolerance of the residual error
�2) was set to 0.01.

It was found that in all cases, three families of active sites were
ufficient to model the MWD for both activation systems. We will
rbitrarily define family 1 as having the lowest molecular weight,

Fig. 9. Coefficients for the molecular weight with E
(b) activated support. The dashed lines are the 95% confidence interval.

and 3 the highest. The weight fractions of each of these sites, as well
as the average molecular weight produced at each can theoretically
vary from run to run. However, it turns out that the relative mass
fractions of each type of site do not appear to vary in a significant
manner (results not shown). For the SMAO activated system, the
breakdown is as follows: 37% for family 1, 40% for family 2 and
23% for family 3 with an error of ±3% for each. For the activated
support, it is 40% for family 1, 40% for family 2 and 20% for family 3
with an error of ±3% for each – essentially the same as for the other
activation system.

The influence on the average molecular weight for each type of
site did change. As shown in Fig. 11, the temperature and monomer
concentration have a similar impact on the average molecular
weight for each type of site (as expected) for the SMAO activated
system. Some interactions between the most significant param-
eters are observed, in particular there is a negative interaction

between the quantity of alkyl aluminium and the contact time. Sim-
ilarly, increasing both the alkyl and the monomer concentrations
has a negative impact on the molecular weights of families 1 and 2
(but not 3). This might be due to the modification of the active sites
when the contact time is too long. It is also interesting to note that a

tInd2ZrCl2/SMAO: (a) for Mn and (b) for MW.
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Fig. 10. Coefficients for the molecular weight with activated support: (a) for Mn and (b) for MW.

ith EtI

c
t
f
b

Fig. 11. Coefficients for the molecular weight w
oncurrent increase in temperature and in the ethylene concentra-
ion leads to a decrease in the average molecular weight, but only
or family 3 with the highest molecular weights. Why this should
e is not clear at the present time.

Fig. 12. Coefficients for the molecular weight with EtInd2Zr
nd2ZrCl2/SMAO: (a) MW1, (b) MW2, and (c) MW3.
The same set of results for the activated support is shown in
Fig. 12. It can be seen that, on the whole, the different parameters
influence the molecular weights at each type of site in a similar way.
The only major difference is that there does not appear to be a 1–2

Cl2/activated support: (a) MW1, (b) MW2, and (c) MW3.
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nteraction for the activated support, whereas this is significant at
% for the SMAO activation.

. Conclusions

The statistical approach allowed us to determine the main
arameters having an influence on the kinetics and polymer prop-
rties. As one would probably expect, the reaction temperature
nd the monomer concentration are the most important factors
nfluencing the polymerisation rate, and this is independent of the
atalytic system. Concerning the concentration of alkyl aluminium,
e showed that a high concentration could lead to a decrease of the

ctivity for the catalyst supported on the activated support. How-
ver, we have to keep in mind that these conclusions are only valid
n the experimental range defined.

Concerning the polymer properties, we can remark that simi-
ar products are obtained with both catalytic systems in terms of

olecular weight, melting point and PDI, but that the second order
nteractions involving the alkyl aluminium appear to play a greater
ole for the activated support than for the SMAO support. How-
ver, when comparing the activity profile obtained with the two
ystems (under the same experimental conditions), we can remark
hat the catalyst supported on silica treated with SMAO has a stable
ctivity, whereas the activated support exhibits a certain amount of
eactivation under the conditions studied here. In addition, when
omparing the activity in terms of gPE/gsupport/h the average activity
s higher for the SMAO than for the activated support but in terms
f molPE/molZr/h, the inverse is observed.

This preliminary approach allowed us to identify the parame-
ers most likely to influence the reaction rates and basic molecular
roperties of the polymer of interest. It should be pointed out that
his type of study is useful from an operational point of view, and
n particular in identifying the most promising or important areas
f study for a comparative look at the underlying fundamental
hemistries proper to each of the supports. However it is clear that
f one is to better understand the kinetic mechanisms coming into
lay, a much more detailed study would be required.

cknowledgement

The authors are grateful to TOTAL PETROCHEMICALS for the
nancial support of this work and their support in allowing us to
ublish this paper.

eferences

[1] A. Andersen, H.G. Cordes, J. Herwig, W. Kaminsky, A. Merck, R. Mottweiler, J.
Pein, H. Sinn, H.J. Vollmer, Halogen-free soluble Ziegler catalysts for the poly-
merization of ethylene. Control of molecular weight by choice of temperature,
Angewandte Chemie, International Edition 15 (1976) 630–632.

[2] H. Sinn, W. Kaminsky, H.J. Vollmer, R. Woldt, Living polymers on polymerization
with extremely productive Ziegler catalysts, Angewandte Chemie International
Edition in English 19 (1980) 390–392.

[3] W. Kaminsky, M. Miri, Ethylene propylene diene terpolymers produced with a
homogeneous and highly active zirconium catalyst, Journal of Polymer Science:
Polymer Chemistry Edition 23 (1985) 2151–2164.

[4] T.J. Kealy, P.J. Pauson, Nature 168 (1951) 1039–1040.
[5] E. Giannetti, G. Nicoletti, R. Mazzochi, Homogeneous Ziegler–Natta catalysis. II.

Ethylene polymerization by IVB transition metal complexes/methyl aluminox-
ane catalyst systems, Journal of Polymer Science: Polymer Chemistry Edition
23 (1985) 2117–2134.
[6] D.S. Breslow, N.R. Newburg, Bis-(cyclopentafienyl)-titanium dichloride – alkyl
aluminium complexes as catalysts for the polymerisation of ethylene, Journal
of American Chemical Society 79 (1957) 5072–5073.

[7] K.H. Reichert, K.R. Meyer, Zur Kinetic der Niederdruckpolymerisation von
äthylene mit löslichen Ziegler–Katalysatoren, Macromolecular Chemistry and
Physics 169 (1) (1973) 163–176.

[

g Journal 157 (2010) 194–203 203

[8] V.F. Tisse, F. Prades, R. Briquel, Ch. Boisson, T.F.L. McKenna, Role of silica prop-
erties in the polymerisation of ethylene using supported metallocene catalysts,
Macromolar Chemistry and Physics, in press.

[9] R. Duchateau, Incompletely condensed silsesquioxanes: versatile tools in
developing silica-supported olefin polymerization catalysts, Chemical Reviews
102 (2002) 3525–3542.

10] S. Knoke, F. Korber, G. Fink, B. Tesche, Early stages of propylene bulk phase poly-
merization with supported metallocene catalysts, Macromolecular Chemistry
and Physics 204 (4) (2003) 607–617.

11] M.R. Ribeiro, A. Deffieux, M.F. Portela, Supported metallocene complexes for
ethylene and propylene polymerisation: preparation and activity, Industrial
Engineering Chemical Research 36 (1997) 1224–1237.

12] J.R. Severn, J.C. Chadwick, R. Duchateau, N. Friederichs, “Bound but not gagged”
– immobilizing single-site a-olefin polymerisation catalysts, Chemical Review
105 (2005) 4073–4147.

13] S. Collins, W.M. Kelly, D.A. Holden, Polymerization of propylene using
supported, chiral, ansa-metallocene catalysts: production of polypropylene
with narrow molecular weight distributions, Macromolecules 25 (6) (1992)
1780–1785.

14] J.H.Z. dos Santos, C. Krug, M.B. da Rosa, F.C. Stedile, J. Dupont, M.de C. Forte, The
effect of silica dehydroxylation temperature on the activity of SiO2-supported
zirconocene catalysts, Journal of Molecular Catalysis A: Chemical 139 (2–3)
(1999) 199–207.

15] J.H.Z. dos Santos, A. Larentis, M.B. da Rosa, C. Krug, I.J.R. Baumvol, J.
Dupont, F.C. Stedile, M.de C. Forte, Optimization of a silica supported
bis(butylcyclopentadienyl)-zirconium dichloride catalyst for ethylene poly-
merization, Macromolar Chemistry and Physics 200 (4) (1999) 751–759.

16] K. Soga, M. Kaminaka, Copolymerization of olefins with SiO2-, Al2O3-, and
MgCl2-supported metallocene catalysts activated by trialkyl aluminiums,
Macromolecular Chemistry and Physics 195 (1994) 1369–1379.

17] X. Zheng, M. Smit, J.C. Chadwick, J. Loos, Fragmentation behavior of
silica-supported metallocene/MAO catalyst in the early stages of olefin poly-
merization, Macromolecules 38 (2005) 4673–4678.

18] M. Smit, X. Zheng, J. Loos, J.C. Chadwick, C.E. Koning, Effects of methylalumi-
noxane immobilisation on silica on the performance of zirconocene catalysts in
propene polymerisation, Journal of Polymer Science Part A: Polymer Chemistry
43 (2005) 2734–2748.

19] W. Kaminsky, R. Steiger, Polymerization of olefins with homogeneous zir-
conocene/alumoxane catalysts, Polyhedron 7 (22–23) (1988) 2375–2381.

20] H. Sinn, W. Kaminsky, W. Hoker (Eds.), Alumoxanes. Macromolecular Symposia
97, Huthig&Wepf, Heidelberg, Germany, 1995.

21] R.S. Srinivasa, S. Sivaram, Progress in Polymer Science 20 (1995) 309–367.
22] X. Yang, C.L. Stern, T.J. Marks, “Cation like” homogeneous olefin polymerisation

catalysts based upon zirconocene alkyls and tris(-pentafluorophenyl)borane,
Journal of American Chemical Society 113 (1991) 3623–3625.

23] X. Yang, C.L. Stern, T.J. Marks, Cationic zirconocene olefin polymerisation
catalysts based on the organo-Lewis acid tris(-pentafluorophenyl)borane. A
synthetic, structural, solution dynamic, and polymerisation catalytic study,
Journal of American Chemical Society 116 (1994) 10015–10031.

24] J.A. Ewen, M.J. Elder, Metallocene catalysts with Lewis acids and aluminum
alkyls, EP 0,427,697 (1991).

25] J.N. Predetour, K. Radhakrisknan, H. Cramail, A. Deffieux, Reactivity of metal-
locene catalysts for olefin polymerization: influence of activator nature and
structure, Macromolecular Rapid Communications 22 (2001) 1095–1123.

26] G.G. Haltky, D.J. Upton, Supported ionic metallocene polymerization catalysts,
Macromolecules 29 (1996) 8019–8020.

27] K. Soga, M. Kaminaka, Polymerisation of propene with the heterogeneous cat-
alyst system Et[IndH4]2ZrCl2/MAO/SiO2 combined with trialkyl aluminium,
Macromolecular Chemistry Rapid Communications 13 (1992) 221–224.

28] M. Kaminaka, K. Soga, Polymerisation of propene with the catalyst systems
composed of Al2O3- or MgCl2-supported on Et[IndH4]2ZrCl2 and AlR3 (R = CH3,
C2H5), Macromolecular Chemistry Rapid Communications 12 (1991) 367–372.

29] M. Kaminaka, K. Soga, Polymerisation of propene with the catalyst systems
composed of Al2O3- or MgCl2-supported zirconocenes and AlCH3, Polymer 33
(1992) 1105–1107.

30] R. Spitz, T. Saudemont, J. Malinge, Solid catalytic component for the polymer-
ization of olefins, United States Patent 6,057,258 (1997).

31] F. Prades, C. Boisson, R. Spitz, Activating supports for metallocene catalysis, WO
2005/075525 A2, France (2005).

32] V. Tisse, Ph.D. Thesis, Université Claude Bernard – Lyon I, 2006.
33] J.B.P. Soares, A.E. Hamielec, Deconvolution of chain-length distributions of lin-

ear polymers made by multiple-site-type catalysts, Polymer 36 (11) (1995)
2257–2263.

34] T.F. McKenna, J.B.P. Soares, Single particle modelling for polyolefins: a review,
35] J.B.P. Soares, A. Pendilis, Measurement, mathematical modelling and control of
distribution of molecular weight chemical composition and long-chain branch-
ing of polyolefins made with metallocene catalysts, in: J. Scheirs, W. Kaminsky
(Eds.), Metallocene-Based Polyolefins, John Wiley and Sons, New York, 2000, p.
237.


	A systematic study of the kinetics of polymerisation of ethylene using supported metallocene catalysts
	Introduction
	Experimental
	Synthesis of the SMAO catalyst
	Synthesis of the activated support
	Polymerisation reaction and polymer characterisations
	Polymer characterisation

	Results and discussion
	Effect on the average activity
	SMAO support
	Activated support

	Effect on the polymer properties
	Bulk density
	Melting temperature
	Molecular weight
	Effect on the average molecular weights
	Effect on the different family of active sites



	Conclusions
	Acknowledgement
	References


