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bstract

A series of hybrid supported catalysts was prepared by sequentially grafting Cp2ZrCl2 and (nBuCp)2ZrCl2 (1:3 ratio) onto synthesized xerogel,
erogel and commercial silicas. Supports and catalysts were characterized by Rutherford backscattering spectrometry, energy-dispersive X-ray
canning electron microscopy, atomic force microscopy and nitrogen adsorption. Grafted metal content laid between 0.15 and 0.5 wt.% Zr/SiO2.
ll the systems were shown to be active in ethylene polymerization with methylaluminoxane as the co-catalyst. Catalyst activity and molecular
eight were shown to depend on the textural characteristic of the silicas, namely grain size and pore diameter. The highest activity in ethylene

olymerization (ca. 5310 kg PE mol Zr−1 h−1) was obtained with the supported catalyst using commercial silicas with average particle size around
0 �m. Particles with sizes of 80–90 �m obtained less activity. Resulting polymers were characterized by gel permeation chromatography and
ifferential scanning calorimetry.

2006 Elsevier B.V. All rights reserved.

s
a
a
c
w
a
a
a
C
i
a
o
1
o

eywords: Supported metallocenes; Silica; Sol–gel; Polymerization; AFM

. Introduction

In the last 15 years much research has been devoted to the
evelopment of supported metallocenes. Metallocene, due to its
ingle-site catalyst nature, allows the production of tailored poly-
ers in terms of molecular weight, molecular weight distribu-

ion, stereoregularity, and comonomer incorporation. Such poly-
ers, with narrow molecular weight distribution, have improved

hysical properties such as impact and environmental crack
esistance and clarity. Nevertheless, these polymers impinge
ome technological constraints in terms of processing due to its
arrow molecular weight distribution. Broad molecular weight
istribution affords higher fluidity in the molten state at high
hear rates, particularly in extrusion processes. Some strategies
o broaden molecular weight distribution of polymers produced

y single-site catalysts are: (i) blend polymers produced by indi-
idual catalysts; (ii) use of multireactor technology; (iii) use of
andem catalysts in a single reactor [1].

∗ Corresponding author. Tel.: +55 51 3316 7238; fax: +55 51 3316 7304.
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The combination of two different metallocenes on the same
upport has been investigated in the literature as a strategy which
ims at overcoming the two above-mentioned constraints of met-
llocene catalysts: the necessity of development of supported
atalysts and the potentiality of broadening of the molecular
eight distribution [1]. For instance, the combinations of met-

llocenes such as EtInd2ZrCl2 and Cp2ZrCl2 [2] or Cp2NbCl2
nd (nBuCp)2ZrCl2 [3] have already been reported in the liter-
ture. In a previous work, we reported the effect of combining
p2ZrCl2 and (nBuCp)2ZrCl2 on the same silica support, grafted

n different addition orders and molecular ratios, on catalyst
ctivity and on polymer properties. The best catalyst was that
btained by grafting Cp2ZrCl2 followed by (nBuCp)2ZrCl2 in
:3 ratio [4,5]. In a sequel to this work, we investigated the effect
f the nature of silica on sequentially grafting these two metal-
ocenes.

A few studies dealt with the effect of silica texture on sup-
orted metallocene systems. Metallocene supported on high

ore diameter microspherical silicas give polyethylene with
igh activity and good polymer morphology [6]. Harrison et
l. [7] studied the effect of different silicas (and alumina),
hemically modified with MAO, on the heterogenization of en-

mailto:jhzds@iq.ufrgs.br
dx.doi.org/10.1016/j.molcata.2006.10.008
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Ind)2ZrCl2, Me2Si(Ind)2ZrCl2 and Me2C(Cp)(Flu)ZrCl2 on
atalyst activity and on molecular weight of the resulting poly-
ers. The results suggest influences of the texture of the supports

n the properties of the resulting polymers. Fink’s group [8]
nvestigated the effect of silica particle size in supported rac-

e2Si(IndR2)2ZrCl2 on catalyst activity in propylene polymer-
zation and on polymer molecular weight and molecular weight
istribution. The authors concluded that the catalyst particles
ith small-sized silica afforded an increase of the polymeriza-

ion rate due to the uniform distribution of the MAO co-catalyst
n the surface, which led to polymers with larger molecular
eight. Cp2ZrCl2 was immobilized on commercial silicas, bear-

ng different surface area and pore diameter. The determination
f adsorption isotherm showed that maximum grafted content
as observed in the case of high surface area (Silica Grace
48). No influence of pore diameter on Zr content was detected
9].

In the present paper, Cp2ZrCl2 and (nBuCp)2ZrCl2, in a
:3 ratio, were grafted on a silica support by sol–gel and
recipitation methods. The resulting catalyst was character-
zed by Rutherford backscattering spectrometry (RBS), Energy-
ispersive X-ray scanning electron microscopy (EDX-SEM),
tomic force microscopy (AFM) and nitrogen adsorption. The
esulting hybrid supported catalysts were evaluated in ethylene
olymerization, with MAO as co-catalyst. The polymers were
haracterized by gel permeation chromatography (GPC) and dif-
erential scanning calorimeter (DSC).

. Experimental

.1. Materials

All the chemicals were manipulated under inert atmo-
phere using the Schlenk technique. Silica Grace 948, 955
nd 956 were activated under vacuum (P < 10−5 bar) for
6 h at 450 ◦C. (nBuCp)2ZrCl2 (Aldrich), Cp2ZrCl2 (Aldrich),
i(OEt)4 (Merck), SiCl4 (Merck), ZrCl4 (Aldrich) and MAO
Witco, 10.0 wt.% toluene solution) were used without further
urification. Ultrapure water (resistivity of 18.2 M� cm) from a
illi-Q® (Bedford, USA) purifier system and HNO3 (Merk)
ere used for calibration solutions and Zr determination by

CP OES. Calibration solutions ranging from 5 to 15 �g L−1

f Zr were prepared in 10% (v/v) HNO3 by serial dilutions of
1000 mg L−1 Zr stock solution (Titrisol®, Merck). The gases
sed in the ICP OES spectrometer were compressed air as chear
as, nitrogen (purity of 99.996%) as purge gas of the optic sys-
em, and argon (purity of 99.996%) as principle, auxiliary and
ebulizer gas. The gases used were from White Martins/Praxair,
asil. Pure ethylene and argon (from White Martins/Praxair)
ere passed through molecular sieve columns for purification

nd drying.
.2. Synthesis of xerogel and aerogel silicas

Two xerogels were synthesized: one through a hydrolytic acid
oute and another one through a non-hydrolytic route.

o
T
e
i
s

lysis A: Chemical 265 (2007) 167–176

.2.1. Synthesis of silica xerogel by hydrolytic acid route
10,11]

Tetraethylorthosilicate (Si(OEt)4) and HNO3 (0.3 M) were
oured together into a glass reactor and vigorously stirred at
oom temperature. H2O:Si(OEt)4 volume ratio was kept under
. Initially, the mixture was separated in two phases. When the
ixture was stirred, an emulsion was formed and water was

ispersed as droplets. After 3–10 min a homogeneous solution
as formed. In the following days, viscosity increased and a

olid transparent monolith was obtained. The resulting xerogel
6.30 g) was washed with acetone and dried at 140 ◦C for 3 days.

.2.2. Synthesis of silica xerogel by non-hydrolytic route
12,13]

Equimolar amounts of Si(OEt)4 (0.024 mol) and SiCl4
0.024 mol) were mixed in toluene in the presence of ZrCl4 (acid
ewis catalyst) and heated at 90 ◦C for 20 min. The resulting
onolith (3.65 g) was washed in acetone and the product dried

nder vacuum for 3 days.

.2.3. Synthesis of silica aerogel
Silica aerogel was synthesized by the sol–gel method under

upercritical conditions at CENERG (France). Experimental
onditions are described elsewhere [14].

.3. Synthesis of supported hybrid catalysts

Cp2ZrCl2 toluene solution corresponding to 0.25 wt.%
r/SiO2 was added to ca. 1.0 g of pre-activated silica and let stir-

ing for 30 min at room temperature. The solvent was removed
nder vacuum through a fritted disk. A (nBuCp)2ZrCl2 toluene
olution corresponding to 0.75 wt.% Zr/SiO2 was added and the
esulting slurry was stirred for 30 min more at room temperature,
nd then filtered through a fritted disk. The resulting solids were
ashed with 15× 2.0 cm3 of toluene and dried under vacuum

or 4 h.
The procedure above was used for the several silicas used

n this work (Grace 956, 955 and 948, xerogel silica by non-
ydrolytic route, xerogel silica by hydrolytic route and aerogel
ilica). These silicas generated the heterogeneous catalytic sys-
ems after grafting, respectively: G56, G55, G48, NHY, HYD
nd AER.

.4. Characterization of silicas and supported catalysts

.4.1. Elemental analysis (CHN)
Carbon content was determined in a Perkin-Elmer M-

HNSO/2400 analyzer.

.4.2. Rutherford backscattering spectrometry (RBS)
Zirconium loadings in catalysts were determined by RBS

sing He+ beams of 2.0 MeV incident on homogeneous tablets
f the compressed (12 MPa) powder of the catalyst systems.

he method is based on the determination of the number and
nergy of the detected particles, which are elastically scattered
n the Coulombic field of the atomic nuclei in the target. In this
tudy, the Zr/Si atomic ratio was determined by the heights of
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he signals corresponding to each of the elements in the spec-
ra and converted to wt.% Zr/SiO2. For an introduction to the

ethod and applications of this technique the reader is referred
lsewhere [15].

.4.3. Nitrogen adsorption–desorption isotherms
Samples were previously degassed (10−2 mbar) at 120 ◦C

silica) or at 85 ◦C (supported catalysts) for 8 h. Adsorption–
esorption nitrogen isotherms were measured at −196 ◦C in
Gemini 2375 (Micromeritics). Specific surface area (SBET)
ere determined by the Brunauer–Emmett–Teller equation

P/P0 = 0.05–0.35). The mesopore size and distribution were
alculated by the Barrett–Joyner–Halenda (BJH method) using
he Halsey standards. Desorption branch was used. Micropore
olumes were calculated by the t-plot method, using the Harkins
nd Jura standard isotherm.

.4.4. Surface coverage concentration
Surface coverage concentration (Γ = �mol m−2) was calcu-

ated taking into account the model proposed by Amati and
ováts [16], employing data from elemental analysis (carbon
ontent) and by nitrogen adsorption (specific surface area),
ccording to Eq. (1):

= 106

SBET

(
1201 × nC

%CCHN
− MSUB + δ

)−1

(1)

here SBET (m2 g−1) is the specific surface area of the untreated
ilica, nC the number of atoms of carbon of the surface coverage
ubstituent, MSUB the molecular mass of the substituent (in this
ase, the supported metallocene), and δ is the correction for
esorbed water and the proton substituted during reaction. In
he present study, δ = 1.

.4.5. Atomic force microscopy (AFM)
Images of silica and supported catalyst surfaces were

btained using an Atomic Force Microscopy, Nanoscope IIIa®,
anufactured by Digital Instruments Co., using the contact
ode technique with probes of silicon nitride. WS M 4.0 soft-
are from Nanotec Electronic S.L. was used for the images

reatment. Samples were compressed in the form of tablets and
ragments of roughly 16 mm2, which were employed for the
nalysis.

.4.6. Scanning electron microscopy (SEM) and energy
ispersive X-ray (EDX)

SEM and EDX experiments were carried out on a JEOL
SM/6060 and JEOL JSM/5800, respectively. The catalysts were
nitially fixed on a carbon tape and then coated with gold by
onventional sputtering techniques. The employed accelerating
oltage was 10 kV for SEM and 20 kV for EDX.

.5. Leaching test
The same amount (ca. 0.02 g) of the supported catalysts used
n the slurry polymerization was put into contact with 0.150 L
f MAO toluene solution MAO (Al/Zr = 1000) and transferred

u
r
r
o
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nder argon into the fritted disk flask and stirred at 60 ◦C for
0 min. Subsequently, the slurry was filtered through the frit-
ed disk and the eluent was concentrated to dryness. The flask
as rinsed with small aliquots of 10% (v/v) HNO3, which were

ransferred to a graduated polyethylene flask to a total volume
f 50 mL. The Zr content of the eluent was then determined by
nductively coupled plasma optical emission spectrometry (ICP
ES) by using an Optima 2000 DV Perkin-Elmer instrument.
he sample introduction system was composed of a Scott® spray
hamber and a GemCone® nebulizer, both coupled to an alumina
njector. Zirconium was measured through the axial view of the
lasma. The other parameters used were those recommended by
he instrument manufacturer.

.6. Polymerization reactions

Polymerizations were performed in toluene (0.15 L) in a
.30 L Pyrex glass reactor connected to a constant temperature
irculator equipped with mechanical stirring and inlets for argon
nd monomers. For each experiment, a mass of catalyst system
orresponding to 10−5 mol L−1 of Zr was suspended in 0.01 L of
oluene and transferred into the reactor under argon. The poly-
erizations were performed at atmospheric pressure of ethylene

t 60 ◦C for 30 min at Al/Zr = 1000, using MAO as a co-catalyst.
cidified (HCl) ethanol was used to quench the processes, and

eaction products were separated by filtration, washed with dis-
illed water, and finally dried under reduced pressure at 60 ◦C.

.7. Polyethylene characterization

Molar masses and molar mass distributions were investigated
ith a Waters CV plus 150C high-temperature GPC instrument,

quipped with viscosimetrical detector, and three Styragel HT
ype columns (HT3, HT4 and HT6) with exclusion limit 1 × 107

or polystyrene. 1,2,4-Trichlorobenzene was used as the solvent,
t a flow rate of 1 cm3 min−1. The analyses were performed
t 140 ◦C. The columns were calibrated with standard narrow
olar mass distribution polystyrenes and with linear low-density

olyethylenes and polypropylenes.
Polymer melting points (Tm) and crystallinities (χc) were

etermined on a TA Instrument DSC 2920 differential scanning
alorimeter connected to a thermal analyst 5000 integrator and
alibrated with indium, using a heating rate of 20 ◦C min−1 in
he temperature range of 30–150 ◦C. The heating cycle was per-
ormed twice, but only the results of the second scan are reported,
ecause the former is influenced by the mechanical and thermal
istory of the samples.

. Results and discussions

The silica surface, at least for moderate activation temper-
tures, is mainly composed of isolated and, to a lesser extent,
f vicinal and geminal hydroxyl groups, as well as relatively

nreactive siloxane bridges [17]. Silanol groups are capable of
eacting with sequestering agents such as organometallic chlo-
ides and alkoxides, with elimination of one or more of the
riginal ligands. In the present case, zirconocenes are grafted
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Table 1
Grafted metal loading of the resulting supported systems

Catalyst system Zr/SiO2 (wt.%) C (%) C/Zr

G56 0.5 1.81 28
G55 0.3 1.10 28
G48 0.4 1.65 31
HYD 0.5 1.82 28
NHYa 0.4 0.82 16
AER 0.15 0.78 40

a ZrCl4 was used as Lewis acid catalyst during the synthesis, resulting a total
o
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f 12.9 wt.% Zr/SiO2 in the support. The Zr content here reported refers to that
rom the zirconocene counterpart.

n the silica surface by elimination of the chloride ligand with
ydrogen atoms from the silanol groups, leading to the formation
f surface species.

Table 1 reports the grafted metal content determined by RBS
nd carbon content for the different supported systems resulting
rom the immobilization of Cp2ZrCl2 and (nBuCp)2ZrCl2 on
ommercial and synthesized silicas.

According to Table 1, grafted metal content lies between 0.15
nd 0.5 wt.% Zr/SiO2. Metal loadings around 0.4 wt.% Zr/SiO2
ere already reported for such zirconocene grafted on silica sup-
ort [18]. In the case of aerogel (AER), a very low Zr content
as detected. Carbon content laid between 0.7 and 1.9%. Con-

idering the 1:3 ratio (Cp2ZrCl2; (nBuCp)2ZrCl2), the expected
/Zr ratio was expected to be 16. For all systems, this value was
igher than 16, suggesting that Cp moieties might be kept during
rafting reaction. Higher C/Zr ratio might be due to adventitious
arbon present in the resulting catalyst.

It is worth noting that the different grafted content observed
or such silicas could be due to a different number of silanol
roups available on the support surface. It is generally believed
hat such silanol density is a function of thermal treatment, inde-
endent of the nature of silica support [19]. Nevertheless, Bergna
20] pointed out that the structure of silica surface is strongly
ependent on the method of preparation. Differences observed
n the literature in terms of silanol number were attributed to the
resence of internal silanols and to a very heterogeneous distri-
ution of hydroxyls resulting from the synthetic route [21].

The leachability of the grafted surface species was evaluated
y submitting the catalyst to MAO contact under polymerization
onditions, followed by filtration. The Zr content in the eluent
as measured by ICP OES. According to Table 2, very low Zr
mount (4–8 �g L−1) was detected, suggesting that leaching is
ractically negligible in such systems.

able 2
r concentration in the eluate from the supported catalysts

amples Leached Zr (�g L−1)

56 4.13
ER <LOD
HY <LOD
YD 7.27

OD: limit of detection = 3.0 �g L−1.
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The shape of nitrogen isotherms and the hysteresis loops
rom the catalytic systems provide information about the shape
f pores and slits-shaped pores on the catalyst surface. Fig. 1
hows the nitrogen adsorption–desorption isotherms for the six
upported catalysts.

According to Fig. 1, the isotherms correspond to those of
ype IV in the BDDT classification, which is typical of meso-
orous materials [22]. The most characteristic feature of type
V isotherm is the hysteresis loop, which is associated with the
ccurrence of pore condensation. The limiting uptake of nitro-
en over a range of high P/P0 results in a plateau of the isotherm,
hich indicates complete pore filling.
According to IUPAC classification, the hysteresis loop of

56, G55, G48 and AER isotherms are of type H1, which are
ften associated with porous materials consisting of well-defined
ylindrical-like pore channels or agglomerates of compacts of
pproximately uniform spheres separated by slits. The hysteresis
oop of HYD and NHY is of the type H4, with loops associated
ith narrow slit pores. The plateau observed at relative pressures
igher than 0.8 indicates that large mesopores (pore diameter
round 20 and 500 Å) are absent, leading to rather narrow pore
ize distributions.

Specific area of the silicas was also determined by nitrogen
dsorption before and after zirconocene grafting (Table 3). The
hree commercial silicas presented surface area in the range of
10–265 m2 g−1. The xerogel prepared by the non-hydrolytic
ethod has specific area close to 200 m2 g−1, while that prepared

y the hydrolytic route, about 650 m2 g−1. Aerogel presents typ-
cal high specific area intrinsic to these materials, which are dried
nder supercritical conditions [23].

For the systems G56, G55 and G48, i.e., supported zir-
onocenes on the commercial silica, there was a reduction in the
pecific surface area around 6% when comparing data before
nd after grafting. However, the micropore surface area reduced
3% for G56, 20% for G55 and 60% for G48. Such results sug-
est that grafting might also have been taking place inside the
ores.

For the supported systems on xerogels, in the HYD system,
he specific surface area is almost totally given by the micropore
urface area. There is reduction of ca. 50% of the pore surface
rea after grafting. In the NHY system, there is surface area
eduction of 90%, being pores’ surface area reduction of the
5%. In this system, the pores’ surface area is responsible for
9% of the specific surface area. The reduction of 95% in the
ore surface area after grafting is mainly responsible for the
reat reduction of specific area, suggesting that the zirconocenes
ight be grafted inside these pores, obstructing them. In the case

f the AER system, a reduction of ca. 23% in specific area and
ores surface area was observed. Concerning micropore volume,
reduction after grafting was observed. Nevertheless, no trend

mong the systems could be established.
In the BET model, the “C” parameter is an indicator for the

olarity of the surface [24]. The relationship between this value

nd the total grafted metal content is represented in Fig. 2.

According to Fig. 2, there is a trend between the increase
f grafted Zr content and the increase of C parameter for the
ilica aerogel (AER) and commercial silicas (G56, G55 and
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Fig. 1. Isotherms and hysteresis lo

48). However, for the xerogel NHY and HYD this trend is
ot observed. In NHY, the relatively high Zr content (0.4 wt.%
r/SiO2) grafted on the lowest surface area after the grafting

18 m2 g−1) seems to contribute to the high C value. Besides,
uch systems present ca. 13 wt.% Zr/SiO2 from the ZrCl4

mployed in the synthesis.

The surface coverage concentration (Γ = �mol m−2) pro-
osed by Amati and Kováts [16], can also be correlated with
he C parameter, as shown in Fig. 3.

ig. 2. Relation between grafted metal content loading and the BET C parameter.

a
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f the supported catalyst systems.

According to Fig. 3, there is direct relation between Γ and C
arameter. It is worth noting that NHY exhibits a very high C
actor, suggesting a surface bearing high polarity. In the synthesis
f such xerogels, as already mentioned, ZrCl4 was employed
s Lewis acid catalyst to promote the reaction between SiCl4

nd Si(OEt)4. Residual metal catalyst might be incorporated in
he silica network [12,13]. Therefore, SEM EDX analysis was
erformed on such a system. For comparative reasons, analyses
f G48 were also performed (Table 4).

ig. 3. Dependence of support surface polarity (C parameter) on the surface
overage concentration.
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Table 4
Zr content distribution in NHY and G48 supported catalysts determined by
SEM-EDX

Spots Zr (wt.%)

NHY G48

1 30.1 5.9
2 33.2 5.5
3
4

w
i
S

n
m
t
s
A
a
o
m

s
s
o
r
m

s
(
r
w
o
e
A
d
s

o
g
a

3

3

g
p
a
b
T
b
a
b

25.4 6.3
32.2 6.1

In the NHY system, a great amount of Zr on the surface
as found with relatively homogeneous distribution. However,

n sample G48 the amount of Zr was roughly 6 wt.% Zr/SiO2.
uch results explain the high C constant value obtained for NHY.

Atomic force microscopy (AFM) is a complementary tech-
ique that assists the surface characterization of micropores and
esopores materials. It has been employed for the determina-

ion of particle size and of the degree of surface roughness of
ilicas [25]. In the case of the present supported catalysts, the
FM images complement the results obtained by the nitrogen

dsorption, through the elucidation of the shape of the entrances
f pores, their dimensions, relief type (with slits or holes and
orphology of the particles).
For the catalysts supported on the commercial G55 and G48

ilicas (Fig. 4), the AFM images show the homogeneity in the
hape of grain and pores. The mesopores in these systems are
bserved in the form of slit-shaped pores, located in the width
ange of 130 Å, confirming measurements determined by BET
ethod (see Table 3).
For the catalysts supported on the silicas obtained by the

ol–gel method, HYD and NHY, the images are very clarifying
Fig. 5). The system HYD, with higher surface area, presents a
ough surface composed by small particles, having mesopores
ith diameter in the range of 50 Å, while NHY is composed
f great particles with less uneven surface, justifying the low-
st surface area determined by the BET method. According to
FM measurements, pore diameter is around 40 Å (close to 38 Å
etermined by the BET method), probably resulting from the
lits between grains.

AER catalyst (Fig. 6) showed a different profile: great amount
f small fragments around the larger fragments. This affords a
reat amount of particles and slits which increase in the surface
rea, in spite of the mesopores size being in the range of 80 Å.

.1. Catalyst activity in ethylene polymerization

.1.1. Effect of the nature of silica on catalyst activity
The silicas employed in the presented study belong to three

roups, according to the method of synthesis. The xerogels were
repared by the sol–gel method using alkoxydes as precursors
nd dried under normal pressure. The aerogel was also prepared
y the sol–gel method but dried under supercritical conditions.

he commercial silicas were also prepared by the sol–gel method
ut using sodium silicate, which was reacted with a mineral
cid to form a sol–gel, which was further washed to remove the
ulk of the product salts prior to being dried and sized. Fig. 7
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range of 115–150 A seem not to hinder monomer diffusion to the
catalyst site in the first moments for further catalyst fracturing
during the polymerization reaction. Similar effects were reported
in the literature. Pullukat also observed a trend between catalyst
Fig. 4. AFM images of G55

hows the correlation between the nature of the silica support
nd catalyst activity. Data are presented in the three groups.
or each supported catalyst, grafted metal content was also

ncluded.
According to Fig. 7, the highest catalyst activity was obtained

ith the grafted catalysts using the commercial silicas Grace 956
nd Grace 948 as supports, followed by that prepared with sil-
ca aerogel. The lowest catalyst activity was obtained with the
upported systems grafted on the synthesized xerogels. These
ifferences cannot be associated to the grafted metal content,
ince supported systems bearing the same Zr content (compare,
or instance G48 and NHY) exhibit completely opposite behav-
or in terms of polymerization activity.

Iler [26] proposed that in silicas with pore diameter smaller
han 100 Å, the negative curvature keeps silanol groups closer,
avoring the formation of hydrogen bonds and therefore, increas-
ng the stability of silanol groups against dehydroxylation
Scheme 1).

The proximity of silanol groups may promote the genera-
ion of bidentate species, which are know to be inactive for
olymerization. Such phenomenon has already been reported

n the literature on the investigation of the effect of silica
hermal treatment (and therefore of silanol density) on zir-
onocene grafted content and on catalyst activity. A larger
umber of silanol groups (achieved at lower thermal treatment)
le (top) and G48 (bottom).

fforded higher grafted metal content but the resulting sup-
orted metallocenes were less active in ethylene polymerization
21].

According to Table 3, hydrolytic, non-hydrolytic and aerogel
ilicas present pore diameter less than 100 Å. The high grafted
etal content observed for NHY and HYD might have engen-

ered the generation of some bidentate species, which are not
ctive for ethylene polymerization.

Fig. 8 shows the correlation between support pore diameter
nd catalyst activity.

According to these data, catalyst activity enhances as pore
iameter increases, with exception of G55. Pore diameters in the

˚

Scheme 1.
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Fig. 5. AFM images of HYD

ctivity in ethylene polymerization and support pore diameter
n the case of silica-supported (BuCp)2ZrCl2 [6].

.2. Effect of the particle size on activity

Fig. 9 correlates the catalyst mean average size with catalyst

ctivity in ethylene polymerization.

According to Fig. 9, higher catalyst activities were obtained
ith the systems bearing particle average size in the range of
0 �m. Particles with bigger size presented lower activity. The

a
a
w
M

Fig. 6. AFM image o
le (top) and NHY (bottom).

mall-sized AER catalyst showed also a relative high catalyst
ctivity. It is worth mentioning that such support, although AFM
easurements showed two collection of particles with 0.3 and

.6 �m, according to SAXS experiments, presented particle size
lose to 50 nm [14]. The effect of the catalyst size on catalyst
ctivity was also investigated by Fink and co-workers [8]. The

uthors observed that smaller than 10 �m afforded better catalyst
ctivity in ethylene polymerization. In their system, this behavior
as explained in terms of more homogenous distribution of the
AO co-catalyst on the surface grain.

f AER catalyst.
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Fig. 7. Relationship between the silica nature and the activity of the catalyst
system in polymerization reaction. Zr content (Zr/SiO2 wt.%) in detail on the
bars.
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ig. 8. Relationship between support pore diameter and catalyst activity in ethy-
ene polymerization.

It is worth noting that NHY and HYD catalyst system present

he largest particle sizes and the smallest activities in spite of
he grafted metal content being close to that detected in the case
f commercial supports (ca. 0.5 wt.% Zr/SiO2). Besides, other
arameters have to be taken into account, since for the commer-

e

c
p

able 5
atalyst activity and polymer properties of the resulting polyethylene

ystem Activity (kg PE mol Zr−1 h−1) Mw (kg m

56 4280 423
55 2220 338
48 5310 258
YD 1680 356
HY 720 306
ER 3537 343

Zr] = 10−5 mol L−1, [Al/Zr] = 1000; V = 0.15 L (toluene); P = 1 bar (ethylene); T = 60
ig. 9. Relationship between mean average catalyst diameter and catalyst activ-
ty. Grafted metal content and pore diameter between parenthesis.

ial silicas, bearing roughly the same particle size, differences
n catalyst activity might be due to grafted metal content and
ore diameter.

.3. Polymer characteristics

The resulting polymers were characterized by GPC and DSC.
able 5 presents molecular weight, polydispersity index (PDI),
rystallinity and melting temperature. Data concerning catalyst
ctivity were also included.

According to Table 5, molecular weight of the resulting
olymers lies between 250 and 430 kg mol−1. PDI was around
.0, typical of polymers produced by single site catalysts. The
roadest polydispersity was observed in the case of HYD, but
he distribution was monomodal. The polymers showed similar

elting temperature (around 134 ◦C) and crystallinities between
7 and 66%.

No clear trend between the nature of the silica or surface
overage (Γ ) with Mw could be evidenced. For instance, for the
ommercial silicas, higher activity afforded polymers with lower
w, while for the xerogel systems, the opposite was observed.
evertheless, Mw of the resulting polymers seems to be influ-
nced by catalyst pore diameter, as shown in Fig. 10.
According to Fig. 10, for each family of silica support, as

atalyst pore diameter increases, polymer Mw enhances. The
resence of wide open or slit-shaped pores on the catalyst surface

ol−1) PDI χ (%) Tm (◦C)

2.0 66 135
2.1 50 134
1.9 60 134
3.0 47 134
2.4 55 134
2.0 53 134

◦C; t = 30 min.
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Fig. 10. Influence of the pore diameter on the molecular weight.

eems to guarantee monomer diffusion during polymer chain
rowth. Similar trends have already been reported in the litera-
ure, where the larger the average pore sizes of the silica support,
he higher the polymer melt index [6].

. Conclusions

Textural properties of silica support were shown to influence
everal parameters and properties of supported metallocene cat-
lysts. The particle size influences on catalytic activity. Low
rafted metal content and very active systems can be obtained
ith silica aerogel. Nevertheless, better catalyst activity was
btained with commercial silica, probably due to a more suitable
nd uniform particle size. Synthesized sol–gel silicas, produced
ither by hydrolytic or non-hydrolytic routes, did not afford any
dvantage in terms of catalyst activity, polymer characteristics or
ven polydispersity. By the way, even the likely heterogeneity of
he synthesized xerogel was not enough to afford an heterogene-
ty of the catalyst surface species capable to produce polymers
ith bimodal distribution, although supported zirconocene sys-

ems HYD and NHY have showed the largest polydispersity.
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