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The effect of the structure and surface properties of support ma-
terial on metallocene (zirconocene chloride) adsorption and catalyst
activity in ethene polymerization was studied. Commercial Grace
silica, mesoporous silicate, MCM-41, and aluminium-modified
MCM-41 were used as supports. The highest amount of zirconocene
dichloride was adsorbed on Al-modified MCM-41 (Si/Al= 32), pro-
viding the most reactive sites for attachment of the active compo-
nent on the support surface. The 13C-CPMAS NMR studies proved
that Cp2ZrCl2 is bound to the support surface. Also the highest
activity in ethene polymerization was obtained using this support.
c© 1999 Academic Press
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The main problems still faced in heterogenization are
INTRODUCTION

Metallocene catalysis can be considered as a major break-
through in polyolefin technology (1–4). Several studies re-
ported in the literature (5–10) have concentrated on the use
of supported metallocene complexes in the olefin polymer-
ization. Silica, alumina, and magnesium compounds are the
most used inorganic supports (2, 11). By heterogenization
the morphological characteristics of the polymers and the
metallocene activation step are improved (12). The aim is
to find a way to attach the metallocene to the support with-
out losing the performance of the homogeneous complex.
Three main immobilization techniques can be classified,
direct impregnation of metallocenes on the support, pre-
treatment of the support with ordinary alkylaluminiums or
methylaluminoxane (MAO) followed by the reaction with
the metallocene compound, and immobilization of metal-
locene ligands on the supports followed by addition of tran-
sition metal salts (10).
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lower yields and catalyst activity as compared to homoge-
neous system (5–10). Furthermore, a need of a threshold
level of MAO to work (Al/Zr range of 50–400) (12, 13) and
desorption of the metallocene from the catalyst when using
methylaluminoxane (MAO) as a cocatalyst (14) are serious
drawbacks. However, high molecular weights and melting
temperatures, narrow molecular weight distributions, and
improved polymer properties have been achieved for sup-
ported catalysts (4, 12, 15). The reasons for the low catalyst
activities are not clear, but the steric hindrance around the
active site on the silica surface seems to be one constraint
(16). The introduction of a spacer molecule such as trisilox-
ane or pentamethylene (16) or silanes (17) between metal-
locene and silica has resulted in increased catalyst activity
in ethene polymerization. Also, high surface area and the
presence of well-defined, stable sites for the attachment
of the active component to the support have been found
to be of importance (15). Mesoporous silicate, MCM-41,
is a member of a new family of mesoporous molecular
sieves, M41S, invented by Mobil researchers in 1992 (18,
19). The regular, cylindrical and hexagonally ordered pores
of MCM-41 have been observed to suppress the formation
of inactive binuclear complexes between two metallocenes
or between metallocene and methylaluminoxane, resulting
in stable active sites and high activity in propene polymer-
ization (20–22). The pores are large (2–10 nm, depending
on the alkyl chain length of surfactant) compared to, e.g.,
zeolites, which could enable large metallocene molecules
to be witheld not only on the surface but also inside the
supercage of the support.

In the present study the effect of structural features of
the Grace silica and MCM-41 supports on the metallocene
catalyst activity in ethene polymerization was evaluated.
In accordance with recent publications (23, 24) indicating
that the incorporation of other elements into the silicate
framework enhances the catalytic activity in different reac-
tions, the MCM-41 was modified with low concentrations of
4
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aluminium. The effect of aluminium on the structure and
surface properties of MCM-41 and further on the adsorp-
tion of the metallocene, zirconocene dichloride, on the sup-
port surface and on the catalyst activity was investigated.
The location and coordination states of aluminium after
calcination were of interest since aluminium is the origin of
the Brønsted acidity of aluminosilicate (25).

EXPERIMENTAL

Synthesis

The commercial silica (Grace, S8MY) was heat-treated
at 420◦C for 20 h before use, which is expected to leave
around 4 OH/nm2 (26). The Si-MCM-41 was synthesized
at 30◦C using hexadecyltrimethylammonium bromide (C16

surfactant, HTABr, Aldrich), water, NH3 (32% extra-pure,
Merck), and tetraethyl orthosilicate (TEOS, 98%, Aldrich)
as starting materials. The surfactant (0.048 M) was first dis-
solved in water at 30◦C, followed by addition of ammonia
(1.03 M) and TEOS (0.325 M). The white precipitate was
filtrated after 1 h of mixing, washed, dried at 90◦C (24 h),
and calcined at 550◦C (5 h; 1◦C/min). The heat treatment
removes the template molecules (surfactant) and gives
around 3 OH groups/nm2 on the MCM-41 surface (27).
Additional aluminium (molar ratio of Si/Al= 150, 100, 50,
20, and 5) was incorporated into the MCM-41 framework
during synthesis using aluminium isopropoxide (Aldrich,
99.99+%) as a metal source. Aluminium isopropoxide was
dissolved in 1-propanol (Merck, >99.5%) before use.

Catalyst Preparation

The metallocene, zirconocene dichloride (Cp2ZrCl2,
Aldrich, Cp= cyclopentadienyl), was immobilized on com-
mercial silica (Grace, S8MY), MCM-41, and Al-modified
MCM-41 (Si/Al= 20). The immobilization was carried out
in toluene (J. T. Baker, >99.5%; dried using Na metal
and benzophenone (Merck,>99%)) under nitrogen atmo-
sphere. Certain amounts of zirconocene dichloride were ad-
sorbed on the dehydrated supports to obtain zirconium con-
tents of 3.1 wt% (Grace SiO2, RT), 2.7 wt% (Grace SiO2,
70◦C), 4.7 wt% (MCM-41, RT), and 4.8 wt% (Si/Al= 20,
RT). After the reaction, the solid part was washed with
toluene and dried in vacuum.

Method of Polymerization

The reactor (0.5 dm3) was evacuated and flushed with ni-
trogen several times before we added toluene (Merck, GR
grade), MAO solution (10 wt% in toluene, Witco), and the
catalyst suspension in toluene (300 ml). The polymerization
reaction was started by introducing the ethylene (Air Liq-

uide, Grade 3.5) flow. Polymerization temperature (50◦C)
and partial pressure of ethylene (2.5 bar) were kept constant
during reaction. The polymerization was stopped after 30
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or 60 min, and the polymer was precipitated with dilute
HCl solution in ethanol, filtered, washed with ethanol, and
dried in vacuum. Methylaluminoxane, MAO, was used as
a cocatalyst with the Al/Zr molar ratio of 2000. The blank
reaction was done under the same conditions using only
MAO for the reaction.

Characterization of Supports and Catalysts

X-ray powder diffraction (PHILIPS PW 3710; CuKα ra-
diation) and thermoporometry (28, 29) (GETARAM DSC
92; He atmosphere; water as solvent) were used to verify the
pore structure and to determine the pore radius (r) of the
calcined (550◦C) MCM-41 supports. The nitrogen adsorp-
tion/desorption isotherms, the BET (Brunauer, Emmett,
and Teller) surface area, and the pore size distribution
(Barrett–Joyner–Halenda (BJH) formula (30, 31)) for sup-
ports and catalysts were measured using Micromeritics
ASAP 2010 equipment. Prior to the analyses, the samples
were pretreated at 150◦C (support) or at 70◦C (catalyst).

The silicon, aluminium, and zirconium metal contents
were determined using ICP-MS. The thermogravimetric
(Netzsch TG-209) analyses of the dried samples were car-
ried out in air to simulate the calcination process in the
oven during sample preparation (2 h at 90◦C, 90–550◦C
1◦C/min, 5 h at 550◦C). The solid-state 27Al-NMR spec-
tra (background subtracted) were measured using a Varian
Unity Plus 300 spectrometer (78.156 MHz, a high-speed
MAS probe from Doty Scientific) with direct polarization,
0.6 µs pulse duration (15◦ pulse angle), 8700 Hz spinning
speed, and 0.5 s recycle delay. The chemical shifts were ref-
erenced to a saturated AlCl3 solution.

The solid-state 1H-MAS-NMR (a Chemagnetics CMX
infinity 400 MHz spectrometer) experiments were carried
out using 11.3 kHz rotation, 64 transients, 2.5-µs pulse, and
20-s delay time. The samples were pretreated under vac-
uum for 2.5 h at 400◦C. The FTIR (Bruker IFS 66) spectra
were recorded using a diffuse reflectance unit (DRIFT) and
potassium bromide as background material. The resolution
of the FTIR equipment was 4 cm−1. The pore structure of
the support materials was evaluated with transmission elec-
tron microscopy, TEM (Philips CM20, used with a high ten-
sion of 200 kV). The samples were deposited from a slurry
in ethanol on Cu/carbon lacey grids (AGAR).

The solid-state 13C-CPMAS NMR experiments (Che-
magnetics CMX 270 Infinity NMR spectrometer) of cata-
lysts were performed using the parameters 4.5-µs (90◦)
pulse (55 kHz r.f. fields), 2.0-ms contact time, 5.0-s recycle
delay, 15000 (Grace) or 50000 (MCM-41) transients, and
5.0 kHz MAS rotation frequency.

The molecular weights and molecular weight distribu-

tions of polyethenes (PE) were determined with a Waters
150C gel permeation chromatograph (GPC) operating at
140◦C from samples dissolved in 1,2,4-trichlorobenzene.
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The melting temperatures (Tm) of polymers were measured
with a Mettler Toledo Star DSC821 differential scanning
calorimeter (DSC) upon reheating of the polymer sample
to 150◦C at a heating rate of 10◦C/min.

RESULTS AND DISCUSSION

Support

Structural features of Grace silica and MCM-41. The
morphologies of the commercial silica (Grace, S8MY) and
MCM-41 are clearly different. Grace silica consists of parti-
cle aggregates with an average size of 70µm while the main
structural feature of MCM-41 is the pore structure not be-
tween, but inside the particles. The thickness of the silicate
walls is around 1 nm (18). Both materials are amorphous,
but the hexagonally ordered pores of the MCM-41 give rise
to XRD reflections which are typical for hexagonally or-
dered mesoporous materials (Fig. 1) (18). The characteris-
tic Bragg peaks with d-spacings 3.88, 2.25, 1.97, and 1.47 nm
correspond to reflections from the (100), (110), (200), and
(210) planes, respectively.

The pore shape, pore size, pore size distribution, and
pore connectivity are the most important factors for the
adsorption reaction between the active component and the
support (11). The N2 adsorption/desorption isotherms and
pore size distributions in Fig. 2 show clearly the difference
between these two materials. The large pores between the
particles filled at high relative pressures and broad pore
size distribution (6–30 nm) are characteristic for Grace sil-
ica. The inflection in the adsorption isotherm of MCM-41
reflects the filling of the mesopore system. The pore size
distribution is narrow (2–3 nm), as seen in Fig. 2b. BET
surface areas of 372 and 1093 m2/g and pore volumes of 1.7
and 1.03 ml/g were observed for Grace silica and MCM-
41, respectively. The pores with small and regular size in
FIG. 1. The X-ray powder diffration patterns for Grace silica and Si-
MCM-41.
ET AL.

FIG. 2. The nitrogen adsorption/desorption (a) and pore size distri-
bution (b) curves for Grace silica and Si-MCM-41.

MCM-41 are expected to provide space and stable active
sites for metallocene adsorption and to prevent the forma-
tion of a complex between two metallocene molecules (20,
21). For Grace silica supported metallocene catalyst the for-
mation of binuclear complexes has been observed, resulting
in inactive sites after immobilization (20, 21).

Effect of Al-incorporation on the MCM-41 structure.
The results of elemental analysis, X-ray powder diffraction,
thermoporometry, and N2 adsorption/desorption studies of
the MCM-41 supports (550◦C) are collected in Table 1. The
modified samples contain 0.5–6.2 wt% aluminium. The
mass balance yield of Al-incorporation (exp/theor) is 97–
44% with increasing aluminium concentration. The lower
Al contents obtained in the final product (Si/Al= 152, 116,
60, 32, and 10) compared to the initial amounts (Si/Al= 144,
100, 50, 20, and 5) are most probably due to imperfect dis-
solution of Al-alkoxide in 1-propanol.

The thermogravimetric analysis of the dried samples

(90◦C) showed that water and organics are released or
burned from the structure in three main steps (Fig. 3), at
90–205, 205–265, and 265–350◦C. The steps relate to
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TABLE 1

The Results of Elemental Analysis, X-Ray Powder Diffraction, Thermoporometry, and N2 Adsorption/Desorption
Studies of the Prepared Supports

Si/Al, Si/Al, BET Average Pore Pore d-value,
initial Metal content final surface area Pore volume pore diametera radiusb radiusc XRD

Support (molar ratio) (wt%) (molar ratio) (m2/g) (cm3/g) (nm) (nm) (nm) (nm)

Grace SiO2 372 1.7 6-30
Si-MCM-41 Si 45.68 1093 1.0 2.9 1.50 1.92 3.88
Si/Al= 150 144 Si 43.81 152 1138 0.99 3.1 1.54 1.94 4.02

Al 0.47

Si/Al= 100 100 Si 48.51 116 1131 0.99 3.1 1.52 1.92 3.97
Al 0.68

Si/Al= 50 50 Si 46.16 60 1099 0.95 3.1 1.54 1.94 4.11
Al 1.25

Si/Al= 20 20 Si 46.97 32 1126 0.99 2.8 1.45 1.87 3.88
Al 2.42

Si/Al= 5 5 Si 39.46 10 1020 0.50
Al 6.19
a The values were determined using the desorption branch of the N2 isotherm and the BJH formula (30, 31).
1
r

b The values were determined by thermoporometry using the equation
c The values were determined by thermoporometry using the equation
FIG. 3. The TG (a) and DTG (b) curves for MCM-41 supports.
/d= ((1/T)− (1/T0))/(1/401.65), where T0 is 276.17 K (37).
= (−64.67/(−)Peak Top Temp.)+ 0.57 (38).

removal of water inside the pores and/or the template
molecules not involved in the silicate structure, the desorp-
tion of the main part of the template molecules involved
in the silicate structure, and the combustion of the remain-
ing carbon species (e.g., adsorbed trimethylamine, fraction-
ated template molecules, residual carbon, and deposited
carbon), respectively (27). The weight loss at higher tem-
peratures (>350◦C) is due to the burning of the rest of the
organics and/or the loss of water released as a result of con-
densation of silanol groups to siloxane bonds (32). The total
weight loss is diminished from 43 to 35% with increasing
Al content. All the organics are burned off and no dealumi-
nation seems to occur during the calcination. According to
the literature (32, 33–36), partial dealumination has been
observed at higher than 400◦C calcination temperatures.

The structural analysis (XRD and TEM) of the Al-
modified MCM-41 supports showed that the hexagonal
pore structure of MCM-41 becomes less ordered with
increasing aluminium concentration (Figs. 4 and 5). Using
this particular synthesis route the maximum amount of
aluminium that can be incorporated to keep the hexagonal
ordering is 2.4 wt%. The TEM image shows still some level
of ordering of the pores for Si/Al= 10, but not enough to
be detected by XRD. The Si/Al= 32 support is suitable
for catalyst preparation and further for polymerization
reaction.

A high surface area material was obtained for all sam-
ples (Table 1). The main property required for the sup-

port, i.e., a high surface area available for the active com-
ponent, is therefore still fulfilled (11). The pore size was
observed to slightly diminish with increasing Al content.
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FIG. 4. The X-ray powder diffraction patterns for Si-MCM-41 and
Al-modified MCM-41 supports.

The following ranges were obtained for the pore diameter
(Table 1): d (sorptometry)= 2.8–3.1 nm, d (thermoporom-
etry, Eq. [1])= 2.90–3.08 nm, and d (XRD)= 2.88–3.11 nm.
The agreement is obviously quite spectacular. The wall
thickness (∼1 nm) was taken into account in the case of
the XRD results, and the freezing temperature of water
within the pores determined by thermoporometry was re-
lated to the solid–liquid interface curvature using Eqs. [1]
and [2] (T0 is 276.17 K) (37, 38).

1
d
=
(

1
T
− 1

T0

)/
(1/401.65) [1]
FIG. 5. The TEM images for Si-MCM-41 (a) and Al-modified MCM-
scattering matter (pores), and dark areas are concentrations of scattering m
ET AL.

FIG. 6. The solid-state 27Al-NMR spectrum for MCM-41 containing
6.2 wt% of additional aluminium.

State of the incorporated Al and number of the surface
sites. The location of aluminium together with the num-
ber and type of the surface sites are of importance as the
active component is adsorbed on the support. These prop-
erties were determined using solid-state 27Al-NMR, 1H-
MAS-NMR, and FTIR spectroscopy. The 27Al-NMR spec-
trum was obtained only for the sample (550◦C) containing
the most aluminium (6.2 wt%) because of the limited sen-
sitivity of the equipment. The two peaks observed at 50.4
and −5.7 ppm are related to the 4-coordinated and the 6-
coordinated aluminium, respectively (Fig. 6) (33). The 4-
coordinated aluminium is structural and the 6-coordinated
one is most probably located in the pores. The peak at
r = −64.67
(−)Peak Top Temp.

+ 0.57 [2]

104.0 ppm is caused by the background. The results are
in accordance with the work done by several other re-
search groups (34–36): only less than 3 wt% of aluminium
41 (Si/Al= 32) (b). The light areas in the images correspond to a lack of
aterial (walls). The magnification is 380000× .
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have been managed to be incorporated into the silicate
framework. The source of silicon and aluminium has been
found to be a key factor for the state of incorporation (30,
34–36). Janicke et al. (39) have recently shown that octa-
hedral aluminium environments could be formed by strong
interactions between framework Al species and adsorbed
water or surfactant molecules in the mesoporous channels
in the as-synthesized aluminosilicate MCM-41 material.
During calcination the octahedral Al sites could be con-
verted into species with tetrahedral coordination. The ob-
tained framework aluminium induces a slightly higher de-
gree of Brønsted acidity for Al-modified MCM-41 (Si/Al=
10) compared to purely siliceous MCM-41.

The densities of OH groups of 19.4 and 16.3× 1020 OH/g
were obtained for MCM-41 and Si/Al= 32 using solid-state
1H-MAS-NMR. These relate to 1.8 and 1.4 OH groups/nm2.
The results indicate that less binding sites/nm2 are avail-
able in the MCM-41 silica than in Grace silica (around 4
OH groups/nm2) (26). On a mass basis the number of OH
groups, 14.9× 1020 for Grace silica and 19.4–16.3× 1020 for
MCM-silica, are nearly equal. A comparison of the total
number of OH groups might give a misleading value of the
groups available for surface reactions, since some sites re-
main inaccessible even after high-temperature treatments
(40). The number of OH groups obtained for MCM-41
is fewer than the values found in the literature (27) (2.5
to 3 OH/nm2), but the synthesis route, starting materials,
and synthesis conditions have a big influence on the sur-
face properties (41). No evidence for the presence of acidic
AlOHSi type OH groups (between 3.5 and 5.0 ppm) could
be obtained for the sample Si/Al= 32. The spectrum con-
sisted of one main peak at about 2.0 ppm and a shoulder at
2.4 ppm, due to Si–OH groups, and a broad peak at about
3.5 ppm, due to residual water. This result is in agreement
with the 27Al-NMR studies.

The FTIR spectra for Grace silica (420◦C), Si-MCM-41
(550◦C), and Al-modified MCM-41 (Si/Al= 32 and Si/Al=
FIG. 7. The FTIR spectra for Grace silica, Si-MCM-41, and Al-
modified MCM-41 (Si/Al= 32 and Si/Al= 10).
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TABLE 2

The Results of the Zirconium Analysis of the Prepared Catalysts

Zr0 Zranal. Zrads. Canal.

Support (wt%) (wt%) (%) (wt%) n(C/Zr)

Grace SiO2, RT 3.1 1.1 35.5 1.9 13.2
Grace SiO2, 70◦C 2.7 1.2 44.4 2.2 13.5
Si-MCM-41 4.7 1.6 34.0 6.1 28.5
Si/Al= 32 4.8 2.7 56.3 6.3 18.1

10; 550◦C) do not show any big differences (Fig. 7). The
peaks at 3745 and about 977 cm−1 are related to iso-
lated single Si–OH groups. The vibrations caused by silox-
ane bridges, Si–O–Si, are observed at 1350–910 and about
811 cm−1 together with the overtone peaks at 1975 and
1870 cm−1. When aluminium is added to the MCM-41 struc-
ture the peak at 3745 cm−1 decreases and the peak at
978 cm−1 disappears. Also, the peaks due to Si–O–Si vibra-
tions are observed to diminish. It is difficult to detect any
Si–O–Al vibrations and additional OH groups as a result
of Al incorporation, most probably because of overlapping
of peaks due to the low Al-concentration.

Catalyst Characterization

The results of the zirconium analysis of the prepared cata-
lysts are collected in Table 2. The catalysts immobilized on
Grace silica (RT and 70◦C), Si-MCM-41, and Al-modified
MCM-41 (Si/Al= 32) contained 1.1 (RT), 1.2 (70◦C), 1.6,
and 2.7 wt% zirconium, respectively. The highest amount of
added zirconium, 56%, was adsorbed on the Al-containing
MCM-41 support. The zirconium adsorption was observed
to occur equally on siliceous MCM-41 and on Grace silica
supports (∼35%). The higher immobilization temperature
(70◦C), however, enhanced the Zr adsorption on Grace sil-
ica by 9%. Additional aluminium seems to have a big effect
on the surface properties of MCM-41, giving more reactive
surface sites for Cp2ZrCl2 to bond as compared to the purely
siliceous MCM-41. The temperature programmed desorp-
tion (TPD) studies of ammonia and the adsorption studies
carried out using organic probe molecules with different
Lewis/Brønsted acidity/basicity support this result (42). The
results clearly indicate the increase in number and strength
of surface sites as a result of addition of aluminium in the
MCM-41 structure.

The 13C-CPMAS NMR spectra (Fig. 8) measured for
the Cp2ZrCl2-Grace SiO2 and Cp2ZrCl2-Si/Al= 32 cata-
lysts show one sharp peak at 115 ppm. The peak is re-
lated to the cyclopentadienyl (Cp) ring bonded to zirconium
(43), and according to studies of Kröger-Laukkanen et al.
(44) the species on the surface might be X3ZrO–Si (where

X is Cp or Cl). A shoulder at 117.9 ppm is observed for
Si/Al= 32-Cp2ZrCl2 catalyst. This might indicate that zirco-
nium is bound to two oxygens, the species being X2Zr(OSi)2
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FIG. 8. The 13C-CPMAS NMR spectra for (a) Cp2ZrCl2-Grace SiO2

and (b) Cp2ZrCl2-MCM-41-Si/Al= 32 catalysts.

(44). The results prove that the zirconocene is bound to
the support surface mainly via isolated OH groups and
on Al-modified MCM-41 partly via hydrogen-bonded OH
groups. Maschmeier et al. (45) have observed titanocene
dichloride to mainly anchor on MCM-41 via three oxygen
atoms.

The maximum Van der Waals radius of the zirconocene
dichloride molecule is 0.79 nm (calculated from the crystal

structure (3))
(Si-MCM-41)
thereby provi

2 2

Si/Al= 32 1127 0.99
Si/Al= 32+Cp2ZrCl2 917 0.64
ET AL.

the surface OH groups inside the pores. The pore structure
and pore size after the immobilization of Cp2ZrCl2 onto the
MCM-41 and Al-modified MCM-41 supports were studied
by X-ray powder diffraction and N2 adsorption/desorption
measurements (Table 3 and Fig. 9). It is important that the
pore shape remain ordered and that there is enough space
for the chain-transfer to occur after immobilization. The
XRD studies showed that the ordered pore structure of
the MCM supports is still left after the immobilization
(Table 3). The intensity of the (100) peak in the XRD pat-
tern decreased as a result of immobilization. The BET sur-
face area, pore volume, and average pore diameter were ob-
served to decrease, 34 m2/g/0.05 ml/g/0.08 nm in the case of
Si-MCM-41 and 210 m2/g/0.35 ml/g/0.21 nm for Al-modified
MCM (Si/Al= 32), respectively (Table 3, Fig. 9). The pores
become slightly smaller as a result of immobilization of zir-
conocene dichloride (1–3 wt% Zr on the support), but the
penetration of these molecules into the pores of MCM-41
can not be fully proved by these studies. The determination
of the real internal pore size by thermoporometry could
give more insight into the adsorption phenomenon.

Catalyst Activity in Ethene Polymerization

The preliminary ethene polymerization results show a
clear difference in the catalyst activity of Grace silica
(70◦C), Si-MCM-41, and Al-modified MCM-41 (Si/Al=
32) supported metallocenes (Table 4). The molar ratio
Al(MAO)/Zr was 2000. The blank reaction carried out in
the same conditions using only MAO for the reaction did
not show any activity. Taking the Zr content of the catalyst
into consideration, the use of Si-MCM-41 as a support re-
sulted in the lowest activity (6100 kgPE/(molZr · h); PE=
polyethene), while the highest activity (15800 kgPE/
(molZr · h)) was observed for the Al-modified MCM-41
(Si/Al= 32) supported metallocene. It could mean that the
formation of inactive complexes between two metallocene
luminoxane
se. The lower
s compared
. The pores with an average diameter of 2.9 nm
and 2.8 nm (Si/Al= 32) (Table 1) would

de space for one Cp2ZrCl2 molecule to bind to

TABLE 3

The Results of N2 Adsorption/Desorption and XRD Studies before and after the Immobilization
of Cp2ZrCl2 (Pretreatment at 70◦C)

BET surface Pore volume Average pore diameter Zranal. d-value, XRD
Support/catalyst area (m2/g) (ml/g) (nm) (wt%) (nm)

Grace SiO2 (70◦C) 372 1.70 6–25 nm (most 14 and 18 nm)
Grace SiO2+Cp2ZrCl2 346 1.57 6–25 nm (most 14 and 18 nm) 1.2
Si-MCM-41 1140 1.03 2.95 3.89
Si-MCM-41+Cp ZrCl 1106 0.98 2.87 1.6 3.91

molecules or between metallocene and methyla
was most successfully prevented in the latter ca
activity of the MCM-41 supported catalyst a
2.85 3.88
2.64 2.7 3.99



T
MCM-41 SUPPORTED ME

FIG. 9. The nitrogen adsorption/desorption isotherms (a) for Si-
MCM-41 and Al-modified MCM-41, and (b) for Si-MCM-41, and (c) for
Al-modified MCM-41 (Si/Al= 32) before and after the adsorption of
Cp2ZrCl2.

to the Grace silica one could result from a steric hindrance in

the pores of MCM-41. An activity of 29900 kgPE/(molZr ·
h) was obtained for homogeneous Cp2ZrCl2 under the same
conditions.
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The comparison of the observed activities with the lit-
erature values is rather difficult because of the different
polymerization conditions used in every study. The activity
values obtained in this study for homogeneous Cp2ZrCl2
are close to the values obtained in the literature, e.g., (46),
34000 kgPE/(molZr · h) with an Al(MAO)/Zr ratio of 1500
although also much lower values have been achieved, e.g.,
(13), 660–2095 kgPE/(molZr · h) with an Al(MAO)/Zr ratio
of 200–500. The activities of the studied supported catalysts
are high compared to values obtained by other research
groups using Cp2ZrCl2/SiO2 catalysts, when the active com-
ponent has been deposited directly on the support. Sacchi
et al. (13) obtained activities 11–207 kgPE/(molZr · h) for a
heterogeneous catalyst using an Al/Zr molar ratio of 200–
500. By using Cp2ZrCl2/HY-zeolite catalyst (Al/Zr= 1500)
as high as 17900 kgPE/(molZr · h) activity has been achie-
ved (46). The MAO-pretreatment of the SiO2 support has
usually been observed to increase slightly the catalyst ac-
tivity, e.g., (47), 940 kgPE/(molZr · h) with an Al(MAO)/Zr
ratio of 1000 and, e.g., (4), 4700 kgPE/(molZr · h) with
Al(MAO)/Zr ratio of 200.

The weight-average molecular weights and the numerical
values of the ratio of weight- to number-average molecular
weights (Mw/Mn) observed for MCM-41 and Grace silica
supported catalysts were almost the same, 430000–450000 g/
mol and 2.2–2.3, respectively (Table 4). The homogeneous
Cp2ZrCl2 produced polyethene with molecular weights of
482000 and 476000 g/mol and Mw/Mm ratios of 2.7 and 2.5
(Table 4). The molecular weights for the supported cata-
lysts are observed to be slightly lower than those of the ho-
mogeneous complex. Often the values in the literature are
higher for supported catalysts compared to homogeneous
system (13). For example, in the studies of Sacchi et al. (13)
molecular weights of 260000–270000 and up to 450000 were
obtained for homogeneous and heterogeneous systems, re-
spectively (Al(MAO)/Zr= 300–500). The observed molec-
ular weight distributions are narrow around 2.2, which is a
typical value for polymers prepared with metallocene cata-
lysts (2). In some studies (12), the use of supported catalysts
has also been observed to lead to higher Mw/Mm (2–5) of
PE. The observed melting temperatures, Tm, of the poly-
mers between 135 and 138◦C are high, indicating the for-
mation of linear high-density polyethene (48).

The partial desorption of the zirconocenes, L2ZrR2 (L=
cyclopentadienyl, indenyl; R=CH3, C2H5, Cl), from the
support when reacting with MAO have been observed in
several studies (7, 13, 14, 49). The stage of desorption de-
pends on the polymerization conditions applied. The test
reactions for the solution part (toluene soluble part) of
the suspension after reaction of the catalyst with MAO
were not done in the present work. According to the lit-

erature and studies carried out for a similar catalyst using
the same reactor, the desorption might be fairly notable
also in the reactions studied here.
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TABLE 4

The Preliminary Results of Ethene Polymerizations with Silica Supported Cp2ZrCl2 Catalysts

Zr mcat n(Zr) tp Yield Activity in kg PE/ Tm Mw

Catalyst (wt%) (mg) (µmol) Al/Zr (min) (g) (mol Zr · h) (◦C) (gmol−1) Mw/Mn

Cp2ZrCl2–Grace SiO2
a 1.2 3.4 0.46 2000 30 2.3 10000 137.3 451000 2.2

Cp2ZrCl2–Si-MCM-41 1.6 2.4 0.43 2000 60 2.6 6100 135.5 431000 2.3
Cp2ZrCl2–Si/Al= 32 2.7 1.4 0.41 2000 30 6.4 15800 137.9 451000 2.2

Cp2ZrCl2

b 0.1 0.3 2000 30 5.1 29900 137.5 476000 2.5
a Cp2ZrCl2 was immobilized at 70◦C.
b Homogeneous catalyst.

CONCLUSIONS

The structures of Grace silica and mesoporous silicate,
MCM-41, are different. The MCM-41 has regular and
hexagonally ordered pores inside the particles. Grace silica
is formed of around 70-µm particle aggregates with large
pores between the aggregates. It has lower BET surface
area and broader pore size distribution than MCM-41. The
well-defined pores of MCM-41 provide stable sites for at-
tachment of the active component.

Using aluminium isopropoxide as a metal source, a
hexagonally ordered pore structure could be obtained as
less than 2.4 wt% of aluminium (Si/Al= 32) was involved.
No evidence for AlOHSi bonding could be obtained for
this support as deduced by solid-state 1H-MAS-NMR and
FTIR studies. However, two peaks in the 27Al-NMR spec-
trum obtained for the Si/Al= 10 support indicated that alu-
minium is partly 4-coordinated and partly 6-coordinated.
The Si/Al= 32 support was chosen for further studies in
catalyst preparation and in ethene polymerization. The
most active component, zirconocene dichloride, could be
adsorbed on this support, revealing the presence of more
reactive surface sites for Cp2ZrCl2 attachment. The 13C-
CPMAS NMR studies showed that zirconocene dichloride
is attached to the support surface.

The preliminary ethene polymerization results show that
the additional aluminium incorporated in the MCM-41 sup-
port (Si/Al= 32) has a big effect on catalyst activity. Clearly
higher activity was observed as compared to the purely
siliceous MCM-41 supported catalyst. The high surface area
of MCM-41 could not be proved to have a large effect on
the ethene polymerization reaction compared to the lower
surface area material, Grace silica. The observed molec-
ular weights of 431000–451000 g/mol and the Mw/Mm ra-
tio of around 2.2 are typical for polymers prepared with
metallocene catalysts. The melting temperatures, around
135◦C, indicate the formation of linear high-density poly-
ethene.

Further research will concentrate on whether the adsorp-

an active component occurs in the pores. In order
ish the desorption of an active component from a

, MAO could be adsorbed on the support before
addition of Cp2ZrCl2. Also the activity of the studied cata-
lysts in propene polymerization is of interest, where the
structural effect might be important. Then the possibility
of improving the tacticity of the polypropene is of special
interest.
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