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Abstract

In the present work CpTiCl3 pretreated with tri-iso-butylaluminium was immobilized on MgCl2 supported Ziegler–Natta
catalyst. The resulting catalysts were characterized by a series of techniques, namely thermal analysis (TGA/DTA), X-ray
photoelectron spectroscopy (XPS), 27Al magic angle spin nuclear magnetic resonance (27Al MAS–NMR), UV–VIS spectro-
scopic analysis, inductively-coupled plasma–atomic emission spectroscopy (ICP–AES) and elemental analysis. The catalysts
UV–VIS spectrum showed a broad absorption band at 390 nm indicating the presence of metallocene cyclopentadienyl ring.
According to XPS analysis, only hybrid catalysts showed two peaks in the Ti (2p3/2) region after the spectrum deconvolution,
a lower binding energy peak at 455 eV and another one at 457 eV (Ti4+). These appear to be due to difference of electroneg-
ativity in the coordination sphere of the Ti due to the TiCl4 and the Cp(i-Bu)TiCl2 fixed on the hybrid Ziegler–Natta catalyst.
All catalyst systems were active in ethylene-1-butene copolymerization. The resulting polymers obtained with the hybrid
catalyst showed a shoulder in the DSC thermogramme fusion peak. It might be caused by a polymer fraction produced by
the additional Ti center in the catalyst due to the Cp(i-Bu)TiCl2. Microscopic analysis showed that the polymer replicated the
spherical morphology of the catalyst grain. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The nature of the active centers presented in the
stereospecific Ziegler–Natta catalysts has been largely
studied in the literature [1–7]. Most of these works
deal with systems where titanium tetrachloride (TiCl4)
was supported on magnesium dichloride (MgCl2) in
the presence of an internal electron donor. Busico et al
[4–7], in a series of papers, proposed the existence of
two types of active sites depending on the support face
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acidity, Ti2Cl6 being the stereospecific one respon-
sible for the isotactic chain propagation, while TiCl3
the nonsterospecific one responsible for the random
propagation [1–7], as shown in Scheme 1. Catalyst
activity depends on the activation by alkyl aluminium
co-catalyst, such as trimethylaluminium (TMA), tri-
ethyaluminium (TEA) and tri-iso-butylaluminium
(TIBA).

In the 1980s, Sinn and Kaminsky discovered a
new class of homogeneous stereospecific catalysts,
combining group 4 metallocene compounds with
methylaluminoxane (MAO), capable of polymerizing
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Scheme 1.

�-olefins in high activity. Metallocene catalysts have
been constantly reviewed in the literature [8–11].

In the metallocene catalytic systems, there is only
one type of active center with defined coordination
sphere (single site catalysts). Some proposals of ac-
tive center formation between the metallocene and
MAO are reported in the literature [12,13]. Unfor-
tunately, these catalysts require a large amount of
expensive MAO to reach the maximum catalytic ac-
tivity, which, to some extent, may impair its value in
commercial applications. For that reason, much effort
has been made not only to lower the amount of MAO
in polymerization but also to find a new co-catalyst
to replace it [14–17]. Moreover, besides the high
amount of MAO, there are other disadvantages in the
use of soluble metallocene catalysts. A solution poly-
merization process requires separation of the polymer
recovery and purification of the solvent. On the other
hand, gas phase processes have lower cost and en-
ergy consumption. Most of the existing slurry and
gas-phase polymerization plants run with heteroge-
neous catalysts [18–21], therefore homogeneous cata-
lysts must be heterogenized if there will be application
in those processes. Moreover, the heterogenization
of metallocene is necessary to avoid reactor fouling
with finely dispersed polymer particles and to pro-
duce polymer particles with controlled morphology
[22,23].

In the last decade, many attempts have been made
in the heterogenization of metallocene compounds.
Different preparatory routes are described in the

literature [24–26] aimed at developing supported
metallocene catalysts which could substitute, without
higher costs, the heterogeneous catalyst Ziegler–Natta
(TiCl4/MgCl2) in the industrial plants.

Metallocene catalysts are capable of producing
polymers with special properties depending on the
organometallic precursor employed. The linear low
density polyethylene (LLDPE) produced by the
copolymerization of ethylene with �-olefins is ob-
tained by metallocene catalyst/MAO system, with
homogeneous distribution of the comonomer in the
polymer chain. The production of polymers with nar-
row molecular weight and composition distribution
leads to many improvements in physical properties,
such as clarity, impact resistance and environment
crack resistance. However, such polymers, besides
presenting a higher tendency to melt fracture, are
much more difficult to be processed. Therefore,
molecular weight distribution and composition dis-
tribution broadening is desirable for certain applica-
tions. One approach to overcome such inconvenience
consists of concomitantly using two catalysts with
different responses to hydrogen and comonomer in
the same reactor for producing polymers with broad
molecular weight distribution. A few reports in the
literature deal with the immobilization of two met-
allocene catalysts on the same support. For instance,
Et(Ind)2ZrCl2 and Cp2HfCl2 grafted together on
silica produce unimodal and bimodal polyethylene
[27]. Broadening on polydispersion was also ob-
served in polymers produced by zirconocene differ-
ing in the coordination sphere and co-supported on
silica, such as Me2C(Cp)(2,7-(t-Bu)2Flu)ZrCl2 and
Ph2C(Cp)FluZrCl2 [28] or Me2Si(2-MeInd)2ZrCl2
and Me2C(Cp)(Flu)ZrCl2 [29]. Very recently,
Ziegler–Natta/metallocene hybrid and mixed catalysts
have been employed for controlling the molecular
weight distribution in polyethylenes [30]. Polyethy-
lene bimodal was also achieved using a mixture of
Ziegler–Natta catalyst and metallocene/MAO ones
[31].

In previous work, we have studied the immobiliza-
tion of zirconocene directly on silica support [32–34],
on organosilicon-modified silica [35] and on hybrid
sol–gel synthesized silica [36]. In the present work,
we studied the immobilization of monocyclope-
ntadienyltitanium trichloride (CpTiCl3) pretreated
with TIBA on TiCl4/DIBP/MgCl2 to obtain a hybrid
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Ziegler–Natta/metallocene catalyst. The resulting
catalysts were characterized by elemental analysis,
X-ray photoelectron spectroscopy (XPS), inductively-
coupled plasma–atomic emission spectroscopy
(ICP–AES), thermal gravimetry analysis (TGA),
UV–VIS spectroscopy and 27Al magic angle spin
nuclear magnetic resonance (MAS–NMR). The cat-
alyst systems were evaluated in ethylene-1-butene
copolymerization. Resulting copolymers were char-
acterized by melting flow index (MFI), Fourier
transformed–infrared spectroscopy (FT–IR) and dif-
ferential scanning calorimetry (DSC). Catalyst and
polymer morphology were analyzed by optical mi-
croscopy.

2. Experimental

2.1. Chemicals

All the chemicals were manipulated using the
Schlenk technique. A fourth generation Ziegler–Natta
catalyst with approximately 2.2 wt.% Ti and around
12 wt.% di-iso-butylphthalate (DIBP) (MCM1, Akzo
Nobel Chemicals Inc.) and CpTiCl3 (Bouder Sci-
entific Company) were used as received. The alkyl
aluminium compounds, TEA and TIBA (Akzo Nobel
Chemicals Inc.) were employed in n-hexane solution.
The n-hexane (IBRASOL) used in the catalyst prepa-
ration and copolymerization reactions was dried with
3 Å molecular sieve.

2.2. Catalyst preparation

Dry n-hexane (8 ml) was added into a Schlenk tube
containing CpTiCl3 (1 mmol), followed by dropwise
addition of 0.7 ml of TIBA (2.8 mmol) under magnetic
stirring. After 2 h at room temperature, the solution
turned dark purple, nearly black, then it was added
to a suspension of Ziegler–Natta catalyst (2 mmol of
Ti) in n-hexane, in a glass reactor equipped with me-
chanical stirring. The mixture was kept at 40◦C for
5 h at 300 rpm. The residual solid was washed with
n-hexane and dried in nitrogen flow. The resulting
catalysts metallocene/Ziegler–Natta hybrid catalysts
(Met/ZN) were prepared with molar ratio between 0.2
and 0.5. For XPS comparative evaluation, two other
catalysts were prepared under the same procedure as

the hybrid ones, but in absence of the metallocene
catalyst (ZNT1 and ZNT2).

2.3. Catalyst characterization

2.3.1. Elemental analysis
The catalysts were attacked by H2SO4 (2N) solu-

tion and the titanium content in it was determined
by the colorimetric method with H2O2. The magne-
sium content was determined by titration with EDTA,
while chloride content was determined by the Vol-
hard method. The total organic content of the catalysts
(residual ethanol, internal donor and aluminium com-
pound) was assumed as the difference between 100
and the sum of the percentage of Ti, Mg and Cl.

2.3.2. X-ray photoelectron spectroscopy
XPS were obtained on a PHI 5600 Esca System

(� Physical Electronics), using an Al monochromated
2 mm filament (Al K� radiation, 1486.6 eV). Spec-
tra were run at room temperature in low resolution
(pass energy 235 eV) in the range of 1000–0 eV, and
in high-resolution (pass energy 23.5 eV) modes for the
Mg (2s), Al (2p) and Ti (2p3/2) regions.

The solid catalyst samples were fixed on an adhe-
sive copper tape as thin films. Prepared samples were
then evacuated at 10−6 Torr by a turbo molecular
pump in an introduction chamber for 90 min. Dur-
ing data collection, the ion pumped mass chamber
was maintained at under vacuum less than 10−9 Torr.
Each sample was analyzed at a 75◦ angle relative to
the electron detector. Normally 50 scans were signal
averaged for selected binding energy windows and
processed by the software supplied by the manufac-
turer. Neutralizer environment was 21.5 mA.

Binding energies examined (element, transition,
approximative binding energy, and range scanned)
were as follows: Mg 2s, 89 eV, 100–85; Al 2p,
72.9 eV, 70–80; Ti 2p3/2, 454, 450–470; Cl 2p3/2,
199, 190–205; O 1s, 531, 525–540 eV; C 1s, 285,
280–292 eV. Accurate binding energy was determined
by referencing to the Mg 2p core level from MgCl2.

Estimation of surface atomic ratios involved inte-
grated areas and calculated atomic sensitivity factors.
The sensitivity factors employed were Mg (2s), 50.54;
Al (2p), 57.59; Ti (2p), 347.0; Cl (2p), 152.6; O (1s),
136.5; C (1s), 58.2, empirically derived for the elec-
tron energy analyzer supplied by Perkin-Elmer.
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2.3.3. Inductively-coupled plasma–atomic
emission spectroscopy

The Al and Ti contents in the catalyst were also
measured by ICP–AES on a Seiko spectrometer (SPS
7700). The catalyst samples were previously attacked
by acid digestion using H2SO4 2N solution.

2.3.4. Thermal gravimetry analysis
The TGA analysis of the solid catalysts were per-

formed in the TA instruments Universal model V1.7F
equipment under N2 atmosphere. Samples were heated
from 30 to 1000◦C at a heating rate of 20◦C/min.

2.3.5. UV–VIS spectroscopy
The solid catalysts were characterized as slurry in

Nujol. The analysis were performed in a DW-2000
spectrometer (Sim-Aminco, USA), equipped with a
tungsten (vis) and deuterium (UV) lamps, and a beam
scrambler, which diffuses the entering light to form
a uniform field of illumination, eliminating any spa-
tial differences between beams. In order to increase
the transparency of the samples and the viscosity
of the milieu, the solids were mixed with Nujol to
form a slurry. All the samples were prepared in a
glove box. The absorption spectra were recorded,
under dry N2 between 250 and 650 nm. Quartz cells
(1.0 cm path length) were employed. Nujol was em-
ployed as reference. Soluble systems were analyzed
by means of a Shimadzu spectrometer, UV-1601pcs
in the 300–600 nm wavelength range using a quartz
cell (1.0 cm path length), attached to a Schlenk flask
as described in the literature [37].

2.3.6. Magic angles spin–nuclear
magnetic resonance

MAS solid nuclear magnetic resonance (NMR)
spectra were recorded by a Varian 400 MHz spectrom-
eter operating at 104.3 MHz for 27Al. Peak positions
were relative to external Al(NO3)3·9H2O (27Al). Prior
to the spectra recording the catalyst samples were
transferred into zirconia spinner in a glovebox.

2.4. Polymerization reactions

Ethylene-1-butene copolymerization reactions were
carried out in 1 dm3 of hexane in a 2 dm3 Büchi reac-
tor equipped with mechanical stirring and temperature

control. The reactions were performed at 75◦C for 2 h
under 7 bar of pressure. Hydrogen (0.35 g) was used
in all reactions. The employed Al/Ti molar ratio was
200 or 1000. The components were added into the re-
actor in the following order: solvent, TEA, catalyst,
comonomer, hydrogen and ethylene. Each polymer-
ization reaction was repeated at least three times under
identical conditions, in order to have three runs with
catalyst activity differences lower than 10%.

2.5. Polymer characterization

The comonomer incorporation was evaluated by
infrared techniques, using a Nicolet 710 FT–IR
spectrometer, where the polymer was analyzed as
film samples. The MFI was determined in a Tinius
Olsen MP 987 extrusion plastometer at 190◦C, us-
ing a 2.16 kg charge. The intrinsic viscosity in dec-
ahydronaphthalin at 135◦C was determined using
a SOFICA-CINEVISCO viscosimeter. Copolymer
melting points and crystallinity were determined on
a DuPont DSC 2910 differential scanning calorime-
ter connected to a thermal analyst 2100 integrator.
The analysis were performed at a heating rate of
10◦C/min. Catalyst and polymer morphology were
analyzed by an optical microscope Zeiss coupled to
545 polaroid model MC 63C.

3. Results and discussion

In this work, a fourth generation Ziegler–Natta cat-
alyst was used with the aim of introducing a new ti-
tanium species in it, such as metallocene ones. So a
hybrid catalyst could be obtained by modifying the
first one. The fourth generation Ziegler–Natta catalyst
is a TiCl4 catalyst supported on MgCl2 (DIBP as the
internal electron donor) with a spherical morphology.

The metallocene compound CpTiCl3 was previ-
ously treated with TIBA compound in order to get it
in an appropriate form for better interaction with the
Ziegler–Natta catalyst. The reaction between CpTiCl3
and TIBA leads to an alkylated titanium soluble com-
pound ((Cp)(i-Bu)TiCl2) which favors its interaction
or immobilization on MgCl2 faces. The immobiliza-
tion of this titanium compound with a cyclopentadi-
enyl ring and iso-butyl group introduces a new type of
potential active center in the Ziegler–Natta catalyst.
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Table 1
Elemental analysis results, Ti, Cl and Mg content for catalysts with different Met/ZN molar ratio

Catalyst Met/ZN molar ratio Cl (%) Mg (%) Ti (%) Other (%)a

Ziegler–Natta – 58.6 18.7 2.2 20.5b

ZNM21 0.2 61.5 17.5 2.6 18.4
ZNM23c 0.28 57.7 15.6 2.6 24.1
ZNM22c 0.28 59.1 18.0 2.9 20.0
ZNM24c 0.5 55.7 14.8 3.0 26.5
ZNM20c 0.5 57.5 17.3 3.2 22.0

a Aluminium and organics (internal electron donor, alkylaluminium e metallocene).
b Organics (internal electron donor).
c The difference between the catalyst ZNM22/23 and ZNM20/21 was the catalyst lot preparation.

This new active center might modify the olefin poly-
merization performance and some polymer properties.

Table 1 displays the titanium, chlorine and magne-
sium contents for the different catalysts prepared in
this work. The Met/ZN molar ratio reports the con-
centration of metallocene to Ziegler–Natta employed
in the hybrid catalyst preparation. For comparative
reasons, data from commercial Ziegler–Natta catalyst
were also included. According to Table 1, an increase
in the Met/ZN molar ratio results in an increase of
the Ti content, suggesting that it could be due to the
immobilization of the titanocene on the solid catalyst.
Small differences in the values of Cl, Mg and Ti, for
the same Met/ZN molar ratio, can be attributed to lit-
tle differences in the Ziegler–Natta catalyst due to dif-
ferent commercial lots employed in hybrid catalysts
preparation and analytical errors (such as acid diges-
tion step, dilution, calibration curve).

Table 2 shows the results of elemental analysis of
a hybrid catalyst (ZNM24), a Ziegler–Natta catalyst
and two others Ziegler–Natta treated with alkyl alu-
minium (ZNT1 and ZNT2). From the XPS results,

Table 2
Elemental analysis of catalysts by XPS and ICP

Catalyst XPS ICP

C (%) O (%) Cl (%) Mg (%) Ti (%) Al (%) Ti (%) Al (%) Al/Ti molar ratio

ZNM24a 38.8 23.5 23.9 10.5 2.5 1.3 2.8 1.1 0.4
ZNT1b 43.9 24.5 17.1 8.1 1.1 5.2 2.6 2.0 0.8
ZNT2c 40.2 26.1 20.9 9.8 1.3 1.8 2.5 1.0 0.4
Ziegler–Natta 42.1 17.5 26.2 12.2 2.0 – 2.2 0.0 0.0

a Hybrid catalyst, Al/Ti molar ratio = 0.7; Met/ZN molar ratio = 0.5.
b Prepared as in a) Al/Ti molar ratio = 1.1, but in absence of metallocene coumpound.
c Prepared as in a) Al/Ti molar ratio = 0.7, but in absence of metallocene coumpound.

it can be observed that all the catalysts treated with
alkyl aluminium presented Al in it, showing that there
is a chemical interaction of this compound with the
catalyst surface. The presence of aluminium in the
catalysts treated with TIBA was also confirmed by
ICP–AES analysis. The content of aluminium in the
catalyst was proportional to the amounts of TIBA used
in its preparation.

The 27Al MAS–NMR analysis (Fig. 1) of the
ZNM24 (hybrid) and ZNT1 catalysts, shows the
same signals presenting the following chemical shift:
around 10, 24, 68, 82, 105 and 143 ppm. Therefore,
the chemical environment of the compound of alkyl
aluminium is the same in all the catalysts, indepen-
dent of the initial Met/ZN molar ratio, used in the
preparation of those. The nature of the surface species
seems to be very complex. When an alkyl aluminium,
like TIBA, is added to a Ziegler–Natta catalyst, the
aluminium compound reduces the TiCl4 into TiCl3
with its subsequent alkylation. Besides, the excess of
TIBA in the metallocene solution used in the catalyst
preparation reduces the TiCl4 and removes the DIBP
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Fig. 1. 27Al MAS–NMR spectra: (a) ZNT1; (b) ZNM24.

(internal donor) of the Ziegler–Natta catalyst. It can
interact with the support in different ways [38,39].
Potapov et al, in a 27Al NMR study of TiCl4/MgCl2
and TiCl4/DIBP/MgCl2 treated with trialkyl alu-
minium compound, verified that the main compound
of aluminium in the catalyst surface is likely a di-
alkyl aluminium chloride. The chemical shifts were
attributed mainly to the adsorption of Al(i-Bu)2Cl
on the MgCl2 surface, produced in the metallocene
alkylation and TiCl4 reduction. The chemical shift
at around 82 ppm might be attributed to the five-fold
coordination with three iso-butyl groups as a dimer
on the MgCl2 (1 0 0) face as already described in the
literature [40]. The other signals are still under investi-
gation and can suggest that many other Al species are
on MgCl2 surface like a six-fold coordination of Al.

Table 3 displays Ti contents in the hybrid catalyst
obtained with three different techniques, ICP–AES,
colorimetric method and XPS. The values of the

ICP–AES analysis and colorimetric method were
more similar because, in both cases, the total amount
of titanium is measured after its extraction from the
catalyst by acid digestion. On the other hand, the
analysis of XPS quantifies only the titanium present in
the uttermost catalyst surface (ca. 3 nm). The results
show that the titanium is exclusively in the surface of
the catalyst as expected.

The commercial Ziegler–Natta and two hybrid cat-
alysts were analyzed through TGA to evaluate their
thermal stability (Fig. 2). For all the catalysts, a mass

Table 3
Comparison of the Ti content determined by ICP, colorimetry and
XPS techniques

Catalyst ICP Colorimetry XPS

Ziegler–Natta 2.2 2.2 2.0
ZNM24 2.8 3.0 2.5
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Fig. 2. TGA thermogrammes: (a) Ziegler–Natta catalyst; (b)
ZNM21; (c) ZNM24.

loss around 213◦C was observed, attributed to an outlet
of TiCl4 from the crystalline MgCl2 matrix, and a mass
loss around 515◦C that can be attributed to the inter-
nal donor loss, here DIBP, present in the Ziegler–Natta
catalyst. This thermal behavior is in agreement with
those already reported by Terano et al [41,42].

The soluble metallocene catalyst were analyzed by
UV–VIS spectroscopy in toluene solution, while the
hybrid catalysts spectra were obtained from a Nujol

Fig. 3. UV–VIS spectra. (a) CpTiCl3 2×10−4 mol l−1, in toluene;
(b) CpTiCl3 +TIBA, grafting solution; (c) Ziegler–Natta catalysts;
(d) supported catalyst ZNM21; (e) supported catalyst ZNM24.

catalyst slurry carefully manipulated under controlled
atmosphere. Fig. 3 displays the spectra of the different
catalysts. The spectrum of the metallocene in toluene
solution presents a maximum absorption at 402 nm,
attributed to �–�∗ transition of the Cp ring [43]
(Fig. 3a). After TIBA addition, in the solid CpTiCl3
compound, this band shows an hypsochromic shift to
325 nm (Fig. 3b). Similar behavior is reported in the
literature in the case of the reaction of zirconocene
with alkyl aluminium compounds. The hypsochromic
shift was attributed to the formation of monoalky-
lated species [43]. Corroborating this observation,
the shift from 402 to 325 nm under our experimental
conditions can be also attributed to a monoalkylated
titanocene species.
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Fig. 4. XPS survey spectrum of ZNM24.

As expected, the Ziegler–Natta catalyst does not
present any absorption band in the UV–VIS region
(Fig. 3c). However, the hybrid catalysts, ZNM21 and
ZNM24, presented absorption around 300 and 395 nm
(Fig. 3d and e). That absorption maybe related to
monoalkylated metallocene species in the hybrid cat-
alysts generated on the MgCl2 surface.

The XPS technique has been used to identify and
quantify surface species, as well as to determine
the binding energy of electrons in catalysts [44].
In this work, the nature of titanium present in the
Ziegler–Natta, in the hybrid catalysts (ZNM21 and
ZNM24) and in the Ziegler–Natta catalysts treated
only with TIBA (ZNT1) was investigated. Fig. 4
shows a representative XPS survey spectrum (low
resolution) of the hybrid catalyst (ZNM24). The con-
stituent atoms of the Ziegler–Natta catalysts Mg, Cl,
O, C, Ti were observed on the XPS surface spectrum
as the Al from the co-catalyst.

Binding energy (BE) is not only related to the spe-
cific element, but contains chemical information of
that environment, because the energy levels of core
electrons depend on the chemical state of the atom.
Chemical shifts are typically in the range 0–3 eV. Fig. 5
displays the Ti 2p core level spectra of the different
titanium supported catalysts and the two signals in
those are due to spin–orbit coupling of the 2p elec-
trons of Ti: ca. 457 eV (2p3/2) and 463 eV (2p1/2). The
Ti (2p3/2) species of the TiCl4 supported in the com-
mercial Ziegler–Natta catalyst show a BE at 457.6 eV
(Fig. 5a). After the Ziegler–Natta catalyst treatment

with TIBA (Fig. 5b), this signal shifted to 458.8 eV,
suggesting the generation of more electron deficient
species, and the full width at half-maximum inten-
sity (FWHM) increase, suggesting a broadening of
these. The spectra deconvolution of the hybrid catalyst
ZNM21 (Fig. 5c) shows that there are two Ti (2p3/2)
species, one centered at 457.6 eV related to TiCl4 and
a new one at 455.5 eV related to (Cp(i-Bu)TiCl2).
Similar spectrum was also obtained in the case of
ZNM24 (Fig. 5d) presenting also two peaks: 457.4
and 455.1 eV. The low BE peak is observed in hybrid
catalyst, due to the immobilization of (Cp)(i-Bu)TiCl2
in the commercial Ziegler–Natta catalyst, suggesting
the existence of Ti species in a richer electronic en-
vironment. Taking into account the Ti (2p3/2) signal,
when the amount of CpTiCl3 in the catalyst prepa-
ration (ZNM24) was increased, a decrease in the Ti
BE was observed, from 455.5 to 455.1 eV, that means
an increase in electronic donation to Ti atoms and a
broadening of the signal (higher heterogeneity in the
nature of the surface species). On the other hand, a
spectra deconvolution for the Ziegler–Natta commer-
cial and ZNT1 catalysts was not observed, even for
the ZNT2 catalyst, and since this was observed for the
ZNM21 and ZNM24 spectra, the peak at lower BE
can be attributed to the metallocene compound in the
Ziegler–Natta catalyst.

Based on those results, we propose that the ti-
tanocene species Cp(i-Bu)TiCl2 on the MgCl2 surface
are an alkylated species free of aluminium compound
(Scheme 2). Although not represented, Al species
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Fig. 5. High resolution XPS of Ti core region. (a) Ziegler–Natta catalysts; (b) ZNT1; (c) ZNM 21; (d) ZNM24. The small inserted
peaks are the curve fit components, which are summed to obtain the smooth drawn line. The line with a visible noise component is the
experimental raw data.
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Scheme 2.

might be adsorbed on the MgCl2 surface. The low
Al/Ti ratio employed in the catalyst preparation might
be enough to alkylate the titanium species, but it is not
in excess to generate cationic surface species. The Al
compound must be fixed on the MgCl2 by replacing

Fig. 6. DSC thermogramme of LDPE produced by (a) Ziegler–Natta catalyst; (b) ZNM21; (c) ZNM24.

the internal donor (DIBP) as already discussed in the
literature [45–50].

All the supported catalysts were evaluated in the
copolymerization of ethylene-1-butene at Al/Ti molar
ratio of 200 and 1000. The resulting polymers were
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Table 4
Catalytic activity in ethylene-1-butene copolymerization and melt flow index, melt flow ratio and comonomer content of produce polymers

Catalyst Al/Ti (molar ratio) Activity (kg/gcat h) MFI (g/10 min) MFRa C4 (%)

1 ZNM21 200 3.1 0.7 37.9 3.7
2 ZNM21 1000 7.0 2.2 32.0 4.6
3 ZNM24 200 5.7 0.2 44.0 3.0
4 ZNM24 1000 8.1 4.0 28.5 5.9
5 Ziegler–Natta 1000 8.6 1.7 33.2 4.5

a Melt flow ratio (2.16 kg/21.6 kg). Copolymerization conditions (2 l Büchi reactor): n-hexane = 1 l, time = 120 min, T = 75◦C,
PH2 = 28 bar (0.5 l), [butene] = 59 g/l, P ethylene = 7 bar.

Fig. 7. Micrographs of catalyst (magnification, 100×) and resulting polymers (magnification, 16×) (a) Ziegler–Natta and (b) ZNM24
catalysts.
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characterized by their melt flow index, melt flow ra-
tio and comonomer incorporation (see Table 4). Both
Ziegler–Natta and hybrid catalysts showed compara-
ble catalyst activity at Al/Ti ratio equal to 1000. Only
hybrid catalyst showed activity at Al/Ti molar ratio
equal to 200. Comparing both hybrid catalysts, the one
prepared with higher metallocene amount (ZNM24)
showed the highest catalyst activity. Taking into ac-
count the Ti binding energy results from XPS (Fig. 5),
it seems that the catalyst activity increases with de-
crease in BE Ti (2p3/2) of both titanium species.
Similar results were previously reported by Garbassi
et al [51] in studying the activity of a series of homo-
geneous zirconocene catalysts with different ligands.

It was observed that the hybrid catalysts produced
copolymers with higher MIF when compared with the
Ziegler–Natta one, at Al/Ti molar ratio equal to 1000.
Moreover, the comonomer incorporation was not sig-
nificantly higher, at the same conditions. The polymer
MFR obtained at Al/Ti molar ratio of 200 were higher
than those obtained at 1000, that was very similar to
those produced with Ziegler–Natta catalyst.

The DSC curves of LLDPE produced with the hy-
brid catalysts (ZNM24) (Fig. 6) showed a shoulder
due to a crystallinity fraction not observed in the one
produced with the Ziegler–Natta catalyst. This frac-
tion happens to be due to the polymer chains with
lower molecular weight or higher comonomer con-
tent produced by the active site (Cp(i-Bu)TiCl2). This
shoulder is more accentuated when a larger amount
of metallocene is used in the catalyst preparation, due
to the higher concentration of it.

Fig. 7 shows the micrographs of both catalyst and
resulting polymers. It seems that the synthesis of the
hybrid catalyst by modification of the Ziegler–Natta
ones does not damage the latter’s morphology
(Fig. 7b). Besides, catalyst morphology was repli-
cated during copolymerization of ethylene-1-butene
with hybrid catalyst.

4. Conclusion

MgCl2 supported Ziegler–Natta catalysts can be
modified by metallocene ones producing a hybrid
catalyst with new characteristics. The immobiliza-
tion of (Cp)(i-Bu)TiCl2 on Ziegler–Natta catalysts
generates two Ti species on it, as observed by XPS

measurements. The resulting hybrid catalysts showed
activity in ethylene-1-butene copolymerization com-
parable to those of the Ziegler–Natta catalysts em-
ployed. The presence of a shoulder on the DSC
thermogramme suggests the presence of two distinct
sites when compared with the one produced with
Ziegler–Natta catalyst. The polymer particles showed
the replica of morphology phenomena.
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