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AbstractMe2Si(2-Me-4-phInd)2ZrCl2 supported on SiO2/MgCl2 binary support was prepared for the preparation of
heterophasic copolymer of polypropylene. The bi-support underwent surface treatment with various alkyl aluminum
compounds such as trimethylaluminum (TMA), triethylaluminum (TEAL), and triisobutylaluminum (TIBA) before
supporting the metallocene catalyst for 3 or 24 hours and were used for homopolymerization. It was notable that the
generated SiO2/MgCl2 bi-support had lower surface area, pore volume and size as compared to the conventional SiO2.
Impact polypropylene copolymers (IPCs) were obtained using two-step polymerization in one reactor with the pres-
ence of metallocene catalyst supported on SiO2. Propylene was polymerized in the reactor to produce the iPP matrix
followed by polymerization of ethylene resulting to heterophasic material. It is apparent that the molecular weight of
the polymer increased with longer PE polymerization time and as the polymerization time was more than 40 min, PP
peak appeared near 147.9-149.2 oC, and a new peak emerged at 116.9-119.9 oC which could be attributed to the melt-
ing temperature of iPP crystallites and a less intense peak to either chains of ethylene-propylene copolymers. SEM
images also confirmed that spherical PE particles were deeply embedded in the crystalline PP matrix and a large
amount was produced as the polymerization time of the second stage ethylene polymerization was increased.
Keywords: Metallocene Catalyst, SiO2/MgCl2 Bi-support, Aluminum Alkyl, Heterophasic Copolymerization

INTRODUCTION

Plastics have become one of the most universally used materi-
als in industry and are essential in the global economy due to
numerous applications [1]. Polypropylene (PP) is a multipurpose
thermoplastic material with excellent mechanical properties. How-
ever, isotactic polypropylene (iPP) exhibits brittle behavior at low
temperature under high loading rates [2]. To improve quality, poly-
ethylene or other poly-alpha olefins, especially ethylene-propylene
rubber (EPR), are blended to the iPP matrix.

Among the in reactor blending of iPP with other polyolefins,
studies show that sequential polymerization is the most efficient
method for impact strength improvement [3]. Due to the low cost
and excellent impact properties, these materials are commercially
known as impact polypropylene copolymers (IPCs) or heteropha-
sic copolymer of polypropylene (HPC). This polymer is industri-
ally produced in a two-step polymerization configuration with the
presence of catalyst. During the first step, propylene is polymerized
in the reactor to produce the iPP matrix followed by polymeriza-
tion of ethylene and propylene gas mixture, resulting in heteropha-
sic material that varies from amorphous and crystalline propylene-
ethylene copolymers. Therefore, IPC makes excellent materials related
to impact applications at low temperature due to its different crys-
talline and non-crystalline components. It covers a wide range of
applications from trivial packaging uses to technically complex parts

[4,5].
Moballegh et al. reported that additional polymerization was

carried out after two-step PP/EPR polymerization at low ethylene
concentration resulted in improvement of stiffness and impact
strength resistance at low temperature [6]. Kakugo et al. investi-
gated the morphology of Ziegler-Natta PP and heterophasic eth-
ylene-propylene copolymer (HEPC) using SEM and TEM. After
the first polymerization of propylene, the catalyst crystallites are
dispersed uniformly in polymer particles. It has been reported that
polymer particles are composed of polymer sub particles contain-
ing the catalyst crystallites as polymerization proceeds, and the eth-
ylene-propylene copolymer is found at the boundary between par-
ticles [7]. Urdampilleta et al. compared the shape of PP homopoly-
mer with that of HEPC containing 24% EPR and observed that
copolymer was finely distributed in pores between PP matrix and
mesoparticles [8]. However, there have been only a few reports on
polymerization of HEPC with supported metallocene catalyst due
to difficulty in its polymerization in a lab scale, though it has sig-
nificant importance in polyolefin industries.

In this study, metallocene catalyst was loaded on the SiO2/MgCl2
binary support after surface treatment with different alkyl alumi-
num compounds. The synthesized metallocene bi-supported cata-
lyst was used in the polymerization of ethylene and propylene,
characterized using BET, ICP, XPS, and SEM in order to compare
the different alkyl aluminum used. Furthermore, the SiO2 supported
catalysts were investigated in a two-step heterophasic PP copoly-
merization in only one reactor to obtain the IPC materials. In the
first step of polymerization, polypropylene was introduced, then
heterophasic PP copolymerization in which ethylene polymeriza-
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tion was carried out in the second step. The obtained polymers were
analyzed using DSC, GPC, and SEM. The catalytic performance
was also observed by increasing the ethylene polymerization time.

EXPERIMENTAL

1. Materials
All chemicals were carried out under nitrogen atmosphere using

the Schlenk technique. Silica (SP948, Grace) was calcined at 500 oC
for 10 hours. Magnesium chloride (MgCl2, Aldrich) was used with-
out further treatment. Ethanol (Aldrich, 99.5%) and heptane
(Aldrich, 99%) were used as received in MgCl2 recrystallization.
Dimethylsilyenebis(2-methyl-4-phenylindenyl)zirconium dichloride
(Me2Si(2-Me-4-phInd)2ZrCl2, PCI), methylaluminoxane (MAO,
Albemarle), trimethylaluminum (TMA, Aldrich), triethylalumi-
num (TEAL, Aldrich) and triisobutylaluminum (TIBAL, Aldrich)
were used without further purification. Toluene and hexane from
J.T Baker were purified by refluxing with sodium metal and ben-
zophenone in a nitrogen atmosphere. Ethylene (99.999%), propyl-
ene (SK energy, Korea, 99.999%) and nitrogen (AIR PRODUCTS,
Korea, 99.999%) were passed through Fisher’s REDOX Oxygen
Removal Tube and 5A/13AX molecular sieve to remove moisture
and oxygen.
2. Catalyst Synthesis
2-1. SiO2/MgCl2 Binary Support Synthesis

In 10 mL of heptane, 1 g of MgCl2 was slurried and 4.3 mL of
ethanol was added. The suspension was stirred at 89 oC for 1 hour,
then 2g of SiO2 suspended in 30mL of heptane at 89 oC was added.
The reaction proceeded for 1 hour at 89 oC with vigorous stirring.
To synthesize SiO2/MgCl2 binary support, the resultant mixture
was washed four times with heptane at 70 oC and dried under
vacuum at 40 oC for 1 hour.
2-2. Surface Treatment of Binary Support Using Alkyl Aluminum
Compound

In a 30 mL toluene, 1 g of SiO2/MgCl2 binary support was sus-
pended at 0 oC with ice and water, then a suitable amount of co-
catalyst alkyl aluminum compound was added. The reaction pro-
ceeded for 2 hours at 0 oC. After the reaction completion, the cata-
lyst was washed with toluene five times and dried under vacuum
at 40 oC for 1 hour to synthesize SiO2/MgCl2/alkyl aluminum sup-
port.
2-3. Supporting the Catalyst

0.1 mmol of Me2Si(2-Me-4-phInd)2ZrCl2 and 20 mmol of MAO
solution in toluene were added to 1 g of SiO2/MgCl2/alkyl alumi-
num support suspended in toluene. The reaction proceeded for 3
or 24 hours at 50 oC with vigorous stirring. The catalyst was washed
five times using toluene after the reaction was completed and dried
under vacuum at 40 oC for 1 hour to synthesize SiO2/MgCl2/alkyl
aluminum/Me2Si(2-Me-4-phInd)2ZrCl2.
3. Polymerization
3-1. Polymerization of Ethylene and Propylene

The ethylene and propylene polymerization were carried out in
a 500 mL steel high-pressure reactor equipped with mechanical
stirrer for agitation. 280 mL of hexane and 2 mmol of TEAL as co-
catalyst were introduced to the reactor. The temperature was in-
creased to 50 oC, then a certain amount of catalyst in a slurry state

with 5 mL of hexane was added. After a total pressure of 7 bar was
maintained and the reactor was saturated with monomers, the
polymerization was started with stirring. The resulting polymer
was washed with ethanol, vacuum filtered and dried.
3-2. Heterophasic PP Copolymerization

The heterophasic PP copolymerization was carried out in a 500
mL steel high-pressure reactor equipped with mechanical stirrer
for agitation. 280 mL of hexane and 2 mmol of TEAL as cocata-
lyst were introduced to the reactor. The temperature was increased
to 50 oC, followed by the addition of 100 mg of catalyst in a slurry
state with 5 mL of hexane. The polymerization of propylene started
with stirring after the monomer was saturated and a pressure of
7 bar was achieved. After the polymerization, the temperature was
reduced to 30 oC. The unreacted propylene was discharged to the
atmosphere and was purged three times with ethylene, then the
temperature was increased to 50 oC. The ethylene polymerization
was started with agitation and a pressure of 3 bar was maintained
during the reaction. The resulting polymer was washed with etha-
nol, vacuum filtered and dried.
4. Characterization

The surface area of the supports and catalysts used in the experi-
ments was measured by Micromeritics ASAP 2010 instrument and
was calculated by the Brunauer-Emmett-Teller (BET) equation. The
sample was dried before measurement and then outgassed under
vacuum for 12 hours at 150 oC. The Mg, Al, and Zr content in the
supported catalysts was measured by inductively coupled plasma
atomic emission spectroscopy (Perkin-Elmer, Optima 200DV). Using
X-ray photoelectron spectroscopy (XPS), the binding energies of
Zr supported on the carrier were measured. To obtain DSC curves,
the melting point of the resulting polymer was measured by differ-
ential scanning calorimetry (DSC, TA 2010) at a rate of 10 oC/min
at 25 oC to 180 oC. The molecular weight and molecular weight
distribution of the resulting polymer were determined by GPC
(Waters Associates Chromatograph, Model ALC-GPC-150C) analy-
sis. The morphology of the support, catalysts, and resulting poly-
mer was observed through a field emission scanning electron mi-
croscope (FE-SEM, TESCAN, MIRA LMH).

RESULTS AND DISCUSSION

1. Characterization of SiO2/MgCl2 Binary Support and Sup-
ported Catalyst

In the absence of surface treatment, both the catalytic perfor-
mance and degree of impregnation are usually low if the metallo-
cene catalyst is directly impregnated on a support [9]. This study
explored generating the SiO2/MgCl2 binary support by using MgCl2
in hexane, then dissolving in ethanol and supporting on SiO2. Since
alcohol deactivates metallocene catalyst, the SiO2/MgCl2 binary
support was surface treated with different alkyl aluminum to elim-
inate the residual ethanol [10].

As can be seen in Table 1, SiO2/MgCl2 binary carrier and sup-
ported catalysts having a reaction time of 24 hours were investi-
gated using BET and ICP analysis. The SiO2/MgCl2 binary support
has lower surface area, pore volume and size as compared to the
conventional SiO2 due to the presence of recrystallized MgCl2 on
it. Upon the surface treatment of the SiO2/MgCl2 binary support
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with alkyl aluminum compound and metallocene catalyst the sur-
face area declined. This suggested that the recrystallize MgCl2 and
alkyl aluminum on SiO2 caused a reduction of the surface area [11].

It can be observed that the Al content of the resulting catalysts
was significantly increased. This is due to the addition of MAO. In
the impregnation of the metallocene catalyst on the support, MAO
is known to be a co-catalyst that acts as an anchor between metal-
locene and silica for its surface modification [12]. In addition, SiO2/
Me2Si(2-Me-4-phInd)2ZrCl2/MAO catalyst has the largest surface
area than SiO2/MgCl2 bi-supported catalysts, which could be
attributed to more Al and Zr content.

SiO2/MgCl2/TIBAL/Me2Si(2-Me-4-phInd)2ZrCl2/MAO, which
has the larger surface area compared to the most alkyl aluminum
treated SiO2/MgCl2 bi-supported catalysts, resulted in highest Zr
content. According to Ko et al., TIBAL has a bulky molecular size
which can be used for more porous sites for immobilization of zir-
conocene [13].

In addition, ICP analysis confirmed that more than twice as
much of the Zr content of the catalyst can be carried on SiO2 which
is 45.8mol/g-cat than SiO2/MgCl2/alkyl aluminum. Since SiO2

supported catalyst has the largest surface area and highest Al con-
tent on the surface, that improved the metallocene catalyst impreg-
nation [14].

To increase the Zr content on the support, the catalyst was syn-
thesized by extending the stirring time. Gauthier et al. proposed
that to make the metallocene become reactively supported on the
carrier material with the aluminoxane, it was desirable to main-
tain the agitation for a period of one or more hours [15]. The Zr
content of the catalyst prepared by stirring for 3 hours was 15.1
mol/g-cat, while the Zr content of the catalyst by stirring for 24
hours was 18.5mol/g-cat.

Fig. 1 illustrates the XPS Zr 3d analysis of the Me2Si(2-Me-4-
phInd)2ZrCl2 and the supported catalysts. The Zr binding energy
peaks of the metallocene catalyst and SiO2 supported catalyst were
measured in the range of 184.4-184.3 eV (Zr 3d5/2) and 182.0-182.2
eV (Zr 3d3/2), respectively. Similar behavior can be found in the lit-
erature for the binding energy of Zr 3d of Me2Si(2-Me-4-phInd)2

ZrCl2 and known to be around 182.70 eV, while supporting it to

SiO2 shifts the binding energy to a higher value [16-18]. Previous
studies have emphasized the existence of a more electron deficient
species resulting in a higher binding energy due to the electronic
environment difference from the substitution between an oxygen
atom from silica and chlorine atom from zirconocene. Further-
more, the Zr binding energy of the metallocene catalyst supported
SiO2/MgCl2/alkyl aluminum compound employed a slightly higher
Zr binding energy than Me2Si(2-Me-4-phInd)2ZrCl2 [19], which is
185.3 eV (Zr 3d5/2) and 183.3 eV (Zr 3d3/2), respectively.

The morphology of the catalysts synthesized was examined by
SEM as presented in Fig. 2. SEM images portrayed that there were
some occurrences of catalyst breakages. Particle size of supporting
the metallocene catalyst on SiO2/MgCl2/alkyl aluminum is smaller
than the SiO2 supported catalyst [20]. The possible reason might
be the longer stirring time of synthesizing the catalyst. It can be
confirmed that the bi-supported catalyst was rough with the agglom-
eration of MgCl2. Several authors have reported that reaction be-
tween the bi-support and alkyl aluminum compound resulted in

Table 1. Physical properties and chemical composition of SiO2/MgCl2 supported catalyst

Sample
BET analysis ICP analysis

Surface area
(m2/g)

Pore volume
(cm3/g)

Pore size
(nm)

Mg content
(mmol/g-cat)

Al content
(mmol/g-cat)

Zr content
(μmol/g-cat)

MgCl2 003 0.02 09.3 9.5 - -
SiO2 274 1.63 18.9 - - -
SiO2/MgCl2 188 1.02 16.2 2.3 - -
SiO2/MgCl2/TMA 164 0.90 17.0 2.3 0.9 -
SiO2/MgCl2/TEAL 181 0.97 16.9 2.3 0.7 -
SiO2/MgCl2/TIBAL 182 0.97 17.4 2.3 0.7 -
SiO2/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 199 0.94 16.0 - 6.5 45.8
SiO2/MgCl2/TMA/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 164 0.77 16.1 2.2 3.5 16.8
SiO2/MgCl2/TEAL/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 184 0.86 16.2 2.3 3.0 14.8
SiO2/MgCl2/TIBAL/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 179 0.75 14.8 2.1 3.0 18.5

Fig. 1. The XPS Zr 3d spectra of (a) Me2Si(2-Me-4-PhInd)2ZrCl2,
(b) SiO2/Me2Si(2-Me-4-PhInd)2ZrCl2/MAO and (c) SiO2/
MgCl2/TMA/Me2Si(2-Me-4-PhInd)2ZrCl2/MAO.
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fractured and reduced particle size [14,20].
2. Ethylene and Propylene Polymerization of Catalyst

The data obtained from ethylene and propylene polymerization
are summarized in Tables 2 and 3, respectively. Catalysts used in
the polymerization were synthesized by mixing the metallocene
catalyst and MAO with SiO2/MgCl2/alkyl aluminum support for 3
or 24 hours.

For ethylene polymerization, metallocene catalyst supported on
SiO2 yielded higher activity than SiO2/MgCl2/alkyl aluminum sup-
ported catalyst. The influence of various alkyl aluminum com-
pounds on the surface treatment of SiO2/MgCl2 binary support was
evaluated by synthesizing the catalyst for 24 hours. The activity of

the catalyst supported on the bi-support can be determined by the
following equation: SiO2/MgCl2/TMA/Me2Si(2-Me-4-phInd)2ZrCl2>
SiO2/MgCl2/TIBAL/Me2Si(2-Me-4-phInd)2ZrCl2>SiO2/MgCl2/TEAL/
Me2Si(2-Me-4-phInd)2ZrCl2. Similar observation in the ethylene
polymerization has been previously reported in the literature. It
attested that the catalyst pretreated with TMA shows a higher activ-
ity compared to the catalyst pretreated with TIBAL and no polym-
erization activity was observed upon pretreatment with TEAL [21].
It is notable that surface treatment of SiO2/MgCl2 with alkyl alu-
minum causes steric hindrance to the diffusion of ethylene mono-
mer [22]. In addition, alkyl aluminum form complexes with active
zirconium occupy the vacant coordinate sites and lessen the active

Fig. 2. SEM images of (a) SiO2/Me2Si(2-Me-4-phInd)2ZrCl2/MAO, (b) SiO2/MgCl2/TMA/Me2Si(2-Me-4-phInd)2ZrCl2/MAO and (c) SiO2/
MgCl2/TIBAL/Me2Si(2-Me-4-phInd)2ZrCl2/MAO.
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sites for polymerization [23].
In propylene polymerization, only traces of the PP can be found

for catalysts having surface treated with various alkyl aluminum
compounds and metallocene supported on SiO2/MgCl2 binary sup-

Table 2. Results of ethylene polymerization with Me2Si(4-Ph-2-MeInd)2ZrCl2 supported on SiO2/MgCl2

Catalystsa Stirring
time (h)

Cat.
(mg)

PE
(g)

Activity Tm

(oC)
Hf

(J/g)Kg-PE/(mmol-Zr*h)
SiO2/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 03 040 21.1 4.6 133.5 164.8
SiO2/MgCl2/TMA/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 24 100 07.4 4.4 132.5 129.7
SiO2/MgCl2/TIBAL/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 03 040 03.2 2.1 132.8 151.0

100 06.3 4.2 132.6 133.4
24 100 07.5 4.1 132.5 154.9

SiO2/MgCl2/TEAL/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 24 100 02.5 1.7 133.5 141.4
aPolymerization condition: TEAL in feed=2 mmol, ethylene pressure=7 bar, temperature=50 oC, time=1 h

Table 3. Results of propylene polymerization with Me2Si(4-Ph-2-MeInd)2ZrCl2 supported on SiO2/MgCl2

Catalystsa Stirring time
(h)

PP
(g)

Activity
kg-PP/(mmolZr*h)

Tm

(oC)
Hf

(J/g)
SiO2/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 03 11.0 2.4 148.9 78.0
SiO2/MgCl2/TMA/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 24 1. - 147.9 69.3
SiO2/MgCl2/TIBAL/Me2Si(2-Me-4-phInd)2ZrCl2/MAO 03 00.1 - 145.8 35.8

24 00.6 - 149.1 62.4
aPolymerization condition: cat.=100 mg, TEAL in feed=2 mmol, propylene pressure=7 bar, temperature=50 oC, time=1 h

Table 4. Results of heterophasic PP copolymerization with SiO2/Me2Si(2-Me-4phInd)2ZrCl2

Catalystsa
PP PE

PP-b-PE
(g)

Activity PP PE
Mn

(g/mol) PDI
(g) Pressure

(bar)
Time
(min)

kg-PP/
(mmol-Zr*h)

Tm

(oC)
Hf

(J/g)
Tm

(oC)
Hf

(J/g)
SiO2/
Me2Si(2-Me-4-phInd)2ZrCl2/
MAO

11 - - - 2.4 148.9 78.0 - - 57700 6.8

- 3

05 14.1 - 149.2 87.9 - - - -
10 19.4 - 147.9 63.4 - - - -
20 23.7 - 148.7 65.2 - - 28200 8.3
40 31.3 - 148.6 35.0 116.9 08.5 33700 8.5
60 34.6 - 148.5 27.0 119.9 29.0 48800 5.8

aPolymerization condition: cat.=100 mg, TEAL in feed=2 mmol, propylene pressure=7 bar, temperature=50 oC, time=1 h

Fig. 3. GPC curves for heterophasic PP copolymer. Fig. 4. DSC curves of different polyethylene polymerization time.
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port compared to the catalyst supported on SiO2 which has an
activity of 2.4 kg-PP/(mmol-Zr*h).
3. Heterophasic PP Copolymerization

To generate EPR elastomeric materials embedded in the iPP
matrix, the second step polymerization process was performed.
Ethylene-propylene comonomers were fed to the reactor.

The results of GPC analysis of the homopolymerization of pro-
pylene and heterophasic PP copolymerization are shown in Table
4 and Fig. 3. The molecular weight of polymer produced by PP

polymerization was 57,700 g/mol, which is higher than the het-
erophasic copolymers. In heterophasic PP copolymerization, it is
apparent that the molecular weight of the polymer increased with
longer PE polymerization time. This can be attributed to the fact
that more ethylene content is incorporated in the PP matrix as the
second stage ethylene polymerization time increases. The results
substantiate previous findings in the literature that controlling the
copolymerization time achieved different amount of ethylene and
mechanical properties. Moreover, a higher ethylene in EPR has

Fig. 5. SEM images of (a) PP, (b) PE 5 min, (c) PE 10 min, (d) PE 20 min, (e) PE 40 min and (f) PE 60 min.
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proven to be a key factor in excellent toughness-stiffness balance
of in-reactor mixtures [24].

On the other hand, the melting point was determined by DSC
shown in Table 4 and Fig. 4. As the ethylene content increased, the
PP peak appeared near 147.9-149.2 oC, and a new peak emerged
at 116.9-119.9 oC when the second stage ethylene polymerization
time was more than 40 minutes. This showed that PE peaks with
low melting points appear as the ethylene content rises. Previous
studies have documented the two main peaks contributions, which
are assigned to the melting temperature of iPP crystallites, and a
less intense peak that could be attributed to the either chains of eth-
ylene-propylene copolymers [25,26].

To determine the morphology of the different heterophasic copo-
lymers, an SEM experiment was conducted. Fig. 5 shows SEM
images of the surface of the polymer after it was frozen with liq-
uid nitrogen. It was confirmed that spherical PE particles are deeply
embedded in the crystalline PP matrix and a large amount is pro-
duced as the polymerization time of the second stage ethylene
polymerization is increased. In addition, gradual smoothing of the
surface can be detected at longer reaction time of ethylene polym-
erization and it was coated completely with ethylene layer [27].

CONCLUSION

SiO2/MgCl2 binary support was successfully synthesized, sur-
face treated with different alkyl aluminum and then loaded with
metallocene catalyst Me2Si(2-Me-4-phInd)2ZrCl2. The supported
catalysts were used in homopolymerization and heterophasic PP
copolymerization. Taken together, the results suggest that alkyl alumi-
num compound used in surface treatment lowered the catalytic
performance. This paper also highlights the effect of prolonging the
PE polymerization time in heterophasic PP copolymerization using
the metallocene catalyst supported on SiO2. An increase in molec-
ular weight and a presence of PE peak with lower melting point
can be depicted with escalating the ethylene content, as would be
expected.
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