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The MCM-41 and SiO2 supported TiCl4 and TiCl4/MgCl2 catalysts with different molar ratios of Mg/Ti were synthesized and used for

ethylene polymerization under atmospheric pressure. The nanochannels of MCM-41 serve as nanoscale polymerization reactor and the
polyethylene nanofibers were extruded during the reaction. The nanofibers were observed in SEM micrographs of resulting polyethylene.
The effect of MgCl2 on catalytic activity and thermal properties of resulting polyethylene is investigated too. In the presence of MgCl2, the

catalytic activity increased and more crystalline polyethylene with higher melting points were formed. However, no fibers could be observed
in the polyethylene prepared by SiO2 supported catalysts.

Keywords: polyethylene nanofiber; nano-extrusion polymerization; Ziegler-Natta catalyst; atmospheric pressure

1 Introduction

The production of polyolefins in recent years is continuously
growing and predicted to rise at a high rate. Intense research
has been carried out on olefin polymerization catalysis, in
order to develop new catalytic systems capable of producing
new materials, as well as developing more economic and ver-
satile processes. Different kinds of metal halides or oxides
have been used as support of catalyst for olefin polymeriz-
ation. MgCl2 has been reported as a good support for
preparation of highly activeZiegler–Natta catalysts. Inorganic
compounds such as silica and alumina, when used as support
of polymerization catalysis, have an important role in control-
ling the morphology of growing polymer particles, due to a
large surface area and wide range of pores size distribution.
It is possible to control the catalytic activity, as well as
morphology of growing particles by using bi-supported
Ziegler–Natta catalysts. Three different ways have been
reported for preparation of SiO2/MgCl2 bisupported TiCl4
catalysts. The first method is to mix an alcoholate solution
of MgCl2 with pretreated SiO2 in a non-polar solvent, and
further treating with TiCl4 solution (1). The second method
is to prepare the catalyst by mixing TiCl4 solution with

pretreated SiO2, then treating with THF solution of MgCl2
(2). In the third method, the catalyst is prepared by anchoring
Ti/Mg bimetallic complex to the surface of silica, through
treating THF solution of MgCl2/TiCl4 with pretreated SiO2

(3). The mode of reaction between the hydroxyl groups of
silica and bimetallic halides will affect the catalytic activity
of the catalyst (3). To control the morphology of the resulting
polymer, mesoporous materials with constrained geometries
can be expected to be suitable supports for catalyst prep-
aration. To this end, many attempts have been made to
prepare the Si and/or Al based mesoporous structures with
a larger surface area and more uniform pore size distribution
than conventional silica and/or alumina. Mesoporous Silica
Fiber (MSF), Mobil Composition of Matter (MCM-41),
Santa Barbara Amorphous (SBA-15), Anodized Aluminum
Oxide (AAO) and alumino-silicate (Al-MCM-41, Al-SBA-
15) structures, with regular, ordered hexagonal pores and
narrow pore size distribution, are some examples which
have been used as support for preparing heterogeneous cata-
lysts. The geometrical shape of the nanochannels can serve as
nanoscale polymerization reactors (4, 5) to affect the pattern
of monomer insertion and to control polymer chain structure
and morphology. Polyethylene nanofibers, a new morphology
of synthesized polymers, were prepared for the first time by
Aida et al. (6) with MSF supported titanocene catalyst via a
polymerization process termed as extrusion polymerization.
Ye et al. (7) showed that the nanofibers prepared by MCM-
41 supported Cp2TiCl2 have special mechanical properties.
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MCM-41, SBA-15, AAO and alumino-silicate structures
have been used as a support of metallocene and Ziegler–
Natta catalysts for polymerization of ethylene or propylene
(5, 7, 8–22). The major morphology of polymers prepared
by these catalytic systems is polyethylene nanofibers or
confined PE and PP.

In this work, MCM-41 supported TiCl4 and TiCl4/MgCl2
catalysts were synthesized by anchoring Ti/Mg bimetallic
complex into the nanochannels of MCM-41. These catalysts
were used for preparation of polyethylene nanofibers via
ethylene extrusion polymerization under atmospheric
pressure. These catalytic systems were compared to SiO2/
TiCl4 and SiO2/MgCl2/TiCl4 under the same conditions of
catalyst preparation and ethylene polymerization. The effect
of supports and MgCl2 on catalytic activities and melting
points and crystallinity and morphology of the resultant poly-
ethylene were investigated.

2 Experimental

2.1 Materials

All manipulations involving air and/or water sensitive
compounds were performed under nitrogen atmosphere.
n-hexadecyltrimethylammonium bromide, aqueous ammonia
(reagent grade 25 wt%), Titanium tetrachloride, anhydrous
magnesium chloride and tetrahydrofuran were purchased
from Merck. Tetraethoxysilane (TEOS) was purchased from
Acros. Triethylaluminium (AlEt3) and SiO2 were purchased
from Aldrich. Polymerization-grade ethylene and nitrogen,
both with purity of 99.999% were passed through columns
of silica gel, 3 and 4 Å molecular sieves. After distillation,
hexane was refluxed over sodium wire with benzophenone
as an indicator and distilled again before use.

2.2 Preparation of MCM-41

2.4 g of n-hexadecyltrimethylammonium bromide (0.0066
mol) as a template was dissolved in 120 g deionized water,
and 9.5 g of aqueous ammonia (25 wt%, 0.14 mol) was
added to the solution. While stirring, 10 g of tetraethoxysilane
(0.05 mol) was added slowly to the surfactant solution over a
period of 15 min resulting in a gel. The mixture was stirred
for 1 h, and then the white precipitate was filtered and
washed with deionized water. After drying at 908C for 12 h,
the sample was heated to 5508C (rate:18C/min) in air and
kept at this temperature for 5 h to remove the template (23).

2.3 Preparation of Catalyst Systems

The support (MCM-41 or SiO2) powders were treated in
flowing ultra high-purity nitrogen at 4008C for 9 h before use
in catalyst preparation. To a 250-ml double-walled glass
reactor equipped with a glass stirring bar and connected to a
constant temperature circulator, were added 2.0 g of support

and 0.2 g TiCl4 solution in hexane at room temperature.
After raising the temperature to 558C, the mixture was
stirred for 3 h, filtered and washed with plenty of hexane
under nitrogen atmosphere. Alternatively, to a 250 ml round
bottom flask containing 50 ml of electron donor (THF) was
added an appropriate amount of anhydrous MgCl2. The
mixture was kept standing with vigorous stirring until MgCl2
was completely dissolved at 608C. This mixture was trans-
ferred to the glass reactor and a 2.0 g TiCl4 solution in
hexane was added dropwise at 558C over 15 min to this
mixture. This yellow precursor was impregnated to 2.0 g
support and was kept under stirring for 3 h, filtered and
washed with hexane under nitrogen atmosphere.

2.4 Ethylene Polymerization

The ethylene polymerization was carried out in a 250 ml
round bottom flask with a Teflon stirrer under atmospheric
pressure. Hexane and catalyst were added into the flask.
The mixture was saturated with ethylene and stirred for a
few minutes. At the temperature of 508C, polymerization
was initiated by adding an appropriate amount of AlEt3 to
the reactor. The reaction was terminated at a fixed time by
adding a dilute hydrochloric acid solution in methanol. The
polymer was filtered and then dried at 608C overnight.

2.5 Characterization of Support

The thermogravimetric analyses (Perkin-Elmer Pyris1) of the
dried sample was carried out in air to simulate the calcination
process in the oven during the preparation of MCM-41. The
X-ray powder diffraction spectra were recorded on a Philips
X’pert diffractometer. The nitrogen adsorption–desorption
isotherms were measured at BELSORP-mini adsorption
apparatus. The specific surface area of support was obtained
based on the BET (Brunauer, Emmett, and Teller) method.
The pore size distribution was calculated using a BJH
(Barrett–Joyner–Halenda) method. A scanning electron
microscopy (Philips XL30) was used for investigating the
morphology of support.

2.6 Characterization of Polymer

A differential scanning calorimetry analysis (DSC) was
carried out on a NETZSCH DSC 200 F3 instrument with a
heating rate of 108C/min from 25 to 1808C under a
nitrogen atmosphere. The results of the first scan are
reported here. The XRD spectra of the polymers were
recorded on a Philips X’pert diffractometer. The morphology
of the polymers was observed on a scanning electron
microscopy (Philips XL30). The polymers were deposited
on a sample holder and sputtered with gold. Molecular
weights of the polymers were measured with a capillary visc-
ometer. The measurements were carried out at 180.18C, using
1-octanol as u-solvent in this temperature. The viscosity-
average molecular weight can be calculated according to
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the Mark-Houwink-Sakurada equation:

½h� ¼ KMa
v

where [h] is intrinsic viscosity, K ¼ 28.6 � 1024 dL g21 and
a ¼ 0.5 are the constants for polyethylene and 1-octanol at u
temperature (24).

3 Results and Discussion

3.1 Characterization of MCM-41

The thermogravimetric analysis of the dried sample at 908C
for 12 h, showed that after 908C, water and organics are
released or burned from the structure in two main steps
(Fig. 1), at 90–180 and 180–3008C. The steps may relate
to the removal of water inside the pores or crystal structure
and the combustion of the template, respectively (25). The
weight loss at higher temperatures (.3008C) is due to the
burning of the rest of the organics and/or the loss of water
released as a result of condensation of silanol groups to
siloxane bonds (25).

X-ray diffraction (XRD) and nitrogen adsorption–deso-
rption isotherm were used to characterize the internal struc-
ture of the MCM-41. Figure 2 shows the XRD spectra
of the MCM-41. The characteristic Bragg peaks with
d-spacings 30.8, 18.3, and 15.6 Å at 2.86, 4.83 and 5.668 2u

correspond to reflections from the [100], [110] and [200]
planes, respectively (23). No characteristic peak was
observed in the XRD patterns of SiO2 and so it has an amor-
phous structure.

Figure 3 shows the nitrogen adsorption–desorption isotherm
of the MCM-41. The adsorption and desorption isotherms of
nitrogen on the sample show the typical type IV isotherm
according to the IUPAC nomenclature for MCM-41 (23).
Table 1 summarizes the structure parameters of the MCM-41,
including specific surface area, average pore diameter, pore
volume and XRD interplanar spacing, from the nitrogen
adsorption–desorption and XRD analyses. For comparison,
the specific surface area, average pore diameter and pore
volume of SiO2 are shown in Table 1, which are taken from
manufacturer’s data.

Figure 4 (a) and (b) show the SEMmicrograph of MCM-41
and SiO2, respectively. The MCM-41 has rod-like structure of
about 1–3 mm in length and about 0.5 mm in diameter. Each
particle consisted of thousands to millions of hexagonal nano-
channels (7). As reported by manufacturer, SiO2 has particles
with diameter of 5–25 mm.

3.2 Characterization of Catalysts

Titanium and magnesium loadings on the supports were
determined by Inductively Coupled Plasma–Mass Spec-
troscopy (ICP-MS). The results are shown in the Table 2.
MCM-41 has a larger surface area than SiO2 and more
–OH groups per mass unit of supports are present on the
surface for reaction with TiCl4 or TiCl4/MgCl2 bimetallic

Fig. 1. The TG and DTG curves for MCM-41 support.

Fig. 3. Nitrogen adsorption–desorption isotherm of MCM-41.

Fig. 2. X-ray diffraction patterns of MCM-41.

Table 1. Structure parameters for the supports

Supporta SBET (m2/g) Vp (ml/g) dp (Å) d100 (Å)

MCM-41b 1070 0.78 29.2 30.8
SiO2

c �500 0.75 60 —

aSBET, BET specific surface area; Vp, specific pore volume; dp, average pore

diameter; d100, XRD interplanar spacing.
bData from nitrogen sorption.
cData from manufacturer.
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complexes. So it is evident that more Ti and Mg are chemi-
sorbed on the surface of MCM-41.

3.3 Ethylene Polymerization

The MCM-41 and SiO2 supported TiCl4 and TiCl4/MgCl2
catalysts were used for ethylene polymerization. Table 3
shows the polymerization results and polymer properties.
The MCM-41 supported catalysts showed higher activities
than the SiO2 supported catalysts. MgCl2 has enhanced the
activities of both supported catalysts. The rate enhancement
effect of MgCl2 in silica supported catalysts has been well dis-
cussed in the literature (1–3, 26, 27). TiCl4, in the presence of

MgCl2, forms bimetallic complexes which are chemisorbed
on the surface of support and have higher activities than the
case that TiCl4 is used alone. The results of DSC analysis
show that the polyethylenes prepared by MCM-41 supported
catalysts have higher melting points and DH in comparison to
SiO2 supported catalysts. This indicates that the nanochannels
of MCM-41 can control the direction of the chain propagation
to increase the crystallinity of the polyethylene (21). It was
also found that MgCl2 increased the melting point and crystal-
linity of polyethylene prepared by MCM-41 supported cata-
lysts. Viscosity average molecular weights of polymers
show that the polymers prepared by MCM-41 have higher
molecular weight compared to that of SiO2. These results

Table 2. Chemisorbed elements on the catalysts

Run Catalyst Mole ratioa Mg/Ti Ti content (mmol/ g-cat) Mg content (mmol/ g-cat)

1 SiO2/TiCl4 0 0.134 —
2 SiO2/MgCl2/TiCl4 0.5 0.140 0.062
3 SiO2/MgCl2/TiCl4 1 0.133 0.110

4 SiO2/MgCl2/TiCl4 2 0.126 0.198
5 MCM-41/TiCl4 0 0.151 —
6 MCM-41/MgCl2/TiCl4 0.5 0.160 0.064

7 MCM-41/MgCl2/TiCl4 1 0.154 0.123
8 MCM-41/MgCl2/TiCl4 2 0.163 0.232

aUsed in catalysts preparation.

Fig. 4. SEM micrograph of the (a) MCM-41 and (b) SiO2.

Table 3. Ethylene polymerization using supported catalystsa

Run Catalyst
Mole Ratio
Mg/Ti

Activity
(104 g PE/mol-Ti h) Tm

b(8C) 2DHc (J/g) Mv (10
5 g/mol)

1 SiO2/TiCl4 0 0.37 134.5 104.2 1.32

2 SiO2/MgCl2/TiCl4 0.5 1.01 135.4 110.1 1.22
3 SiO2/MgCl2/TiCl4 1 1.78 134.3 107.1 1.17
4 SiO2/MgCl2/TiCl4 2 2.91 135.2 108.4 1.28

5 MCM-41/TiCl4 0 0.82 139.2 176.8 4.61
6 MCM-41/MgCl2/TiCl4 0.5 1.59 139.9 194.4 4.72
7 MCM-41/MgCl2/TiCl4 1 2.70 140.7 188.4 5.12

8 MCM-41/MgCl2/TiCl4 2 4.74 142.5 197.3 4.93

aSolvent ¼ hexane (100 ml), Al/Ti molar ratio ¼ 30, polymerization pressure¼1 atm, Temperature ¼ 508C, Time ¼ 30 min.
bData from first scan.
cPer gram of polymer.
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Fig. 6. SEM micrograph of the polyethylene prepared by MCM-41/MgCl2/TiCl4 catalyst (Mg/Ti ¼ 0.5).

Fig. 7. SEM micrograph of the polyethylene prepared by MCM-41/MgCl2/TiCl4 catalyst (Mg/Ti ¼ 1).

Fig. 5. SEM micrograph of the polyethylene prepared by MCM-41/TiCl4 catalyst.

Fig. 8. SEM micrograph of the polyethylene prepared by MCM-41/MgCl2/TiCl4 catalyst (Mg/Ti ¼ 2).
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suggest a possible elongation of the propagating polymer
chain within the mesoporous channels, as described by
Kageyama et al. (12).

3.4 The morphology of the Resulting PE

Morphological investigation of the resulting PE was con-
ducted with SEM. Figure 5 shows the SEM micrographs of
the resulting PE prepared by the MCM-41/TiCl4 catalyst.
These figures show that the PE mainly has amorphous
morphology and a few fibers appear on the surface of the

amorphous PE. Figures 6, 7 and 8 show the SEM micrograph
of PE prepared by MCM-41/MgCl2/TiCl4 catalysts with
Mg/Ti molar ratios of 0.5, 1 and 2, respectively. When
MgCl2 was used in MCM-41 supported catalysts, the
polymers have still fibrous morphology.
The PE nanofibers result from the control of MCM-41

nanochannels to the direction and dimension of PE chains
propagation (20). MCM-41 consists of a honeycomb shaped
array of unidimensional, hexagonal pores (20) and the pore
diameter (29 Å) is much smaller than the lamellar thickness
(270 Å) of the folded-chain crystals of ordinary polyethylene
(28). Therefore, formation of PE nanofibers from the nano-
channels may take laminar thickness of almost 1/10 of this
ordinary structure. When the ethylene monomers pass into
the channel, the wall of the channel can control the direction
of ethylene propagation and the PE extended-chains are
formed. Then, these extended-chains grow out of MCM-41
nanochannels and assemble to form nanofibers (Fig. 9) (6).
The crystalline structure of polyethylene nanofibers have

been studied by XRD analysis in the literature
(6, 7, 10, 16, 19, 29). The XRD spectra of the resultant
polymer, including the polyethylene and the supports, in
Fig. 10, show a typical orthorhombic crystal structure for
the crystalline PE with [110] and [200] diffraction peaks at
21.28 and 248, respectively. The amorphous halo around
19.6, for all the samples, is negligibly small, indicating the
high crystallinity (7) of the polymer samples prepared by
different molar ratios of Mg/Ti.
Figure 11 (a) and (b) show the micrographs of PE prepared

by SiO2/MgCl2/TiCl4 and SiO2/TiCl4 catalysts, respect-
ively. It was found that the PE only has amorphous mor-
phology and no fibers present.
As is known to us, MCM-41 was used as support for

metallocene catalysts for the preparation of polyethylene
nanofibers (7, 11, 19, 20). Wang and coworkers (21) used
MCM-41 for TiCl4 Ziegler–Natta catalyst. They have
found that the resulting PE prepared by MCM-41 supported
catalyst leads to an amorphous polyethylene with a few nano-
fibers on the surface of PE particles. They showed that the
polyethylene nanofibers could be synthesized when the
active sites on the exterior surface of MCM-41 were
destroyed by hydroxyl groups in b-cyclodextrin, besides the

Fig. 10. XRD patterns of PE prepared by MCM-41/MgCl2/TiCl4
catalysts with molar ratios Mg/Ti of (A) 0, (B) 0.5, (C) 1 and (D) 2.

Fig. 9. Conceptual scheme for the growth of crystalline fibers of
polyethylene.

Fig. 11. SEM micrograph of the polyethylene prepared by (a) SiO2/MgCl2/TiCl4 (Mg/Ti ¼ 2) and (b) SiO2/TiCl4 catalyst.
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fact that the activity of catalytic system decreased. Zhang and
co-workers (22) synthesized MCM-41/MgCl2/TiCl4 catalyst
by treating MgCl2/n-butanol homogeneous solution to
MCM-41 and further treating with TiCl4 solution. They
have also found that the existence of MgCl2 could increase
the polymerization rate and make the resultant poly-
ethylene have fibrous morphology. We synthesized MCM-
41/MgCl2/TiCl4 Ziegler-Natta catalysts with different
Mg/Ti molar ratios, by anchoring Ti/Mg bimetallic
complex into the nanochannels of MCM-41 and used these
catalytic systems for preparation of polyethylene nanofibers
under atmospheric pressure. We showed that MgCl2 could
increase the catalytic activity, as well as melting points of
crystalline fibrous polyethylene.

4 Conclusions

MCM-41 and SiO2 supported TiCl4 and TiCl4/MgCl2 cata-
lysts were synthesized for ethylene polymerization under
atmospheric pressure. The active sites formed inside the
nanochannels of MCM-41. Ethylene monomer diffused into
the channels and growing polyethylene chains were
extruded to form nanofibers. MCM-41 showed higher
activity than SiO2 supported catalysts. MgCl2 has enhanced
the catalytic activities of both supports. The resulting PE
prepared by MCM-41 supported catalysts have larger
melting points, crystallinity and molecular weights than that
of SiO2 supported catalysts.
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