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The nanocomposites formation by in situ polymerization used a metallocene catalyst (butyl-2-cyclopentadienyl zirconium 2-
chlorines) and a hectorite synthetic clay type which is discussed. This research was carried out in two phases. The first phase
consisted of mixing the components of the metallocenic polymerization reaction (metallocene-methylaluminoxane-ethylene) with
clay in a reactor. In the second phase, the metallocenic catalytic system was supported by clay particles and then a polymerization
reaction was made. In this second phase, the clay particles were modified using a sol-gel reaction with different pH values: pH =
3, pH = 8, and pH = 12. The results were compared in terms of the catalytic activity in the different systems (phase 1 and phase 2)
and the nanoparticle morphology of nanocomposites generated in this study.

1. Introduction

Inorganic nanoparticles filled in the polymer composites
have received increased interest from material scientists. The
filler/matrix interface in these nanocomposites might consti-
tute a greater area and hence influence the composites prop-
erties to a greater extent with a low filler concentration, in
comparison with conventional microparticles composites.

A number of polyolefin nanocomposites based on layered
silicates have recently been studied [1, 2] and commer-
cialized, such as the poly(propylene)-clay nanocomposites
pioneered by General Motors, Basell, and Southern Clay in
2002 [3]. Several methods have been employed to produce
polymer nanocomposites with a desired improved mechan-
ical, thermal, optical and gases barriers (O2, N2, etc.), or
other properties. These methods range from simply mixing
polymer with fillers to more elaborated approaches such as
in situ polymerization [4–10]. A key aspect in the prepa-
ration of inorganic/organic nanocomposite materials is the
establishment of a good interaction between the polymer
matrix and the nanoparticle.

Despite the prime importance of polyolefins in diverse
applications, the synthesis of polyolefin-inorganic nanocom-
posites still remains a scientific challenge because of the poor
compatibility of polyolefins with ionic silicates. Although
melting intercalation could generate polyolefin nanocom-
posites [11, 12], in the in situ polymerization it has proved
to be a promising method for preparing fully exfoliated
nanocomposites of polyolefins [13–20]. Tudor et al. [13]
reported that a low molecular weight PP was produced
after the methylaluminoxane (MAO) activation of a cationic
Ziegler-Natta catalyst. This had been ion-exchanged into
the clay interlayer’s, but dispersed nanocomposites were not
obtained. Bergman et al. [15] intercalated a Brookhart cata-
lyst cationic palladium-based into galleries of an organically
modified fluorohectorite and obtained a rubbery polyethy-
lene/clay nanocomposite. More recently, Alexandre et al. [21]
prepared PE/clays nanocomposites using a polymerization-
filling technique with a Ti-based geometry catalyst. During
the polymerization, a chain transfer agent was added to
obtain highly crystalline nanocomposites with improved
mechanical properties.
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Recent research studies have been carried out on the cat-
alytic activity during the formation of polyethylene (PE)/clay
nanocomposites by in situ polymerization with metallocenes.
The modification of the clay with MAO catalyst and the
intercalation with octadecylamine (ODA) surfactant were
found to play an important role during the in situ formation
of PE/clay nanocomposite. ODA-intercalated clay apparently
facilitates the activation and monomer insertion processes
on zirconocene centers located in internal sites of the clay
structure [22].

Nanoparticles are commonly obtained either by the sol-
gel method or by the intercalation method. Sol-gel nanocom-
posites (polymer/silica nanocomposites) are prepared by in
situ hydrolysis and the condensation of mononuclear precur-
sors such as tetraethoxysilane (TEOS) and tetramethoxysi-
lane in organic polymer matrices [23–25]. On the other
hand, nanoparticles are obtained by two different methods:
The exfoliation of clays or the sol-gel method. Sol-gel
nanoparticles are prepared by hydrolysis and condensation
of mononuclear precursors such as tetraethoxysilane (TEOS)
and tetramethoxysilane in organic polymer matrices [26].

In the literature there is a lot of work which uses sol-gel
nanopartı́culas as a nanofiller [27], but no one has explored
the different sol-gel reaction conditions which are aimed to
obtain and modify morphology and different characteristics
of nanoparticles. During this work the modification of clay
was studied using sol-gel reaction at different pH value.
Also the modified clay was used in the obtaining of nano-
composites by in situ polymerization. The present work was
divided in two different phases. In the first phase (PHASE I)
the components of the reaction, MAO, metallocene, and
ethylene, were mixed with clay and the homogeneous poly-
merization was made. In the second phase (PHASE II), the
clay was modified with sol-gel at different pH values and
thereafter the metallocene was supported in the modified
clay and the heterogeneous polymerization was made. The
activity of the different catalytic system was compared with
the dispersion of clay and/or nanoparticles in the nanocom-
posites obtained.

2. Experimental Section

2.1. Materials. The employed clay, synthetic hectorite (HS),
was donated by Netherland Organization for Applied Sci-
entific Research—TNO. The characteristics of this clay are
described elsewhere [28]. For modification of the clay,
tetraethoxy silane (TEOS) of Aldrich and metilaluminox-
ane (MAO; Witco) were used. The metallocene butyl-2-
cyclopentadienyl zirconium 2-chlorine was used for ethylene
polymerization catalyst which had MAO as the cocatalyst.
Ethylene was deoxygenated and dried by passing through
columns of Cu catalyst (BASF) and activated by molecular
sieve (13X), respectively. Toluene (solvent) was purified by
refluxing, and it was freshly distilled under nitrogen from
an Na/benzophenone system. All manipulations during the
catalyst were carried out in an inert nitrogen atmosphere
using the Schlenk technique.

2.2. Methods

2.2.1. Clay. The clays used in the homogeneous polymeriza-
tion were used without previous treatment.

2.2.2. Modified Clays. The clay was modified by a sol-gel re-
action using tetraethylortosilicate (TEOS) at different pH
values. In a typical procedure, ca. 2.0 g of clay was dispersed
in ethanol and stirred for 10 minutes. Then HCl or NH4OH
drops (depending on the pH value) were added wisely up
to reaching pH = 3.0 (T3), pH = 8.0 (T8), or pH = 12.0
(T12). Thereafter, 10 mL of TEOS was added under inert
conditions. After 1 h, the suspension was washed, filtered,
and the particles were dried at 200◦C for a 12-hour period.

2.2.3. Preparation of the Supported Metallocene. Two grams
of modified clay were previously dried with a vacuum for
six hours at 130◦C, then the clay particles were dispersed in
30 mL of purified toluene and placed in contact with 2 mL
of MAO 1.66 mol/L for 3 hours with magnetic bar at 70◦C.
The slurry was then filtered through a glass filter. The solid
was washed several times with toluene at 60◦C and dried for
4 hours in a vacuum at room temperature. Then an amount
of metallocene in solution was added with the metallocene
in toluene solution for 3 hrs at 70◦C. The slurry was filtered
in a Schlenk equipped with a fritted/filter glass, and washed
with toluene. The filtrate was stored and used for the ethylene
polymerization. The samples obtained are:

HsT3 = catalytic system supported with modification
sol-gel to pH = 3.

HsT8 = catalytic system supported with modification
sol-gel to pH = 8.

HsT12 = catalytic system supported with modifica-
tion sol-gel to pH = 12.

2.2.4. Homopolymerization Reaction. The polymerizations
were carried out in a 1-liter Büchi autoclave reactor equipped
with a temperature and internal pressure control system with
a stirrer. The reactor was coupled to a Brook model 5860E
ethylene flowmeter and connected to data recording software
to monitor the consumption of monomer during the course
of the reaction.

Catalyst was dissolved in a solvent (500 mL toluene) and
it was introduced in the reactor by nitrogen overpressure
and the necessary amount of MAO was also added. After
evacuating the nitrogen from the reactor, the reaction started
by introducing the ethylene until the desired pressure was
reached. Reaction time was 30 minutes. The solvent volume
was adjusted in such a way that the total volume inside
the reactor was 500 mL. The reaction was stopped by the
addition of a solution of acidified methanol (HCl 20%). The
polymer was recovered through filtration and washed with
methanol and acetone. Finally, the product was dried at room
temperature.

Phase 1 (homogeneous polymerization in the presence of
clay). The effect of clay addition in the homogeneous
polymerization (interaction of clay with MAO and catalyst
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Table 1: The addition of component sequences to the catalytic sys-
tem of polymerization reactions.

Addition sequence Code

Clay-MAO-catalyst Hs-MAO-Cat

MAO-clay-catalyst MAO-Hs-Cat

MAO-catalyst-clay MAO-Cat-Hs

Table 2: The effect of the addition of catalytic system in the homo-
polymerization reaction.

Code Conditions of preparation

HsT3
Metallocene supported in modification clay using
sol-gel to pH = 3

HsT8
Metallocene supported in modification clays using
sol-gel to pH = 8

HsT12
Metallocene supported in modification clays using
sol-gel to pH = 2

Table 3: The effects of the components addition in the reaction
characteristics using the catalyst (n-BuCp)2Zr Cl2.

System
Activity

(kg·pol/mol∗bar∗h)
Clay
(%)

Temperature of
reactor

Homogeneous 12000 — 49–80

Hs-MAO-Cat 10210 1.2 49–80

MAO-Hs-Cat 10409 1.0 49–80

MAO-Cat-Hs 9100 1.1 49–63

Clay added (g) = 0.32,
mol Zr in the reactor = 3.06E-06,
ratio Al/Zr = 1400,
reaction time (hours) = 0.5.

in different sequence) was carried out on three different
reactions. In all reactions, the ethylene was added at the start
to the reactor. After that, the catalytic system component
was introduced. The addition of component sequences to the
catalytic system of polymerization reactions is shown in the
Table 1. The aim of this study was to determine the condition
of the effect in the polymerization reaction.

Phase 2 (heterogeneous polymerization). The reaction con-
ditions were the same as those of the homogenous polymer-
ization.

Three different samples were obtained and are listed in
Table 2.

2.3. Characterization. The molecular weights and thier dis-
tribution of the produced polyethylene were determined
by gel permeation chromatography (GPC) in a Waters
Alliance 2000 system equipped with a differential optical
refractometer detector. Three separation columns, HT6E,
HT5, and HT3 were previously calibrated with narrow
molecular weight distribution polystyrene standards which
were used. A 1,2,4-trichlorobenzene was used as the solvent.
The flow rate for the analysis was 1 mL min−1 at 135◦C.

The morphology of the silica nanospheres and its
dispersion in the composites were analyzed by transmission

electronic microscopy (TEM: JEOL, JEM-1200EXII). Ultra-
thin specimens with a thickness of about 60 nm were cut
with glass and/or diamond blades by using a cryogenic-
ultramicrotome Leica model EMFCS at −80◦C.

3. Results and Discussions

3.1. Phase 1

3.1.1. Establishment of the Reaction Conditions to Obtain
Polyethylene Nanocomposites by Means of In Situ Polymeriza-
tion. The first phase aimed to establish the optimized condi-
tions for obtaining nanocomposites with clay material (1 wt.-
%). Besides, it also studied the effects of other components
(clay, MAO, and catalysts) in the catalytic activity. With this,
the clay percentage in the nanocomposite can be determined.
Also characteristics such as morphology and dispersion of
the nanoparticles in the nanocomposite were investigated.

3.1.2. The Effects of the Addition of Components in the
Polymerization Reaction. Shown in Table 1 is the influence
of the addition of component sequences to the catalytic
system of polymerization reactions and physical properties
of nanocomposites. The results of polymerization reaction
are shown in the Table 3, where a low decrease in the catalytic
activity for the reactions in which clay was added is observed.

On the other hand, there were not many differences
between the HS-MAO-Cat and MAO-HS-Cat systems. With
MAO-Cat-Hs system a decrease in the catalytic activity was
observed, reaching values of 9100 kg·pol/mol Zr∗bar∗h. It
could be because in Hs-MAO-Cat and MAO-Cat-Hs the
interaction between the MAO and the clay was done first,
which inactivated the polar groups coming from clay that
could deactivate the catalyst. In the MAO-Cat-Hs the clay
was added when both (MAO and the catalyst) were in the
reaction, slightly deactivating the catalyst.

Through observation of experimental data from the
followup of the reaction in the temperature peak, a higher
control in the polymerization reaction was found. For the
Mao-Cat-Hs system, the temperature ranged between 49◦C
and 63◦C (T reactor) while for the two other systems, it was
between 49◦C and 80◦C (similar to the homogeneous reac-
tion). This better control in the polymerization temperature
could be due to the active specie stabilization MAO-Cat-Hs,
because these two components were added in consecutive
order, different to Hs-MAO-Cat and MAO-Hs-Cat systems.
The clay percentage found in all the composites obtained was
around 1%.

The physical characteristics of the resulting nanocom-
posites are shown in Table 4. There are no significant
variations between the properties for the polymers produced
in the presence of clays particles and what was obtained in the
homogenous reaction (neat polyethylene without clay). Only
the molecular weight (Mw) of the obtained polymers shows
a difference according to the catalytic system: for MAO-
Cat-Hs, Mw = 264 kg/mol. It is bigger than that found in
other systems, even for the homopolymerization reaction.
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Table 4: Physical characteristics of polyethylene nanocomposites
obtained with the three different polymerization systems already
studied.

System
Crystallinity

(%)
Tc

(◦C)
Tf

(◦C)
Mw

(kg/mol)
Mw/Mn

Homogenous 75 118 135 164 2.1

Hs-MAO-Cat 76 118 135 176 2.3

MAO-Hs-Cat 74 118 134 167 2.3

MAO-Cat-Hs 72 118 133 264 2.4

This is in agreement with the highest control of the reaction
temperature (49◦C–63◦C) achieved for this system.

This better control of temperature might have minimized
chain transfer and the beta elimination reactions, which
are responsible for decreasing molecular weight during
polymerization reaction. Apparently, for Hs-MAO-Cat and
MAO-Hs-Cat systems, the behavior of the supported catalyst
system is similar to that described by Tait: a bidimensional
liquid, which favors the mobility of the active species. Which
in turn produces polymers with characteristics closer to
those obtained with the homogeneous systems [29]. It is
worth noting that the supported species are indeed different
in the third case, which seems as if it is really acting
as a heterogeneous catalytic: species are immobilized and
there is a lower probability of biomolecular deactivation
reactions. Therefore polymer molecular weight increases
[30]. To sum up, MAO-Cat-Hs showed the best conditions
for the best control in the reaction and produced polymers
of higher molecular weight. Therefore, in the next stage this
system was further exploited. The melting and Crystallinity
temperature of the nanocomposites did not significantly
change compared to the neat PE, indicating the formation
of linear polyethylene.

3.2. Phase 2

3.2.1. The Effects of Clay Modification by Means of the Sol-Gel
Method with Different pH Values and Their Use as a Supported
Metallocene System. Clay modifications were carried out by
means of sol-gel synthesis at different pH values in order
to identify its effect on the particle morphology during the
sol-gel reaction as well as in the properties of resulting
nanocomposites.

It is known that the sol-gel method allows the mor-
phology manipulation of the particles as well as its size,
depending on the pH value in which the synthesis is carried
out [25, 31–33] as follows: for pH basic values (pH = 12)
spherical morphologies are formed; where pH acid fibrillar
morphologies (pH = 3) are obtained. With pH near to neuter
values it is preferred to form morphologies in nets with
fibrillar characteristics (pH = 8).

This modification of clay characteristics is carried out in
order to increase its interlaminar space (due to the formation
of these compounds within the interlaminar region) in
order to easily render the dispersion of the nanosheets
within the polymer. Furthermore, the influence of the
particles morphology in the MAO-metallocene systems was
investigated.

Three new systems were established for this phase by
supporting the metallocene catalysts in the modified clay at
different pH values, the samples are listed in Table 2.

Table 5 shows the reaction conditions established for the
modified clay by means of sol-gel reaction at different pH
values. The impregnation reactions of the catalyst in the
different systems were done with similar amounts (0.72 g).
The quantity of supported catalytic and experimentally
obtained were more effiecient for pH values of 3 and 8 than
for a pH value of 12. When the modification of pH = 12
was used, a lower catalyst loading into the modified clay was
achieved. This smaller incorporation could be due to the
reduced number of OH groups resulting from the treatment
with alkaline pH. One cannot neglect that different texture
properties may also affect further research necessary to clarify
this point.

On the other hand, for all the three cases, a considerable
decrease in catalyst activity was observed when it was
supported in modified clay by sol-gel reaction. Comparing it
with both, the homopolymerization and the heterogeneous
reactions (when the clay was added directly to the reactor
without supporting it), the highest decrease in catalytic
activity was observed in the case of HsT8 (up to 84%). For
HsT3 and HsT12, the decrease in catalyst activity is low
compared to the HsT8 system: its value is roughly one half
of that obtained in the case of homopolymerization reaction.
This decrease effect of catalytic activity with the clay support
has been widely studied [34]. It is probably due to the clay
surface which should work like an extremely huge ligand,
proving more difficult to render access to the monomer.

The catalytic systems, which involved extreme pH values,
that is, HsT3 (pH = 3) and HsT12 (pH = 12), showed
higher catalyst activity in comparison to that carried out with
HsT8 system. This behavior can be attributed to the potential
generation of a higher OH density on the clay surface (when
high basic or acid pH value are used, a higher amount of OH
group are formed) which acts as capacitor plate, depending
on the pH media.

The higher the OH density, the better it can afford a
better interaction between the clay surface and MAO, which
in turn allows the metallocene catalytic to be a more positive
load in their active center and also to present an increase in
the catalytic activity. Comparing this with the HsT8 system
(pH = 8), which does not present a big formation of OH
sites, therefore the MAO stays chemically more available to
interact with catalytic and to decrease the activity as well.

It was observed that the modification with the sol-gel
method in different pH values has a big influence on the
metallocene catalytic system. It was obtained that acid pH
values (pH = 3) and basic (pH = 12) show greater activity
values compared to intermediate pH values (pH = 8). As
one expects, this behavior (that the nanoparticle morphology
depending on the pH) could have big repercussions in the
mechanical properties of the obtained nanocomposites.

3.2.2. Transmission Electronic Microscopy. Figure 1 shows
the TEM images of the different obtained nanocomposites.
It can be appreciated that for the two phases, it found a good
dispersion of nanoparticles in the polyethylene matrix and
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Table 5: The effects of modification to clay using sol-gel, in the reaction conditions of polyethylene nanocomposites.

System System (g)
% Zr

(experimental)
Activity

(kg·pol/mol∗bar∗h)
Clay %

Homogeneous — — 12000 —

HsT3 0.044 0,64 5142 0.3

HsT8 0.046 0,64 1901 0.8

HsT12 0.052 0,53 5250 0.4

Catalytic system (g) = 0.048,
% Zr theoretical = 0.72,
mol Zr in reactor = 3.08E − 06,
ratio Al/Zr = 1400,
time of reaction (h) = 0.5.

System 1

HS-MAO-Cat MAO-Hs-Cat MAO-Cat-Hs

System 2

HsT3 HsT8 HsT12

50 nm

50 nm 50 nm

100 nm 100 nm

100 nm

Figure 1: Transmission electronic microscopy images of different obtained nanocomposites.

various morphology nanoparticles were discovered. This
could be because the clay used was synthetic and it could
suffer a breaking of the laminated structure that changes the
morphologies after of modification with sol-gel reaction.

In Figure 1 the first phase presents agglomerations of
nanoparticles. Only in the MAO-Cat-Hs system is it possible
to see agglomeration with greater size particles to 100 nm
(nanoparticles of sizes lower than 100 nm and aggregates
of approximately 200 nm); this system did not get a total
exfoliation. For the two other studied systems, different
sizes in nanoparticles were principally found, but all of
them were lower than 100 nm in the polymeric matrix.
What is mentioned above allows it to establish an adequate
nanocomposites formation for the three studied systems.

In Figure 1 the second phase shows different morpholo-
gies of particles depending on pH value to which the clays
were modified.

The particles modified with pH = 3 (with this condition
of sol-gel reaction, fiber is the preferable morphology) can
be observed in small aggregates with 5–10 sheets or fibers
dispersed in the polymer. The size of these aggregates average
from 20 mm in thickness and the length can reach 70 mm.

When the clay modification was carried out to a pH = 8 it
was observed that the particles morphology, its distributions,
and its size were similar to the results obtained in phase 1,
showing nanoparticles dispersed in the polymer.

When the clay modification was at a pH = 12, it was
possible to observe a preferably spherical morphology, which
is normal in the morphology that was obtained for the sol-gel
reaction at basic pH values. The different size particles were
obtained from 5 nm to approximately 100 nm.

Evidently, the clay particles adopted a particle morphol-
ogy generated by the sol-gel reaction; this would imply
very strong sol-gel reaction conditions to be supported by
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synthetic clay as the case in this research. Due to this fibril-
lates, layered, or spherical morphologies can be obtained,
depending on the conditions of modification. On the other
hand, smaller-sized particles were obtained through clay
modifications with the sol-gel method, without taking into
account the pH value used to compare it with the clay
addition to the catalytic system.

4. Conclusion

The modifications of the layer of clays using the sol-gel
technique at different pH values present new characteristics
for the modification of the clays.

The clays modified with sol-gel technique at different
pH values, present big modifications in the morphology,
when used as catalytic support in the obtention of in situ
polyolefins nanocomposites.

The catalytic activity presents large increases when the
lays was modified with sol-gel reaction in acidic or a basic
condition compared with neutral condition and with other
works of the literature.

Best dispersion of nanoparticles is obtained when the
clays are modified with sol-gel technique in the obtention of
in situ nanocomposites.
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