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A B S T R A C T   

This study focuses on evaluating the consequences of using of sepiolite as a filler and co-catalyst support in the 
polymerization of polyethylene copolymers and their nanocomposites. The method used, in situ polymerization, 
has many variables to study because the type and distribution of the branches have an important effect on the 
final properties of the material. 

In an effort to understand the influence of these variables, different polyethylene copolymers (hexene, octene, 
decene), with its respective nanocomposites, were prepared and characterized. Preliminary results have 
demonstrated the use of sepiolite allows obtaining nanocomposites with narrower molecular weights and a more 
homogeneous distribution of the branches than the corresponding neat copolymers.   

1. Introduction 

Polyolefins are thermoplastic polymers with a simple structure and 
with high demand due to the facility to produce and process them in a 
very economical way. The main uses of the polyolefins are limited to 
commodity applications such as manufacturing pipes, industrial parts, 
packaging, etc and their demand in applications for high performance is 
very low due to their properties are not enough in these areas. To widen 
the usefulness of polyolefins, nanocomposites are synthesized to 
improve the properties of the neat polymers [1]. 

Nanoscale fillers have at least one characteristic length scale of the 
order of nanometers and their morphologies can vary from isotropic to 
anisotropic. Due to the relative environmental impact and low cost, the 
nanoclays are used to form nanocomposites consisting of an organic 
polymer matrix dispersed with inorganic filler. Nanoclays are nano-
particles of layered mineral silicates with layered structural units that 
can form complex clay crystallites by stacking these layers [1–3]. 

The processing method is critical to obtain good quality and high- 
performance nanocomposite. The most important challenges of syn-
thesis are to achieve good chemical compatibility between the polymer 
matrix and the nanofiller at the nanoscale and homogeneous dispersion 
of the nanofiller within the matrix. All these conditioning factors are 
related to the performance of the nanocomposites. There are three 

synthesis methods developed for the preparation of polymer nano-
composites: melt-mixing, solution-mixing, and in-situ polymerization. 
Melt-mixing is the most common method extensively used in the in-
dustry to obtain nanocomposites. This method is based on the traditional 
methods of polymer processing; however, sometimes materials with 
poor mechanical properties are obtained due to a low interfacial tension 
between the components. Solution-mixing promotes the dispersion of 
the nanoparticles in a solution containing the solubilized polymer ma-
trix. The main disadvantage is the large quantities of solvent used in this 
method. In-situ polymerization is a highly effective method to obtain 
nanocomposites; in this method, the nanofiller is dispersed in the 
monomer and then the polymerization is performed. The monomer with 
the metallocene-based catalyst is intercalated into the nanofiller to start 
the polymerization process on it; the polymer chains exfoliate the 
nanofiller into layers allowing a better dispersion and also improving the 
compatibilization with the matrix without the use of compatibilizers. 
Despite the melt-mixing method is used specifically when working with 
polyolefins, the in-situ polymerization is widely applied because pro-
vides homogeneous dispersion and it is easy to modify by changing the 
polymerization conditions. Also, the in-situ polymerization allows the 
molecular designs of the polymer matrix [2,3]. 

Copolymerization of ethylene with small hydrocarbon chains, as 
hexene, is performed using catalyst Ziegler-Natta or metallocene. For 
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economic reasons, the Ziegler-Natta catalyst has a dominant position in 
the market; however, it has the disadvantage of producing copolymers 
with inhomogeneous branching distribution in his structure, which re-
duces the mechanical properties. This fact is due to the catalyst has 
different active species during the synthesis [4]. Metallocene catalysts 
and methylaluminoxane (MAO) as a cocatalyst have gained the com-
mercial interest for olefin polymerization; however, the homogeneous 
catalysts have two major disadvantages: the lack of morphology control 
and reactor fouling. These drawbacks are overcome by binding the 
metallocene catalysts onto inorganic supports as supported metallocene 
catalysts. Many metallocene catalysts have been supported on inorganic 
carriers, typically silica. There are four main routes for the immobili-
zation of metallocene catalyst: (i) Immobilization of metallocenes on 
SiO2. (ii) Immobilization of MAO on SiO2, followed by supporting 
metallocene. (iii) Immobilization of metallocenes on SiO2, followed by 
treating with MAO, and (iv) Immobilization of metallocene ligands on 
SiO2, followed by adding zirconium compounds [5–7]. 

The first attempt for the production of filled polyolefins with the 
treatment of the filler surface with metallocene-based catalysts has 
demonstrated to be an interesting point to copolymerize ethylene with 
α-olefins [8]. The stereospecificity of the metallocene catalyst has a 
unique active site, allowing synthesize polymers with narrow molecular 
weight distribution and thus with homogeneous branching distributions 
[9,10]. This advantage has meant that in recent years the use of 
metallocene-based catalysts has grown up significantly for ethylene 
copolymer synthesis [11,12]. 

Research in this field is still focused on improving the industrial use 
of these catalysts in terms of productivity, efficiency, thermal stability, 
rates in production processes, etc. The importance of advancing in these 
studies lies in the increasing amount of ethylene copolymers claimed 
(15 � 106 tons per year). The main applications are films, pipes, con-
tainers, insulation, etc [13,14]. 

It is known that the development of supported metallocene systems is 
crucial for the industrial application of these catalysts; mainly due to 
industrial processes only consider processes in suspension and/or gas 
phase. Our method can contribute to this field because catalysts sup-
ported on nanoscale particles have shown the best results in terms of the 
activity of copolymerization and best structures of the copolymers ob-
tained [14–16]. 

The present procedure uses the sepiolite as support and filler [17], 
this fact affects final polymer structure. Consequently, this method has 
many variables to study, because the type and distribution of the 
branches have an important effect on nanocomposite properties [18]. 

This paper was designed to study the influence of the amount of 
nanoclay in the copolymerization of ethylene/hexene. Finally, given the 
importance of the length of branches on the final properties of the 
copolymer, three different co-monomers (hexene, octene, and decene) 
with an equal concentration of sepiolite and co-monomer were studied. 

2. Experimental 

2.1. Materials 

Manipulations of air or moisture-sensitive were carried out under a 
controlled atmosphere. The clays used for the preparation of metal-
locene PE nanocomposites were a commercial sepiolite (SEP) supplied 
by TOLSA (unit fiber size 0.2–3 μm, 10–30 nm width, and 5–10 nm in 
thickness), the physical-chemical properties of the sepiolite fiber bun-
dles are shown in Table 1 [19]. These fillers were dried under vacuum at 
80 �C for 24 h before treatment. Bis(Ciclopentadienyl)Zirconium (IV) 
dichloride, Cp2ZrCl2, used as catalyst was purchased from Aldrich and 
used as received. Methylaluminoxane (MAO, 17 wt% solution in 
toluene, AzkoNobel) was used as co-catalyst. Toluene was freshly dried 
by distillation from sodium-benzophenone under the nitrogen atmo-
sphere. Polymerization purity grade ethylene supplied by Air Liquide 
was used after passing by an oxy trap and molecular sieve to remove 

oxygen and water. The co-monomers: 1-hexene, 1-octene, 1-decene 
(99% purity grade) were supplied by Sigma-Aldrich. 

2.2. Clay pre-treatment 

The desired amount of dry clay was mixed with co-catalyst, in ratio 2 
g clay/ml of MAO solution, in 100 ml of dry toluene and afterward the 
mixture was stirred for 90 min at room temperature, following the 
procedure explained in our previous work for optimizing the process of 
immobilization of the MAO in sepiolite [1,17,20] The resulting solid was 
washed three times with 30 ml of fresh toluene and dried inside globe 
box until it was used. 

2.3. Polymerization 

The polymerization method was based on a non-isothermal process; 
ethylene copolymers and their nanocomposites were carried out in a 1 L 
stainless steel autoclave equipped with a mechanical stirrer under the 
conditions explained in WO2013167764 A1 [1]. 

2.4. Preparation of test specimens 

A Schwabenthan vacuum press and a home-made mold were used for 
compression molding of sheets (1.5 � 200 � 200 mm3). The polymer 
(dry powder samples) was stabilized with 0.5 wt% of a mixture of 
Irganox 1010 and Irgafos 168 (1:1) to prevent oxidative and thermal 
degradations. An internal mixer was employed to homogenize the 
polymer powder and the stabilizers. The fusion was carried out at 190 
�C, the frequency of the rotors was set at 60 rpm and the polymer was 
melted and mixed for 5 min. 

The molding cycle was as follows: the melt polymer kept into the 
mold for 3 min without pressure at 190 �C and compressed for 5 min at 
190 �C. The molded sheets were cooled down to room temperature using 
an internal cold water circuit. The samples were cut accordingly to the 
requirements for each test characterization. 

2.5. Characterization 

In a polymerization process, the most important characteristic 
parameter is productivity. The productivity was measured as (kilograms 
of polyolefin)/(Zr moles * pressure * time). 

The melt and crystallization temperatures (Tm,Tc), as well as the heat 
of fusion (ΔHm) and degree of crystallinity of samples (Xc), were 
measured by a Mettler Toledo DSC 821e thermal analysis system model 
(DSC) in the temperature range from 25 to 200 �C at a heating rate of 20 
�C min� 1 under nitrogen flow. The samples were first heated to 200 �C 
for 2 min to eliminate their thermal history and subsequently cooled to 
25 �C. The second endotherm was recorded by heating 20 �C min� 1, the 
X, Tm, and ΔHm of the samples were calculated, taking the melting heat 
of neat PE as 293 J/g, [21]. The successive self nucleation and annealing 
(SSA) [22–27] experiment was carried out establishing self-nucleation 
isothermal steps for 5 min at a temperature which decreased 5 �C 
each step. Thermogravimetric Analysis (TGA) was used to determine the 
clay content in the obtained nanocomposites. Thermograms were ob-
tained in a nitrogen atmosphere with a heating rate of 20 �C min� 1 using 

Table 1 
Physico-chemical properties of sepiolite for fiber bundles.   

Composition BET 
Specific 
surface area 
(m2/g) 

Average particle 
size – laser 
granulometry (μm) 

Physical- 
chemical 
properties 

Magnesiun silicate Si12O30 

Mg8(OH)4(H2O)4⋅8H2O 
319 12,69 

Impurities: Al2O3<5%, 
Fe2O3<2% 

50% < 8,71 μm 
90% < 29,72 μm  
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a Mettler Toledo TGA851e. 
To analyze the morphology of the nanocomposite, the surface of the 

obtained powder sample was observed by scanning electron microscopy 
(SEM) in a Hitachi S-4700 Electron Microscope with an accelerating 
voltage of 20 kV, after coating with gold. Transmission electron mi-
crophotographs (TEM) were taken from 100 nm microtomed sections of 
the composites cut with a Reichert–Jung Ultracut E microtome using a 
JEOL JEM 2000FX Electron Microscope with an accelerating voltage of 
200 kV. 

Fourier Transform of Infrared Spectroscopy (FTIR) was used to 
identify the molecular vibrations produced by the absorption of infrared 
radiation on a sample. This technique allowed a qualitative identifica-
tion of the species present through the characteristics bands in the 
vibrational spectra of the samples. These measurements were used a 
Bomen Hartman and Braun FTIR spectrometer, model MB-155, and a 
total attenuated reflectance accessory (ATR). Also, the FTIR spectra have 
been useful to make a semi-quantitative analysis of the comonomer 
content in the copolymers. It was correlated the peaks absorbance be-
tween 1378 and 1369 cm� 1 that belongs to the symmetric deformation 
of the methyl end-group of 1-hexene units and the latter belongs to the 
methylene wagging [28]. 

These results were also confirmed in the most representative samples 
by 13C NMR tests. 13C NMR tests were performed on a 500 MHz NMR 
Spectrometer (Bruker Avance III 500, 11.74 T). The ratio obtained of 
A1378/A1369 in the FTIR spectra was known as “R”, then R was calculated 
for each copolymer synthesized and has been related to the grafted 
comonomer molar percentage obtained by 13C NMR tests. 

The melt flow index was determined by measuring the polymer 
fluidity in the molten state at 190 �C and 2.16 Kg according to ISO 1133. 
The density was determined through of liquid immersion under the 
standard ISO 1183–1. 

Molecular weight distributions were determined with a Waters 
ALLIANCE GPCV 2000 gel permeation chromatographer (GPC). 1,2,4- 
trichlorobenzene was used as a solvent, at a flow rate of 1 cm3 min� 1. 
The nanocomposites were dissolved and filtered through a 0.45 μm 
PTFE filter to remove the solid particles. The analyses were performed at 
145 �C. 

The mechanical properties of the resulting nanocomposites were 
measured as follows: Young’s modulus at a speed of 1 mm min� 1 and 
tensile strength at a speed of 50 mm min� 1 was measured according to 
UNE-EN ISO 527–1 and 527–2 with an Instron Model 5500R60025. 

3. Results and discussion 

3.1. PE/hexene nanocomposites: influence of the amount of hexene 

It has been demonstrated, in our previous work, that the sepiolite 
used presents high acidity due to their hydroxyl groups (-OH) which act 
as Brønsted acids which react with the methyl-aluminum (Me–Al)- like 
bonds present in MAO to form a covalent bond, aluminum-oxygen 
(Al–O), and thus obtaining the anchor. The vibration related to the 
Si–O–Al bond (1015 cm� 1) present in the treated sepiolites was identi-
fied by FTIR as proof of the effective covalent binding between the MAO 
and the Silanol groups on the surface of the sepiolite [20]. This clay 
pre-treatment includes the co-catalyst heterogenization instead of the 
catalyst heterogenization as in most of the studies and it was based on 
the known techniques of the catalyst support. 

It aimed to anchor the co-catalyst onto an inorganic substrate to give 
greater stability and efficiency to the catalyst during the reaction. In 
addition, the clay is incorporated in larger amounts than usual because it 
has to perform the catalyst heterogenization and reinforce the final 
compound. In Fig. 1, it is shown the TEM microphotographs of the PE 
nanocomposite with sepiolite where it can be seen a good dispersion and 
distribution of the fibrillar clay in the nanocomposites [17]. 

The success of this treatment is not only due to the amount of co- 
catalyst anchored, but also due to the MAO that once it is supported 

remains available to form the active species in presence of the metal-
locene catalyst during polymerization. Also, in our previous work, 
Fig. 2, it is shown the SEM micrograph for the nanocomposites powders 
and it can be observed that they have a needle-like structure. Based on 
the “replication of morphologies” this needle-like structure could be due 
to a replication of the fibrillar structure of sepiolite. The lengths of these 
needles are on the same order of nanometers [1]. 

To analyze the incorporation of small size ethylenic sequences, the 
sepiolite amount was fixed. Four PE/Hexene copolymerization were 
made with a range of comonomer concentration from 0.07 M to 0.30 M 
and 2 g of modified sepiolite (2:1) as it was described in the experi-
mental section. 

Table 2 shows a comparison of the thermal properties of PE/Hexene 
copolymers and their nanocomposites with the neat homopolymer. The 
first observation corresponds to the increase in productivity when a 
higher amount of comonomer is added. This phenomenon, known as 
“comonomer effect” has been described by other authors [29–34]. 

In the homopolymerization of the nanocomposites performed In Situ, 
the highly crystalline polymeric chains are synthesized around catalyst 
molecules. The monomer diffuses very slowly through the crystalline 
zone until finding the catalyst and keeps going the polymerization 
process. The addition of a small part of the co-monomer decreases the 
polymer crystalline zone formed, and it raises the probability for the 
monomers to find the catalyst and increase the polymerization pro-
ductivity. For the copolymerization process, the increase in productivity 
has also been explained by the idea that the co-monomer incorporation 
can modify or raise the catalyst active centers during the reaction. 

Fig. 1. TEM microphotographs of PE nanocomposites with sepiolite.  

Fig. 2. SEM micrograph of the nanocomposite powders for a polyethylene 
nanocomposite. 
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Also, it is important to highlight that the degree of crystallinity re-
ported was based on an “overall degree of crystallinity” using as the 
reference to the melting enthalpy of fusion for 100% crystalline PE. The 
contribution of the comonomer has been ignored in the calculation 
method because its effect on the degree of crystallinity will not alter in 
great proportion the reported values. In Fig. 3, it can be observed a 
comparison of the nanocomposite products obtained by homopolyme-
rization and copolymerization. The presence of an α-olefin in the reac-
tion medium produces a more soluble amorphous polymer and increases 
the number of active centers during polymerization [4,35]. 

Considering that the productivity increases with the comonomer 
amount added, the final clay in the nanocomposite is lower due to more 
copolymer is produced. This is shown as the final percentage of clay for 
the nanocomposites in Table 2. On the other hand, the nanocomposites’ 
productivity is higher than the corresponding neat copolymers but the 
growth rate is slower. This fact is due to the negative component of –OH 
groups of nanofiller, although the “comonomer effect” is strongest in 
these cases. Comparing the productivity of homogeneous and hetero-
geneous polymerization systems, it is known that immobilize the sup-
ported co-catalyst on a substrate leads to high productivity due to better 
thermal stability and this is independent of the comonomer effect. 
However, speaking about the immobilization of the supported catalyst is 
different from a copolymerization whose support substrate is used in 
large quantities to also act as filler. Greater amounts of sepiolite lead to a 
lower reactivity rate due to a high concentration of heteroatoms in the 
reaction medium. Also, it was demonstrated that the volume of the MAO 
molecule hinders its interaction with all –OH groups present in the clay 
and not all molecules of MAO react with the clay surface [1,13,17]. 

DSC tests (Fig. 4) show that increasing the amount of hexene causes a 
decrease in the enthalpy of fusion and crystallinity degree. This 

phenomenon reveals the growth of the amorphous region in the neat 
copolymer and nanocomposites with the increase of hexene [7]. 

Increasing the amount of hexene causes a reduction in the final 
amount of sepiolite, producing changes in the micro and macro- 
structural properties of nanocomposites ethylene/hexene. To study 
these changes, different parameters were measured (Table 3). 

The decrease of molecular weight, in neat copolymers, when 
increasing the amount of hexene has been widely reported and is due to 
the transfer and termination reactions that promote the grafted branches 
[36]. The same behavior repeats in the nanocomposites, although it can 
be appreciated the increase of molecular weight in comparison to neat 
copolymers. When the polymerization is carried out on metallocenes 
immobilized in a nanoscopic space, the active species are protected from 
other chemicals that can cause transfer and termination reactions [37]. 

Another important aspect is that the raise in the molecular weights of 
the nanocomposites, against the neat copolymers, is parallel to the in-
crease of hexene incorporated in nanocomposites. This phenomenon is 
caused by the immobilization of the catalyst in the support. In these 
cases, the incorporation of co-monomers is usually more effective [31, 
38] and therefore bigger amount of hexene is incorporated in the chain. 

Other evidence of the increase in the effective insertion of como-
nomer is the different peaks appearing in crystallization endotherms 
(Fig. 4b), as a result of new active sites that are capable of forming, in a 
simple sweep of heating and cooling, two different crystalline sections. 

Successive self-nucleation and annealing (SSA) curves are shown in 
Fig. 5 and clearly evidence the increase of the amount of hexene pro-
motes polymer segments that crystallize at lower temperatures. The new 
chains form crystals with lower lamellar thickness and melting tem-
perature (Melting results showed in Table 2). 

The comparison between neat copolymer and their nanocomposites 
shows that higher amounts of 0.07 M of hexene displace the fusion to 
lower temperatures. These observations allow concluding that low 
concentrations of hexene, give the chains greater mobility, and therefore 
the ramifications can be nucleated by the sepiolite. Conversely, at high 
concentrations of co-monomer, the reaction increases their ability to 
incorporate branches increasing the amorphous region. It could be 
appreciated the narrowing effect on the melting endotherms in nano-
composites compared to neat copolymers. This phenomenon is caused 
by the better uniformity of the crystal sections, thus a great homoge-
neous distribution of branches on the structure of the copolymer is 
obtained. 

Also in Table 3 regarding the branch distribution index and the 
weight-average of branches according to the percentage of added 
comonomer, the results confirm that nanoclay allows a bigger number of 
ramifications and incorporating them more equitatively. 

Considering the results it is clear that increasing the concentration of 
hexene in nanocomposites copolymerization, the molecular weight loss 
is more controlled due to two effects: control of termination reactions by 
sepiolite and more homogeneous distribution of the comonomer in the 
polymer structure. This can be also seen by GPC tests (Fig. 6) in which it 

Table 2 
Thermal and morphological properties of the different synthesized copolymers.   

Samplea Tm (0,1��C) Tc (0,1��C) ΔHf (29�J/g) Xc (0,1�%) % clay Productivityb 

Neat Copolymer PE 139.8 108.0 284 96.9 – 8.51 � 103 � 4 � 102 

CoH0.07 PE 126.4 105.1 229 85.8 – 9.73 � 103 � 2 � 102 

CoH0.10 PE 124.7 104.3 208 79.8 – 1.37 � 104 � 5 � 102 

CoH0.20 PE 118.8 100.8 191 75.7 – 1.52 � 104 � 2 � 102 

CoH0.30 PE 117.5 94.3 169 67.9 – 1.89 � 104 � 1 � 103 

Nanocomposite N2PE 144.1 108.8 254 92.1 3.5 � 0.7 9.12 � 103 � 6 � 103 

N2CoH0.07 PE 131.2 108.5 199 71.3 3.3 � 0.2 1.04 � 104 � 4 � 103 

N2CoH0.10 PE 128.3 105.0 187 67.6 3.0 � 0.4 1.57 � 104 � 9 � 102 

N2CoH0.20 PE 122.4 103.3 163 62.9 2.4 � 0.3 1.44 � 104 � 8 � 103 

N2CoH0.30 PE 117.7 101.2 142 59.9 1.5 � 0.1 1.84 � 104 � 9 � 102  

a Nomenclature: PE: Polyethylene matrix, CoH0.07: hexene copolymer with 0.07 M of initial hexene, N2: nanocomposite with 2 g of initial clay. 
b KgPE/(molZr⋅bar⋅h). 

Fig. 3. Physical state of nanocomposites obtained in homopolymerization (a) 
and copolymerization (b). 
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Fig. 4. DSC curves for a) fusion and b) crystallization of neat copolymer PE/Hexene and their nanocomposites.  

Table 3 
Structural characterization of neat copolymers and their nanocomposites with different amounts of hexene.  

Neat Copolymers Sample Mv (�1,0 � 103 g/mol)a MFI(�0,3 g/10min)b % molar Hexene (�0,06)c Cn(�0,02)d Cw(�0,02)e BDI (�0,9)f 

PE – 9.7 0.00 – – – 
CoH0.07 PE 6,0 � 104 10.3 0.80 6.3 10.4 1.6 
CoH0.10 PE 5,4 � 104 18.4 1.54 8.3 14.9 1.8 
CoH0.20 PE 4,8 � 104 24.6 2.87 6.4 18.5 2.9 
CoH0.30 PE 4,3 � 104 35.3 5.96 9.2 30.2 3.3 

Nanocomposites N2PE – 7.3 0.00 – – – 
N2CoH0.07 PE 7,7 � 104 9.1 0.92 10.1 12.1 1.2 
N2CoH0.10 PE 6,5 � 104 16.4 2.25 12.3 16.0 1.3 
N2CoH0.20 PE 6,2 � 104 22.3 4.47 13.8 20.6 1.5 
N2CoH0.30 PE 5,8 � 104 29.9 8.76 16.1 38.6 2.4  

a Viscosimetric molecular weight. 
b Melt flow index (2,16Kg/10min). 
c Calculated by FTIR using a13C NMR calibration curve. 
d Number-average of short branches per 1000 backbone carbons, [18,39] calculated using SSA curves. 
e Weight-average of short branches per 1000 backbone carbons, [18,39] calculated using SSA curves. 
f Branches distribution index, calculated by Cw/Cn. 

Fig. 5. SSA curves for a) nanocomposites with different amount of hexene, b) neat copolymer and their nanocomposites.  
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can be demonstrated that copolymerization In situ of nanocomposites 
gives higher molecular weight and narrower distribution than neat co-
polymers, allowing more effective and organized incorporation of the 
branches and consequently a more homogeneous structure of the 
copolymer. 

The results show that sepiolite increases productivity, improves the 
thermal stability of the catalyst and incorporates more efficiently, and 
orderly the comonomer in the structure of copolymer, increasing 
significantly the nanocomposite tenacity. However, Table 4 shows how 
the use of sepiolite produces a decrease in Young’s modulus. 

Only the sample N2CoH0.07 PE, filled with 3% of sepiolite, is 
capable to increase the module 20% but it loses 15% elongation at break 
with respect neat copolymer. These decreases in Young’s modulus is 
produced by the incorporation of more branches and the decrease of 
final load due to the increase of productivity, thereby the nucleating and 
reinforcing effect of the nanoclay is shielded by the matrix properties. 
On the other hand, when raising the hexene amount, the elongation at 
break is improved for the nanocomposites. The sample with the most 
incorporation of short branches (N2CoH0.30 PE) had an elastomeric 
behavior. 

Moreover, in Table 4, it can be observed an increase in tensile 
strength for nanocomposites as a result of good compatibility between 
the matrix and sepiolite. This fact is due to the capacity of the sepiolite to 
transmit the force and his resistance to being deformed. 

Finally the presence of the clay is also reflected in the melt flow index 
and density (Tables 3 and 4). In general terms, the nanocomposites 
maintain a balance and there are no sudden drops in density or flow-
ability even when they have large quantities of branches in their 
structure. 

3.2. PE/hexene nanocomposites: influence of the amount of sepiolite 

To evaluate the influence of the sepiolite in the polymerization, a 
series of nanocomposites were synthesized keeping constant the amount 
of hexene and varied amount of load. Table 5 summarizes the compo-
sition and thermal properties of synthesized copolymers. 

It is evident how the enthalpy of fusion and crystallization in nano-
composites increased with small amounts of sepiolite which is produced 
by the “nucleating effect” of nanoclay. This phenomenon could be 
observed in DSC curves (Fig. 7), where low amounts of sepiolite increase 
the melting and crystallization temperature. However larger amounts of 
clay have the reverse effect and become a defect of the crystal system 
and the enthalpy of fusion decreases with an important loss in the 
crystallinity. 

There is not a clear trend for productivity. The presence of a como-
nomer and the clay allows obtaining a larger amount of polymer. 
However, these effects compete with the deactivation of the catalyst due 
to the increase of hydroxyl groups of the load. For this reason, the 
sample N5CoH0.10 PE has an important drop in productivity and the 
percentage of final clay raises as the clay amount fed is raised. 

In Table 6, the structural properties for the copolymers are given. 
The table shows that increasing the amount of sepiolite produced a rise 
of grafted comonomer and more homogeneous branching distribution. 

This phenomenon has been evidenced in SSA curves (Fig. 8). It can 
be seen that the increase of sepiolite produces a reduction in enthalpy 
and a more homogeneous crystalline size distribution. Consequently, it 
can be said that the increase of clay produces copolymers with higher 
molecular weights and narrower short branching distribution, as it is 
shown by GPC results in Fig. 9. An increase in the amount of sepiolite it 
is also an increase of MAO in the polymerization medium as the ratio 
clay/MAO is 2:1; this represents a higher amount of actives centers 
available to start the polymerization process and consequently a bigger 
growth of the chains produced that are mainly controlled by propaga-
tion reaction leading to longer polymeric chains with higher molecular 
weights. Again, the termination reactions are hindered by the protective 
effect of the sepiolite. Also, it was demonstrated that the morphology of 
the fibrillar sepiolite promotes a significant increase in the length of the 
chains that grow over them [1], resulting ultimately in a highly hier-
archical copolymer with a very ordered structure. 

On the other hand, it has to be said that an increase in the amount of 
MAO represents an increase in reaction productivity, but also the in-
crease in the amount of sepiolite is a rise in the concentration of –OH 
groups that promote the termination reaction. In this sense, there is a 
commitment of effects over the productivity of the polymerization 
process. 

Also, in Table 6 it is evident that at high percentages of clay, the 
increase in the incorporation of short branches grows as it raises the 
amount of clay in the nanocomposites. This is because, at high per-
centages of clay, the highest incorporation of branches allowed in the 
reaction can be achieved. 

The structure of the synthesized nanocomposites is reflected in their 
mechanical properties. The increase of sepiolite produces a rise in 
Young’s modulus and decreases the elongation at break, which is the 
typical behavior of nanocomposites obtained by molten. These results 
are shown in Fig. 10. 

This behavior is due to the way are found the branches in the 
copolymer structure, and also because of the crystalline sections formed 
are more regular in size and proportion, despite there are more branches 
in its structure. 

3.3. PE/octene nanocomposites: influence of the amount of octene 

A second experiment was carried out by changing the comonomer 
used. In this case, a series of PE/Octene copolymers were polymerized 
varying the amount of comonomer as in the previous case. Also, the 
nanocomposites were made to analyze the influence of the amount of 
sepiolite and the effect on their properties. 

The presence of sepiolite enhances the thermal properties for the 
nanocomposites against the neat copolymers as shown in Table 7. This 
evidence implies the “nucleating effect of the clay” is more effective on 
the matrix due to an increase in the length of the branches that promote 
greater mobility of the chains. 

The PE/Octene nanocomposites are capable to increase their melting 
temperature up to 13 �C when the amount of sepiolite is increased in the 
polymerization medium, as shown in Table 7 for the sample N5CoO0.10 
PE against the neat copolymer without the clay. 

This means that has occurred an important thickening of the lamellar 
thicknesses in the crystals formed. Despite this, there is not a rise in the 
number of crystalline populations due to the lack of important changes 
in the enthalpy of fusion. However, this property does not present Fig. 6. GPC curves for the synthesized copolymers.  
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significant losses, as shown in Fig. 11. 
Regarding the relationship between the clay incorporated in the 

nanocomposite and the productivity, the PE/Octene nanocomposites 
follow the same trend as the PE/Hexene nanocomposites. When the 
comonomer concentration increase, the productivity also increases due 
to the already well-known “comonomer effect” and this brings together 
a greater dilution of the clay in the polymer synthesized. The PE/Octene 
nanocomposites present higher productivity than the PE/Hexene 
nanocomposites and a lower amount of final clay. This phenomenon 
may be due to the boiling points of both comonomers, the hexene has a 
boiling point of 64 �C and the octene 120 �C so that the octene remains 
longer in the liquid state in the polymerization medium and in turn, the 
“solubilization effect” is maintained for longer during the polymeriza-
tion [40]. In spite of this, the double bond reactivity of the octene is 

lower than the hexene because of its chain length that interferes with the 
rate of incorporation. For this reason, even when the productivity is 
higher, the octene percentage in the nanocomposites is lower than the 
PE/Hexene nanocomposites as shown in Table 8. 

Another important observation is that, as equal with the PE/Hexene 
nanocomposites, the sepiolite is capable of increasing the octene grafted 
and at the same time narrowing the branches distribution in the polymer 
structure (see Fig. 12). With a small amount of clay is evident how the 
PE/Octene nanocomposites equalize their crystalline populations. In 
this sense, the PE/Octene nanocomposites have a more homogeneous 
structure, high fluidity with small amounts of branches, and also a very 
little amount of load to obtain highly hierarchical and nanoreinforced 
structures. 

Finally, in Fig. 13, it can be seen the influence of the comonomer 

Table 4 
Mechanical properties for neat copolymers and their nanocomposites synthesized with different amounts of hexene.   

Sample Ea (MPa) ρb (g/cm3) Espc (Mpa.cm3/g) εrd (%) σfe (MPa) εyf (%) Tensile strength (MPa) 

Neat Copolymers PE 985 � 37 0,920 � 0,017 1070 � 13 524 � 12 27 � 1 12 � 2 27 � 1 
CoH0.07 PE 884 � 19 0,910 � 0,002 972 � 10 625 � 42 26 � 1 15 � 1 26 � 1 
CoH0.10 PE 752 � 34 0,890 � 0,025 845 � 15 698 � 28 22 � 2 15 � 1 22 � 2 
CoH0.20 PE 831 � 25 0,852 � 0,007 709 � 13 789 � 12 – – 19 � 1 
CoH0.30 PE 445 � 33 0,821 � 0,049 542 � 18 820 � 41 – – 16 � 2 

Nanocomposites N2PE 1351 � 32 0,961 � 0,003 1406 � 23 508 � 19 31 � 2 9 � 2 38 � 2 
N2CoH0.07 PE 1051 � 23 0,943 � 0,016 1194 � 20 512 � 32 28 � 1 15 � 1 31 � 1 
N2CoH0.10 PE 721 � 28 0,920 � 0,047 784 � 14 613 � 51 35 � 1 18 � 1 27 � 2 
N2CoH0.20 PE 556 � 17 0,881 � 0,008 631 � 17 805 � 19 17 � 1 21 � 2 22 � 1 
N2CoH0.30 PE 357 � 30 0,846 � 0,036 422 � 22 1040 � 37 – – 20 � 1 

aYoung’s modulus. b Density. c Specific modulus. d Failure elongation. e Failure stress. f Yield elongation. 

Table 5 
Composition and thermal properties of neat copolymer and nanocomposites with different amounts of sepiolite.   

Samplea Tm (0,1��C) Tc (0,1��C) ΔHm (29�J/g) Xc (0,1�%) % clay Productivity 

Neat copolymer PE 139.8 108.0 284 96.9 – 8.51 � 103 � 4 � 102 

CoH0.10 PE 124.7 104.3 208 79.8 – 1.37 � 104 � 5 � 102 

Nanocomposite N2PE 144.1 108.8 254 92.1 3.5 � 0.7 9.12 � 103 � 6 � 103 

N0.5CoH0.10 PE 132.4 107.9 238 82.1 0.9 � 0.3 1.22 � 104 � 6 � 102 

N2CoH0.10 PE 128.3 105.0 187 67.6 3.0 � 0.4 1.57 � 104 � 9 � 102 

N5CoH0.10 PE 123.9 103.1 163 52.7 8.9 � 0.1 7.74 � 103 � 2 � 103  

a Nomenclature: PE: Polyethylene matrix, CoH0.10: hexene copolymer with 0.10 M of initial hexene, N2: nanocomposite with 2 g of initial clay. 

Fig. 7. DSC curves for a) fusion and b) crystallinization of neat copolymer PE/Hexene and their nanocomposites with different amounts of sepiolite.  
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concentrations and the amounts of sepiolite in the mechanical properties 
of the nanocomposites and the neat copolymers. With an increase in the 
comonomer concentration, there is a progressive loss of stiffness. 
However, in the presence of clay, this loss is reduced and less notable 
due to a minor presence of branches. Additionally, an important rise in 
Young’s modulus is obtained when the amount of clay increased with a 
fixed comonomer concentration (more than 40% of increase with 3% of 
clay for the sample CoO0.10 PE against the neat copolymer). 

It is important to note that this clay “stiffening effect” over the PE/ 
Octene copolymers does not affect the rubber-like behavior that these 
copolymers present. On the other hand, it can be observed that the loss 

in the elongation at break is around 12% in the sample with the highest 
amount of clay (N5CoO0.10 PE). This behavior is more attributed to the 
distribution of the short branches along the polymer chain than by the 
density of the branches and their length. 

3.4. Influence of the comonomer length 

A series of copolymers using decene as a comonomer were synthe-
sized. These kinds of copolymers are very interesting because they can 
be molded as thermoplastics but have an “elastic” behavior in tensile 
and impact tests. Interpretation of the length of the branches is not easy 
because the type and branching distribution are varied simultaneously. 
Copolymers can have the same flow and density, but their molecular 
weight, distribution, and branch density could be different [9]. 

The copolymer PE/Decene was synthesized with a comonomer 
concentration of 0.10 M and 2.0 g of modified sepiolite (2:1) for the 
nanocomposite. The structures of the copolymers are presented in 
Fig. 14 and the properties of these materials compared with nano-
composites in Table 9. 

The incorporation of clay, as already explained, improves produc-
tivity. The trend decene > octene > hexene may be due to boiling 
temperatures of co-monomers. Octene (120 �C) and decene (171 �C) stay 
more time in a liquid state so the catalyst system could incorporate them 

Table 6 
Structural characterization of neat copolymers and their nanocomposites with different amounts of sepiolite.   

Sample MFI(�0,3 g/ 
10min)a 

% molar Hexene 
(�0,06)b 

Cn 
(�0,02)c 

Cw 
(�0,02)d 

BDI 
(�0,9)e 

Mn (�0,3 � 103 
g/mol) 

Mw (�0,3 � 104 
g/mol) 

P⋅I. 
(�0,04)f 

Neat copolymer PE 9.7 0.00 – – – 4.0 � 104 1.6 � 105 3.84 
CoH0.10 PE 18.4 1.54 8.3 14.9 1.8 2.3 � 104 7.9 � 104 3.45 

Nanocomposite N2PE 7.3 0.00 – – – 5.9 � 104 1.9 � 105 3.20 
N0.5CoH0.10 
PE 

17.8 1.98 9.1 13.7 1.5 3.7 � 104 1.0 � 105 2.79 

N2CoH0.10 PE 16.4 2.25 12.3 16.0 1.3 5.9 � 104 1.6 � 105 2.67 
N5CoH0.10 PE 12.1 2.33 14.5 16.1 1.1 7.1 � 104 1.6 � 105 2.21  

a Melt flow index (2,16Kg/10min). 
b Calculated by FTIR using a13C NMR calibration curve. 
c Number-average of short branches per 1000 backbone carbons, [18,39] calculated using SSA curves. 
d Weight-average of short branches per 1000 backbone carbons, [18,39] calculated using SSA curves. 
e Branches distribution index, calculated by Cw/Cn. 
f P.I. polydispersity Index. 

Fig. 8. SSA curves for PE/Hexene nanocomposites with different amounts 
of sepiolite. 

Fig. 9. GPC curves of the CoH0.10 PE copolymer and its nanocomposites with 
different amounts sepiolite concentrations. 
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easier to growing chains, and, in consequence, increasing productivity. 
Other authors explain this fact because longer branches can increase the 
angle with the main chain, leaving space to continue with the addition of 
other monomers to the active complex, as shown in Fig. 14.[41]. The 
anomaly for N2CoD0.10 PE is produced by the decrease of sepiolite in 
the final polymer due to the rise of the comonomer length. 

Another important observation is the fall of the melting temperatures 

in the copolymers with longer branches, this phenomenon could be 
associated with the less homogeneous structure of the final polymer as 
shown in Table 10. In like manner, decene copolymer, which incorpo-
rated fewer grafts, has the lower crystallinity. These results agree with 
Flory predictions who explained that melting temperatures and crys-
tallinity of the copolymers are governed by density and distribution of 
the branches [42]. 

Fig. 10. a) Tensile strength and b) elongation at break of the PE/Hexene nanocomposites synthesized with different amounts of sepiolite.  

Table 7 
Composition and thermal properties of neat copolymers and nanocomposites with different amounts of octane and sepiolite.   

Samplea Tm (�0,1 �C) Tc (�0,1 �C) ΔHm (�29J/g) Xc (�0,1%) % clay Productivity 

Neat copolymer PE 139.8 108.0 284 96.9 – 8.51 � 103 � 4 � 102 

CoO0.05 PE 130.8 104.5 238 84.3 – 1.29 � 104 � 1 � 103 

CoO0.10 PE 118.5 102.7 183 65.7 – 1.58 � 104 � 8 � 102 

CoO0.15 PE 107.2 96.1 168 59.4 – 1.75 � 104 � 6 � 102 

Nanocomposite N2PE 144.1 108.8 254 92.1 3.5 � 0.7 9.12 � 103 � 6 � 103 

N0.5CoO0.10 PE 121.2 102.8 184 65.3 0.8 � 0.3 1.76 � 104 � 1 � 103 

N2CoO0.05 PE 135.1 106.4 220 78.0 3.3 � 0.1 2.02 � 104 � 1 � 103 

N2CoO0.10 PE 125.6 104.8 174 61.5 2.5 � 0.2 2.19 � 104 � 1 � 103 

N2CoO0.15 PE 115.4 98.8 148 52.5 1.4 � 0.1 2.23 � 104 � 1 � 103 

N5CoO0.10 PE 131.9 107.7 146 51.6 6.9 � 0.3 9.72 � 103 � 3 � 102  

a Nomenclature: PE: Polyethylene matrix, CoO0.05:octene copolymer with 0.05 M of initial octene, N2: nanocomposite with 2 g of initial clay. 

Fig. 11. DSC curves for a) fusion and b) crystallinization of neat copolymer PE/Octene and their nanocomposites with different amounts of sepiolite.  
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It is noted that the polydispersity index for the copolymers was 
higher than the values commonly reported for this polymerization 
process and this is attributed to our non-isothermal polymerization 
method that was designed to give higher activation energy of the cata-
lysts during the polymerization reaction and allows to obtain a broaden 
molar mass distribution regardless the comonomer added. With this 
approach, it is possible to obtain a balance between the mechanical and 
rheological properties of the synthesized material thanks to the benefits 
of a combination of high, and low, molecular weight chains. In this 
sense, the fluency is improved with excellent mechanical properties. 
This represents a key strategy to improve the nanoclay’s effect on the 
molecular weight of the polyethylene matrix. 

Fig. 15 shows the mechanical properties of the synthesized materials. 
It can be seen how the increase of length branches decreases the Young’ 
modulus values and there is not an important enhancement of tenacity. 

Regarding the nanocomposites, the incorporation of clay in the 
polymerization medium is a solution to regulate the incorporation of 

branches. In these cases, improvements in stiffness and toughness are 
presented against the neat copolymers, and therefore stable their 
melting temperatures. 

4. Conclusion 

PE copolymers loaded with sepiolite have been successfully pre-
pared. The results of this research have shown the advantages of using In 
situ polymerization to obtain copolymer nanocomposites. The presence 
of modified sepiolite can regulate a rise of grafted comonomer and more 
homogeneous branching distribution. Also, the sepiolite can reduce the 
enthalpy and produces more homogeneous crystalline sizes. 

It is important to note that when the comonomer concentration is 
increased, the molecular weight is decreased for each neat copolymer 

Table 8 
Structural characterization of neat copolymers and their nanocomposites with different amounts of octane and sepiolite.   

Samplea MFI(�0,3 g/ 
10min)b 

% molar Octene 
(�0,04)c 

Cn 
(�0,02) 

Cw 
(�0,02) 

BDI 
(�0,03) 

Mn (�0,6 � 103 
g/mol) 

Mw (�0,4 � 104 
g/mol) 

P⋅I. 
(�0,05)d 

Neat 
Copolymer 

PE 9.7 0.00 – – – 4.0 � 104 1.6 � 105 3.84 
CoO0.05 PE 11.8 0.54 4.1 5.3 1.3 2.9 � 103 1.1 � 104 3.96 
CoO0.10 PE 19.4 1.35 5.6 8.9 1.6 2.1 � 103 9.0 � 103 4.30 
CoO0.15 PE 22.8 2.79 6.8 12.9 1.9 1.1 � 103 5.1 � 103 4.56 

Nanocomposite N2PE 7.3 0.00 – – – 5.9 � 104 1.9 � 105 3.20 
N0.5CoO0.10 
PE 

12.8 1.48 5.8 8.1 1.4 3.5 � 103 1.4 � 104 4.01 

N2CoO0.05 PE 10.1 0.89 4.8 5.3 1.1 6.1 � 103 1.9 � 104 3.24 
N2CoO0.10 PE 14.7 1.97 5.9 7.0 1.2 4.2 � 104 1.5 � 104 3.67 
N2CoO0.15 PE 20.4 3.11 7.1 10.6 1.5 2.6 � 104 8.3 � 103 4.18 
N5CoO0.10 PE 10.5 2.02 6.2 5.5 0.9 8.9 � 103 2.5 � 104 2.84  

Fig. 12. SSA curves for PE/Octene nanocomposites with different amounts 
of sepiolite. 

Fig. 13. a) Tensile strength and b) elongation at break of the PE/Octene 
nanocomposites synthesized with different amounts of comonomer 
and sepiolite. 
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and its nanocomposite due to transfer and termination reactions that 
promote the grafted branches. However this effect, for the nano-
composites, is lower because the clay can protect the polymerization 
against the transfer and termination reactions. 

The presence of the sepiolite enhances the thermal properties for the 
nanocomposites against the neat copolymers due to the “nucleating 

effect of the clay”. This effect is more effective with an increase in the 
length of the branches that promote greater mobility of the chains. On 
the other hand, it has been observed a drop in the melting temperatures 
in the copolymers with longer branches associated with the heteroge-
neous structure of the final polymer. Also, it has been evidenced by the 
well-known “comonomer effect” due to an increase in productivity when 

Fig. 14. Representation of the branches in the polyethylene backbone for the synthesized copolymers.  

Table 9 
Composition and thermal properties of neat copolymer and nanocomposites with different comonomer length.   

Samplea Tm (�0,1 �C) Tc (�0,1 �C) ΔHm (�29J/g) Xc (�0,1�%%) % clay Productivity 

Neat copolymer PE 139.8 108.0 284 96.9 – 8.51 � 103 � 4 � 102 

CoH0.10 PE 126.4 105.1 229 85.8 – 9.73 � 103 � 2 � 102 

CoO0.10 PE 118.5 102.7 183 65.7 – 1.58 � 104 � 8 � 102 

CoD0.10 PE 112.9 102.1 175 62.1 – 1.79 � 104 � 5 � 102 

Nanocomposites N2PE 144.1 108.8 254 92.1 3.5 � 0.7 9.12 � 103 � 6 � 103 

N2CoH0.10 PE 128.3 105.5 187 67.6 3.0 � 0.4 1.44 � 104 � 9 � 102 

N2CoO0.10 PE 125.6 104.8 174 61.5 2.5 � 0.2 2.19 � 104 � 1 � 103 

N2CoD0.10 PE 116.5 105.4 171 57.8 1.3 � 0.4 2.08 � 104 � 3 � 102  

Table 10 
Composition of the neat copolymer and their nanocomposites using different length comonomers.   

Sample MFI(�0,5 g/10min)b M% of Copolymer (�0,04) Mn (�0,6 � 103 g/mol) Mw (�0,3 � 103 g/mol) P⋅I. .(�0,03)c  

Neat Copolymer PE 9.7 0.00 4.0 � 104 1.6 � 105 3.84 
CoH0.10 PE 18.4 1.54 2.2 � 103 8.6 � 103 3.95 
CoO0.10 PE 19.4 1.35 2.1 � 103 9.0 � 103 4.30 
CoD0.10 PE 15.1 0.98 1.9 � 103 9.0 � 103 4.75 

Nanocomposite N2PE 7.3 0.00 5.9 � 104 1.9 � 105 3.20 
N2CoH0.10 PE 16.4 2.25 2.2 � 104 6.5 � 104 3.44 
N2CoO0.10 PE 14.7 1.97 4.2 � 104 1.5 � 104 3.67 
N2CoD0.10 PE 12.9 1.98 1.4 � 103 5.4 � 103 3.89 

13C NMR experiments showed that neat copolymer has a random distribution of the branches independently of the length, however, the clay in nanocomposites 
produces narrower distributions and the increase of grafted co-monomer, as shown in Table 11. 

Table 11 
Branch distribution of the neat copolymer and their nanocomposites using different length comonomers.   

Sample Triads (comonomer distribution �0,001)a   

EEE CEE ECE CEC ECC CCC 

Neat Copolymer PE – – – – – – 
CoH0.10 PE 0.589 0.254 0.157 0.000 0.000 0.000 
CoO0.10 PE 0.574 0.357 0.034 0.010 0.025 0.000 
CoD0.10 PE 0.347 0.276 0.052 0.201 0.124 0.000 

Nanocomposite N2PE – – – – – – 
N2CoH0.10 PE 0.245 0.457 0.262 0.036 0.000 0.000 
N2CoO0.10 PE 0.270 0.463 0.150 0.078 0.038 0.000 
N2CoD0.10 PE 0.456 0.258 0.165 0.096 0.025 0.000  

a 13C NMR results where E is the ethylene monomer and C is the grafted comonomer. 
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the comonomer concentration increase. 
The incorporation of clay in the polymerization medium is a solution 

to regulate the incorporation of branches. Improvements in stiffness and 
toughness are presented against the neat copolymers. 

The neat copolymers and their nanocomposites have been charac-
terized in thermal behavior and mechanical test. The versatility of this 
method allows manufacturing from ultra-high molecular weight poly-
ethylene up to thermoplastic rubbers. 
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