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ABSTRACT: In the present study, different series of
high-density polyethylene (HDPE) nanocomposites were
prepared by melt mixing on a Haake-Buchler Reomixer,
containing 2.5 wt % of multiwall carbon nanotubes, pris-
tine and modified montmorillonite, surface-treated and -
untreated SiO2 nanoparticles. From transmission electron
micrographs, it was found that beyond a fine dispersion of
nanoparticles into HDPE matrix, there are also some
aggregates easily discriminated. As a result, there was a
decrease in the tensile and impact strength of most of
nanocomposites except Young’s modulus, which was
increased. Storage modulus as recorded from dynamic me-
chanical analysis was also increased in all nanocomposites,
because HDPE becomes stiffer due to the incorporation of
nanoparticles. The nucleation behavior of nanoparticles
during crystallization was found to have no obvious effect

on melting and crystallization temperature of HDPE.
However, a small decrease in the heat of fusion in all
nanocomposites was evidenced. Gas permeability of
HDPE matrix in O2, N2, and CO2 was reduced in all nano-
composites compared with neat polymer. Thermal stability
of HDPE was also enhanced due to the incorporation of
different nanoparticles. From the kinetic analysis of ther-
mal decomposition of HDPE, it was concluded that to
describe the thermal degradation of HDPE and the studied
nanocomposites, two consecutive mechanisms of nth-order
autocatalysis have to be considered. VVC 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 114: 1606–1618, 2009
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INTRODUCTION

Among the wide number of commercially available
thermoplastic polymers, high-density polyethylene
(HDPE) has been widely used in different packaging
applications. This is due to the abundant supply of
HDPE and to its combination of low-cost and low-
energy demand for processing. Additionally, the
well-balanced mechanical properties make HDPE
ideal for many industrial applications.1 The intro-
duction to the market of HDPE with bimodal molec-
ular weight distribution has extended its
applications such as production of pipes and fittings
for the transportation of water or gas under pres-
sure. The high molecular weight part gives materials
with increased mechanical properties, whereas the
low molecular weight part acts as lubricant during
HDPE extrusion. Referring to mechanical properties,
HDPE, compared with the other kinds of polyethyl-

ene, has very high tensile strength due to its highly
crystalline structure. On the other hand, for gas
transportation pipes as well as for food and drug
packaging, gas permeability is one of the most
important properties to be considered. HDPE offers
a good barrier for humidity but is easily permeated
by oxygen. Some of these properties can be
improved by the addition of inorganic particles into
polymer matrices. In conventional composites, a
large amount of fillers (>20 vol %) of microparticle
size is, generally, required to appreciably increase
the elastic modulus and reduce the creep compliance
of thermoplastic matrices.2 However, these gains are
usually accompanied by severe losses in many other
properties and especially, the ductility and tough-
ness. From the other side, polymers filled with nano-
particles have attracted great interest nowadays,
both in industrial and academic areas.
The nanocomposites are characterized by the use

of a reinforcing agent with nanodimensions, which
is added in small quantities compared with the tra-
ditional composites. In these nanocomposites, the
addition of relatively small amounts (<3 vol %) of
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inorganic particles, such as silica, titania, or calcium
carbonate or carbon nanotubes, has been proven to
increase both rigidity and toughness, thermal and
barrier properties of different thermoplastics.3 In this
context, nanoparticles have a fundamental role in
properties enhancement, compared with the pristine
polymers, presumably due to the nanoscale structure
of nanoparticles and the synergism between polymer
and nanoparticles.

In the case of HDPE, several nanoparticles were
used to increase its mechanical properties such as
tensile modulus and impact strength.4,5 SiO2 nano-
particles6 as well as montmorillonite (MMT) were
reported to increase tensile strength and flame
retardance of HDPE.7 However, in most of the cases,
it was reported that the addition of MMT causes a
reduction in tensile strength and only Young’s mod-
ulus increases.8 Maleated polyethylene can be used
to increase the dispersion of MMT nanoparticles into
HDPE matrix and thus enhances its mechanical
properties.9–11 Except SiO2 and MMT, multiwalled
carbon nanotubes (MWCNTs) were also used for
stiffness enhancement as well as increase of thermal
conductivity of HDPE.12–15 However, so far, only
limited studies concerning the gas permeability
improvement of HDPE by the addition of nanofillers
were reported.16,17

In this study, several nanoparticles such as MMT,
MWCNTs, and fumed silica were used to prepare
HDPE/nanocomposites. These nanoparticles are
extensively used to improve many of the polymer
properties. The aim of this study was to evaluate the
effect of the above-mentioned nanoparticles com-
pared with the mechanical, gas permeability, and
mainly to the thermal decomposition properties of
HDPE using several kinetic models. For this reason,
the nanoparticles amount was stable, 2.5 wt % in all
nanocomposites, because from many studies it was
found that, at such amount, the highest mechanical
properties of nanocomposites can be achieved.

EXPERIMENTAL

Materials

Bimodal HDPE appropriate for pipe and fittings pro-
duction was supplied by TVK Inter-Chemol GmbH
(Frankfurt am Main, Germany) under the trade
name TIPELIN 7700M and had a melt flow index of
0.28 g/10 min at 5.0 kg/190�C, density 0.950 g/cm3

and Tm 127�C. MWCNTs used in this work were
synthesized by the chemical vapor deposition pro-
cess and were supplied by Nanothinx (Patra,
Greece). Their diameter was between 9 and 20 nm
and their length was > 5 lm. The two different
types of fumed silica (SiO2) nanoparticles used for
nanocomposites preparation were supplied by

Degussa AG (Hanau, Germany). The first type was
hydrophilic silica nanoparticles, under the trade
name AEROSILVR 200, having a specific surface area
of 200 m2/g and SiO2 content >99.8%, and the sec-
ond type was the hydrophobic nanoparticles under
the trade name AEROSIL R974. The latter were pro-
duced by the supplier after treating the hydrophilic
nanoparticles with dimethyldichlorosilane (cSiO2)
and had lower specific surface than the untreated
(170 m2/g). In both the cases, the average primary
particle size was 12 nm. The two different types of
MMT under the trade name CloisiteV

R

Naþ (pristine)
(MMT) and Cloisite 20A (org-MMT), which is
modified with a dimethyl, dihydrogenated tallow
quaternary ammonium chloride salt, were supplied
from Southern Clay Products Inc. (Golzales, TX).
The particle sizes of both montmorilonites range
between 2 and 13 lm and have modulus of elasticity
4.657 GPa, tensile strength 101 MPa, and moisture
content <2%.

Nanocomposites preparation

Nanocomposites containing 2.5 wt % of nanopar-
ticles were prepared by melt mixing in a Haake-
Buchler Reomixer (Model 600) with roller blades
and a mixing head with a volumetric capacity of 69
cm3. Five different types of nanoparticles were used
such as MWCNTs, uncoated and coated SiO2, pris-
tine, and organically modified MMT. Before melt
mixing, the nanoparticles were dried by heating in a
vacuum oven at 130�C for 24 h. The two components
were physically premixed before being fed in the
reomixer, to achieve a better dispersion of the nano-
particles in HDPE. Melt blending was performed at
220�C and 30 rpm for 15 min. During the mixing
period, the melt temperature and torque were con-
tinuously recorded. Each nanocomposite after prepa-
ration was milled and placed in a desiccator to
prevent any moisture absorption.

Mechanical properties

Measurements of tensile mechanical properties of
the prepared nanocomposites were performed on an
Instron 3344 dynamometer, in accordance with
ASTM D638, using a crosshead speed of 50 mm/
min. Relative thin sheets of about 350 � 25 lm were
prepared using an Otto Weber, Type PW 30 hydrau-
lic press connected with an Omron E5AX Tempera-
ture Controller, at a temperature of 190 � 5�C. The
molds were rapidly cooled by immersing them in
water at 20�C. From these sheets, dumbbell-shaped
tensile test specimens (central portions 5� 0.5 mm
thick, 22-mm gauge length) were cut in a Wallace
cutting press and conditioned at 25�C and 55–60%
relative humidity for 48 h. The values of Young’s
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modulus, yield stress, elongation at break, and ten-
sile strength at the break point were determined. At
least five specimens were tested for each sample and
the average values, together with the standard devi-
ations, are reported.

Izod impact tests were performed using a Tinius
Olsen apparatus in accordance with ASTM D256
method. Five measurements were conducted for
each sample, and the results were averaged to obtain
a mean value.

Dynamic mechanical analysis

The dynamic thermomechanical properties of the
nanocomposites were measured with a Rheometric
Scientific analyzer (Model Mk III). The bending
method was used at a frequency of 1 Hz, a strain
level of 0.04% in the temperature range of –100�C to
60�C. The heating rate was 3�C/min. Testing was
performed using rectangular bars with dimensions,
approximately, 30 � 10 � 3 mm. These were pre-
pared with a hydraulic press, at a temperature of
190�C and a pressure of 100 bar, for a time period of
5 min. The exact dimensions of each sample were
measured before the scan.

Transmission electron microscopy

Electron diffraction and transmission electron
microscopy (TEM) observations were performed on
ultra-thin film samples of the various nanocompo-
sites, prepared by an ultramicrotome. These thin
films were deposited on copper grids. A JEOL 120
CX microscope was used, operating at 120 kV.

Wide-angle x-ray diffractometry

Wide-angle x-ray diffractometry study of HDPE
nanocomposites after crystallization for 10 days at
0�C were performed over the range 2y from 5 to 55�,
at steps of 0.05� and counting time of 5 seconds,
using a Philips PW1710 powder diffractometer with
CuKa Nickel-filtered radiation.

Differential scanning calorimetry

Thermal analysis of the nanocomposites was per-
formed using a differential scanning calorimeter
(Setaram, DSC141) calibrated with indium and zinc
standards. For each measurement, a sample of about
6.0 � 0.2 mg was used, placed in a sealed alumin-
ium pan, and heated to 180�C at a scanning rate of
5�C/min. From these scans, the melting temperature
(Tm) of the nanocomposites was measured. Crystalli-
zation temperature (Tc) from the melt was also
recorded by cooling the samples from 180 to 60�C at
a cooling rate of 2.5�C/min.

Thermogravimetric analysis

Thermogravimetric analysis was carried out with an
SETARAM SETSYS TG-DTA 16/18 instrument. Sam-
ples (6.0 � 0.2 mg) were placed in alumina crucibles.
An empty alumina crucible was used as reference.
HDPE nanocomposites were heated from ambient
temperature to 550�C in a 50 mL/min flow of N2 at
heating rates of 5, 10, 15, and 20�C/min. Continuous
recordings of sample temperature, sample weight,
its first derivative, and heat flow were taken.

Permeability studies

Permeability rates were studied on relatively thin
films of HDPE nanocomposites, prepared as the
films for the tensile measurements. To prepare films
devoid of entrapped air bubbles, the load was grad-
ually increased up to 10 kN during a time of 3 min
and maintained at this load for additional 2 min. All
prepared films had a thickness of approximately 50
� 5 lm. Permeability rates of O2 and N2 through
these films were measured using a Davenport Appa-
ratus (London). For this reason, a dried No. 1 What-
man filter with a diameter of 5.5 cm was used to
support the nanocomposite films. The apparatus was
fixed and vacuum was applied to the lower part of
the shell down to a pressure of <0.2 mmHg. After
this, gas was introduced in the upper part of the
apparatus shell and the pressure difference in a cap-
illary pipe (cmHg h�1) was measured against time
until a constant rate was reached. From each sample,
three measurements were completed and the results
were averaged to obtain a mean value.

RESULTS AND DISCUSSION

Nanocomposites characterization

It is well known that most of the properties in poly-
mer nanocomposite materials are directly dependent
on the particle size distribution of nanoparticles into
polymer matrix. Because of the high aspect ratio of
nanoparticles, aggregates are usually formed that
mainly reduce the mechanical properties. In this
study, the morphology of the prepared nanocompo-
sites is examined with TEM. As can be seen from
Figure 1, TEM micrographs revealed that silica par-
ticles (coated and uncoated) were characterized by a
spherical shape and narrow grain size distribution.
Even though these nanoparticles consist of individ-
ual particles in the range of 12 nm, during melt mix-
ing with HDPE aggregates are formed since the
observed nanoparticles are in the range of 50–300
nm. This behavior has been also observed in other
polyolefins.18–22 Comparing the treated and
untreated silica nanoparticles, it can be seen that
those with surface treatment are producing
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aggregates with slightly higher sizes. This was also
observed in our previous studies and maybe attrib-
uted to the larger initial particles of coated SiO2

compared with uncoated SiO2.
19,20 However, the dif-

ferences are very small to extract any clear conclu-
sion. In the case of HDPE/MMT nanocomposites,

TABLE I
Mechanical Properties of HDPE/Nanocomposites

Material

Tensile
strength at
Yield (MPa)

Tensile
strength at
break (MPa)

Young’s
Modulus
(MPa)

Elongation at
break (%)

Impact
strength
(J/m)

HDPE 19.7 � 2.3 29.9 � 2.4 609 � 34 770 � 45 42 � 5
HDPE/MWCNTs 19.5 � 2.9 13.6 � 1.9 796 � 42 54 � 12 29 � 3
HDPE/SiO2 21.7 � 2.5 33.8 � 1.5 725 � 25 776 � 52 36 � 4
HDPE/cSiO2 21.4 � 3.1 29.7 � 2.1 805 � 33 702 � 35 32 � 3
HDPE/MMT 21.0 � 1.8 23.6 � 2.5 833 � 47 611 � 40 39 � 3
HDPE/org-MMT 20.9 � 1.2 25.1 � 2.2 639 � 30 618 � 33 40 � 4

Figure 1 TEM micrographs of HDPE nanocomposites containing (a) SiO2, (b) cSiO2, (c) MMT, (d) org-MMT, and
(e) MWCNTs.
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TEM micrographs show the dark lines of MMT
layers. In nanocomposites containing untreated
MMT, the dispersed particles into HDPE matrix
have sizes close to 10 nm width and 1000 nm length.
Comparing Figure 1(c,d), it can be seen that the org-
MMT has a better dispersion in the HDPE matrix
but no exfoliated nanoparticles can be detected.
These results show that the intercalation effect of
HDPE is limited because of its nonpolar character.
In most cases by using MMT as nanoparticles, the
synthesis of polymer/MMT nanocomposites is
reported mainly via melt-direct intercalation since it
is the most promising method, easily applied in
industry and does not require any solvents. How-
ever, since HDPE does not include any polar group
in its backbone, a homogeneous dispersion of clay
minerals in its matrix is not achieved even when the
clay is organically modified. A better dispersion was
reported when PE-g-MA copolymer was used simul-
taneously during melt mixing.23 Aggregates are also
observed in nanocomposites containing MWCNTs
[Fig. 1(e)], which is very usual in polyolefins.24 This
happens because MWCNTs contain some surface
carboxyl and hydroxyl groups, which can participate
to hydrogen bond interactions between each other.

Mechanical properties

Nanoparticles consist of very small particles in the
range of nanoscale. Thus, they have large aspect
ratio and when incorporated into polymer it is
expected to increase the mechanical properties, even
at low filler loading (2.5–5 wt %). As far as the
toughening mechanism is concerned, it is generally
believed that cavitations of the polymer matrix sur-
rounding the rigid inorganic particles can promote
extensive shear yielding, thus increasing the energy
absorbed in highly dissipative phenomena. All the
mechanical properties of the studied nanocomposites
are presented in Table I. From stress–strain curves, it
is observed that nanocomposites, except HDPE/
MWCNTs, exhibit the typical cold-drawn behavior
since cold drawing appeared before the final break
of the specimen. This was also reflected to the elon-
gation at break, which is very high in all nanocom-
posites except those containing MWCNTs. Also, it
can be seen that the values of tensile strength at
yield point of all nanocomposites are very close to
the corresponding HDPE. Thus, no clear conclusion
concerning the adhesion between HDPE matrix and
nanoparticles can be derived.

In the case of tensile strength at break, there are
some remarkable differences. Nanocomposites con-
taining MWCNTs and MMT have lower tensile
strength than neat HDPE and only when SiO2 was
used, there was a small improvement of tensile
strength. MMT nanoparticles were reported to cause

a reduction in tensile strength.25 HDPE is a nonpolar
hydrophobic polymer and thus strong interactions
with polar hydrophilic fillers, such as those used,
cannot take place. For this reason, coated nanopar-
ticles can be used to increase the adhesion with
HDPE matrix. Lazzeri et al.26 concluded that the
addition of coated nano-sized calcium carbonate
could compensate the decrease of the tensile proper-
ties compared with the uncoated precipitate calcium
carbonate. The results of their study show that addi-
tion of fatty acids, such as stearic acid, can be a
good way to achieve a uniform dispersion with suit-
able adhesion. However, in the prepared nanocom-
posites when coated and uncoated SiO2 were used
(such an) similar improvement was not observed.
On the contrary, the nanocomposites containing
coated SiO2 present lower tensile strength than the
uncoated. Such a behavior was also observed in our
previous study when these nanoparticles were used
in polypropylene (PP).20 This reduction can be
attributed to higher agglomerates that these nano-
particles create in the polymer matrix, as was found
also by TEM micrographs.
The observations for impact strength values were

also similar to this. The addition of nanoparticles
into HDPE matrix results in the reduction of impact
strength, in agreement with the already published
studies in HDPE reinforced with nanoparticles. The
low toughness of the clay-reinforced polyethylene,
compared with neat polyethylene, is related to the
crystal structure and the interfacial interaction
between the filler and the polymer matrix.27 Thus,
the addition of clay into polyethylene decreases the
impact strength for the entire temperature range of
Izod impact tests. In this study, it was reported that
the fracture of polyethylene initiates with crazing,
whereas the fracture initiation and propagation of
clay-polyethylene nanocomposite are characterized
by stretching of fibrils (fibrillation) interdispersed
with microvoids. To the exception of the above-dis-
cussed mechanical properties, Young’s modulus
seems to have a substantial increase in all nanocom-
posites, compared with the corresponding HDPE.
The increased stiffness is due to the reinforcement
effect of the nanofillers in the polymer matrix.28,29

Dynamic mechanical analysis

Storage and loss modular spectra of HDPE/nano-
composites containing 2.5 wt % of different
nanoparticles are shown in Figures 2 and 3, respec-
tively. Examining the storage modulus of these
nanocomposites, a constantly falling trend over the
temperature range can be observed, while the major
transition seems to be detected in the rubbery stage
between 20 and 60�C. Storage modulus of all nano-
composites is higher compared to the corresponding
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modulus of HDPE, which indicates increased stiff-
ness of these materials. This was also verified from
Young’s modulus measured from mechanical prop-
erties. It is evident from Figure 2 that there is a re-
markable increase in the modulus of neat HDPE
with the incorporation of nanoparticles. This is prob-
ably due to increase in the stiffness of the matrix
with the reinforcing effect imparted by the nanopar-
ticles that allowed a greater degree of stress transfer
at the interface.

Concerning the loss modulus in the case of neat
HDPE, a very slight loss modulus peak around
�90�C and a more intense around 30�C are recorded
(Fig. 3). In the literature, it was reported that HDPE
shows two relaxation peaks at �110�C (c), which is
attributed to the glass transition temperature and at
60–80�C (a), respectively.30 The b transition is not
visible in HDPE because of the absence of the
branches and is only observed in LDPE. In the loss
modulus curve for neat HDPE, a transition can be

seen as a broad peak with maximum at 31�C
(Fig. 3). The a relaxation is associated with the chain
segment mobility in the crystalline phases, which is
probably due to reorientation of defect areas in the
crystals and is thought to be dependent on the
lamellar fold surface morphology. According to the
literature, each 1% increment in crystallinity will
shift a by about 0.5�C.30 Additionally, it has been
reported31 that the a-relaxation was not detected in
samples with less than 40% crystallinity. In our case,
since the crystallinity of HDPE is lower in all nano-
composites (it will be discussed further), the shift of
a-relaxation to slightly higher values should be
attributed to the reinforcing effect of nanoparticles.

Thermal analysis

The melting (Tm) as well as the crystallization tem-
perature (Tc) of the HDPE nanocomposites were also
measured. The melting point of neat HDPE is
recorded at 127�C and the heat of fusion is 148.8 J/
g, while the melting points of HDPE with nanocom-
posites were also similar with the appeared differen-
ces being negligible (0.1–0.3�C). Sahebian et al.32

reported that nanosized calcium carbonate in
HDPE/CaCO3 nanocomposites present a significant
effect on crystallinity, crystallization rates, melting
point, and heat of melting of HDPE. Such a behavior
was also observed using SiO2 and MMT where the
crystallization rates in both nanocomposites are
higher, compared with neat HDPE, but the degree of
crystallinity was reduced.23,33 Reductions were also
observed in heat of fusion for HDPE nanocompo-
sites of the present study containing pristine MMT
nanoparticles (139.7 J/g) and organically modified
MMT (141.3 J/g). This is similar to the heat of fusion

Figure 4 Exothermic melt crystallization peak of HDPE
nanocomposites. (1) HDPE, (2) HDPE/MWCNTs, (3)
HDPE/org-MMT, (4) HDPE/MMT, (5) HDPE/SiO2, (6)
HDPE/cSiO2. [Color figure can be viewed in the online
issue, which is available at www.intersciene.wiley.com.]

Figure 2 Storage modulus (E0) of HDPE nanocomposites.
[Color figure can be viewed in the online issue, which is
available at www.intersciene.wiley.com.]

Figure 3 Loss modulus (E00) of HDPE nanocomposites.
[Color figure can be viewed in the online issue, which is
available at www.intersciene.wiley.com.]
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in nanocomposites containing MWCNTs (140.6 J/g),
whereas the most remarkable reductions in heat of
fusion were recorded in nanocomposites containing
SiO2 (136.6 J/g) and coated SiO2 (137 J/g). Some
small differences, as in the case of melting points,
were also observed in crystallization temperatures.

HDPE crystallizes at 119.5�C after cooling from its
melt. As can be seen in Figure 4 all nanocomposites,
except those with MWCNT, have similar crystalliza-
tion temperatures even though it is well known that
nanoparticles can act as nucleating agents. The dif-
ferences in crystallization temperatures range
between 0.1 and 0.4�C, which are in the area of
experimental error. Only in the case when MWCNTs
were used as additives, there is a substantial differ-
ence, close to 2.5�C, and this nanocomposite HDPE

crystallizes more quickly than the others. This is
probably due to the higher surface area that
MWCNTs have in contact with HDPE matrix and
MWCNTs induce a heterogeneous nucleation effect.
However, from XRD studies, no effect was found on
the crystalline structure of HDPE. XRD patterns
show three strong peaks at 2y ¼ 19.33, 21.46, and
23.82�. The intensity of these peaks, as well as their
position, remain unaffected for all nanocomposites.

Gas permeability

One of the most important advantages of nanopar-
ticles’ insertion into polymer matrices is the
enhancement of gas barrier properties of the final
material. Nanoparticles are impermeable anisotropic
materials that force the gas molecules to diffuse
around them in a more complicated way. The tortu-
ous pathway is increased and the permeability of
the nanocomposites is reduced compared with neat
polymers. This was also found for other polymer
nanocomposites with PP.24,34,35 In this study, the gas
transmission rates (TR) of different gases such as O2,
N2, and CO2 through each HDPE nanocomposite
film were calculated using the following equation:

TR ¼ ð273� p� VÞð24� 104Þ
A� T� P

(1)

where TR is the gas transmission rate calculated in
mL/m2�day�atmosphere, p is the rate of pressure
change in the capillary pipe (cmHg/h), V is the total
free volume in the sample shell (5 mL), A the sur-
face of the sample (23.77 cm2), T the temperature at
which the experiment is carried out (25�C), and P
the pressure difference at the beginning of the
experiment in cmHg, which can be considered as 76
cmHg. TRs can be easily converted to gas permeabil-
ity using the equation:

P ¼ TR� l (2)

where l is the film thickness.
The factors that affect the gas permeability of a

polymer are the degree of crystallinity, the existence
of polar groups, the structure compactness, and the
used fillers. However, in the studied samples the
heat of fusion (DHm) was slightly decreased in all
nanocomposites. Furthermore, HDPE chemical struc-
ture remains unaffected since no compatibilizers or
other additives were used. Thus, any change into
gas permeability should be attributed only to the
kind of nanoparticles used. As can be seen from
Figure 5, the permeability of the studied gases is
reduced by the addition of the different nanopar-
ticles, compared with the neat HDPE film. However,
this reduction is more pronounced in O2 and N2,
whereas the reduction is in lower magnitude in the

Figure 5 Permeability of N2, O2, and CO2 from HDPE
nanocomposites containing 2.5 wt % of different nanopar-
ticles. [Color figure can be viewed in the online issue,
which is available at www.intersciene.wiley.com.]
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case of CO2. Neat HDPE has an N2 permeability of
9.7 mL cm/day m2 atm and this is reduced to 3.33
mL cm/day m2 atm after the addition of 2.5 wt %
MWCNTs. This nanocomposite has the lowest per-
meability whereas the others are slightly higher. The
nanocomposite containing MMT has comparatively,
the higher N2 permeability from all the studied
nanocomposites, and this trend is also valid for O2

[Fig. 5(b)]. It is well known that such MMT nanopar-
ticles are considered impenetrable by gas molecules.
Thus, it is believed that the addition of MMT in the
matrix resin would enhance its barrier properties by
forcing the gas molecules to follow a more tortuous
path as they diffuse through the material, retarding
the progress of the phenomenon. This has been
observed in many polymer/layered silicate nano-
composites as well as in iPP using fumed silica
nanoparticles.36,37 However, in the case of MMT, as
was found from SEM, these nanoparticles were not

exfoliated and for this reason a fine dispersion of
clay particles was not achieved. Thus, an effective
gas barrier increase was not possible. Similar behav-
ior was also reported by Zhong et al.16 However,
Osman et al.17 found that in HDPE/MMT nanocom-
posites oxygen permeability reduces by increasing
the d-spacing. Thus, it seems that when MMT were
used as nanofillers the oxygen permeability can, sub-
stantially, be reduced when MMT is exfoliated. In
the case that CO2 was used as gas, as can be seen,
the gas permeation rates from all studied nanocom-
posites are very high. This is because CO2 also has a
high solubility in many polymers and for this reason
its permeability is highest compared with the other
two gases [Fig. 5(c)]. However, even for this gas, a
slight reduction in permeability was observed in all
nanocomposites, with a similar trend as in the cases
of O2 and N2.

Thermal degradation study of HDPE
nanocomposites

Thermal degradation of HDPE and HDPE/nano-
composites was studied by determining their mass
loss during heating in a nitrogen atmosphere. In Fig-
ure 6, the mass loss and the derivative mass loss
(derivative thermogravity (DTG)) curves of all stud-
ied samples are presented, at a heating rate of 10�C/
min.
From the thermogravimetric curves, it can be seen

that HDPE, and the samples with different nanopar-
ticles, present a relatively good thermostability since,
for example, the maximum mass loss, occurred until
275�C, is 1% for the sample HDPE-cSiO2. As it
can be seen from the peak of the first derivative, the
temperature at which the HDPE decomposition rate

Figure 6 (a) Mass loss (%) versus temperature and (b)
derivative mass loss (DTG) versus temperature with a
heating rate b ¼ 10�C/min for all studied samples. (1)
HDPE, (2) HDPE/MMT, (3) HDPE/cSiO2, (4) HDPE/
MWCNTs. [Color figure can be viewed in the online issue,
which is available at www.intersciene.wiley.com.]

Figure 7 Mass loss (%) curves of sample containing
MWCNTs at different heating rates. (1) b ¼ 5, (2) b ¼ 10,
(3) b ¼ 15, (4) b ¼ 20 �C/min. [Color figure can be viewed
in the online issue, which is available at www.
intersciene.wiley.com.]
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is highest is, Tp ¼ 478.1�C, for a heating rate
of 10�C/min. The corresponding temperatures are
Tp ¼ 481.2, 481, and 482.4�C for HDPE/MMT,
HDPE/cSiO2, and HDPE/MWCNTs, respectively.
These values present a small but significant increase
at the highest decomposition rate temperature due
to the incorporation of the nanoparticles.

The shape of the mass loss curve is the same for
all samples. To analyze more thoroughly the effect
of the type of nanoparticles on the degradation
mechanism of HDPE, it is important that the kinetic
parameters (activation energy E and preexponential
factor A) and the conversion function f(a) to be eval-
uated. The relationship between kinetic parameters
and conversion (a), partial mass loss, can be found
using the mass loss curves recorded in the thermog-
ravimetric measurements. The degradation for all
the samples was studied through nonisothermal
measurements at different heating rates (5, 10, 15,
and 20�C/min). In Figure 7, the mass loss at differ-
ent heating rates for HDPE/MWCNTs is presented
as a characteristic example.

For the calculation of the activation energies, all
heating rates have been used and they were esti-
mated using the Ozawa, Flynn, and Wall (OFW),38–41

Friedman,42,43 and Kissinger44 methods for compari-
son reasons. At first, the isoconversional OFW
method was used to calculate the activation energy
for different conversion values. Second, the Friedman
method was used by plotting ln(da/dT) against 1/T
for a constant a value and the activation energy was
calculated. The results and the differences among the
studied samples in the activation energy, as pre-

dicted with OFW and Friedman methods, can be
seen in Figures 8 and 9 for all the samples.
From the plots, it can be seen that although the

shape of the curves is almost the same, significant
differences can be recognized in the activation
energy values for the same value of partial mass
loss. The differences in the values of E calculated by
the OFW and Friedman methods can be explained
by a systematic error due to improper integration.
The method of Friedman uses instantaneous rate
values being, therefore, very sensitive to experimen-
tal noise. With OFW method, the equation used is
derived assuming constant activation energy with
the introduction of a systematic error in the estima-
tion of E in the case that E varies with a, an error
that can be estimated by comparison with the Fried-
man results.45 From these calculations, the variation
of the activation energy values can be estimated.
The differences of the activation energy as predicted
with OFW and Friedman methods among the stud-
ied samples can be seen in Figures 8 and 9.
The activation energy was also calculated with

the Kissinger’s method for all the studied samples.
In Figure 10, the Kissinger plots for HDPE and
HDPE-MWCNTs samples can be seen. These values
(Table II) are in the same area with the values calcu-
lated using the OFW and Friedman methods.
It is deduced from Figures 8 and 9 that the

dependence of E on a value can be discriminated in to
two distinct regions, the first for values of a almost up
to 0.2, in which E presents a rapid increase, and the
second for a >0.2 in which E presents more or less a
slight increase. The dependence of the activation
energy of the partial mass loss, in the first region, is
much stronger for the HDPE samples than that for the

Figure 8 Dependence of the activation energy (E) on the
degree of the partial mass loss (a), as calculated with OFW
method for the different nanocomposites. (1) HDPE, (2)
HDPE-MMT, (3) HDPE-cSiO2, (4) HDPE-MWCNTs. [Color
figure can be viewed in the online issue, which is available
at www.intersciene.wiley.com.]

Figure 9 Dependence of the activation energy (E) on the
degree of the partial mass loss (a), as calculated with
Friedman’s method for the different nanocomposites. (1)
HDPE, (2) HDPE/MMT, (3) HDPE/cSiO2, (4) HDPE/
MWCNTs. [Color figure can be viewed in the online issue,
which is available at www.intersciene.wiley.com.]
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other HDPE nanocomposites. This dependence of E
on a is an indication of a complex reaction with the
participation of at least two different mechanisms,
from which one has quite a small effect on mass loss.
Examining the dependence of E on a value for the
studied HDPE nanocomposites, it is concluded that
this dependence of thermal decomposition of HDPE
remains almost the same. According to the litera-
ture,46–56 single reaction mechanism has been used for
the kinetics analysis of HDPE degradation and the
calculated activation energies present a lot of differen-
ces. The models that have been used are the first order
(F1), the nth order (Fn), and the phase boundary con-
trolled reaction-contracting area (R2). These reaction
models were examined also for the HDPE and HDPE
nanocomposites of the present study.57,58 To deter-
mine the nature of the mechanism, through the com-
parison of the experimental and theoretical data, it is
considered that the degradation of the HDPE can be
described only by a single mechanism that corre-
sponds to the main mass loss, without presuming the
exact mechanism. This model has also been applied in
our previous studies in polyesters as well as in iPP
but without any success, since the differences
between the theoretical and experimental data were
very high.59–63 The quality of the fitting with these
two models was not acceptable after their application

in HDPE and its nanocomposites (data not shown), as
was expected. To improve it, 16 different reaction
models were examined. The form of the conversion
function, given by the best fitting for the HDPE and
HDPE nanocomposites, is the mechanism of
autocatalysis n-order (Cn) f(a) ¼ (1 � a)n(1 þ KcatX),
where Kcat is a constant and X the reactants. In
Figures 11 and 12, the results of this fitting can be
seen for HDPE and one of the HDPE nanocomposites.
Comparing the results of the fitting with the Fn

and Cn models for the same samples, it is obvious
that the Cn model fits the experimental data better,
especially at the end of the mass loss. On the other
hand, comparing the results of the fitting for the

Figure 10 Kissinger’s method for HDPE nanocomposites.
(1) HDPE, (2) HDPE/ MWCNTs, (3) HDPE/MMT, (4)
HDPE/cSiO2. [Color figure can be viewed in the online
issue, which is available at www.intersciene.wiley.com.]

TABLE II
Activation Energy (E) as Calculated with Kissinger’s

Method

Sample Activation Energy (kJ/mol)

HDPE 252.7
HDPE/MWCNTs 265.9
HDPE/MMT 276.4
HDPE/cSiO2 281.1

Figure 11 Mass loss (%) of HDPE samples and fitting
curves with the Cn reaction model for different heating
rates b ¼ 5, 10, 15, and 20�C/min. [Color figure can be
viewed in the online issue, which is available at
www.intersciene.wiley.com.]

Figure 12 Mass loss (%) of HDPE/MWCNTs samples
and fitting curves with the Cn reaction model for different
heating rates b ¼ 5, 10, 15, and 20�C/min. [Color figure
can be viewed in the online issue, which is available at
www.intersciene.wiley.com.]
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HDPE and the HDPE-MWCNTs samples with the
Cn model, it is obvious that the quality of the fitting
for the nanocomposite is better than that for the
HDPE sample. Small divergences appeared only at
the first area of the mass loss and this divergence is
large mainly at the lower heating rate of 5�C/min.
This conclusion is the same for the other nanocom-
posites. The calculated values of the activation
energy and the reaction order for all the studied
samples for the two reaction models (Fn, Cn) are
presented in Table III. As can be seen, by both used
models, the activation energies of HDPE/nanocom-
posites are higher than that for neat HDPE. This is a
further proof that nanoparticles increase thermal
stability of HDPE.

Because the quality of the fitting for the HDPE is
not yet in an acceptable level and using the conclu-

sions from the dependence of the activation energy
on the partial mass loss, two reaction mechanisms
instead of one might be used to improve the quality
of the fitting. For the determination of the mecha-
nism at the first mass loss area for HDPE as well as
for its nanocomposites, the following are assumed:
(a) the two mechanisms are consecutive and (b) this
mechanism, which we try to identify, corresponds
to a small mass loss, according to the experimental
results. The fitting with two consecutive mecha-
nisms leads to a remarkable improvement in the
fitting of the experimental results with the theoreti-
cal ones. One characteristic example is presented in
Figure 13 for HDPE/cSiO2 sample. The results are
similar for the HDPE and the other three
nanocomposites.
The form of the conversion function, obtained by

the best fitting, with a regression factor at least
0.9998, is the mechanism of autocatalysis n-order
f(a) ¼ (1 � a)n(1 þ KcatX) for all the studied sam-
ples. In this stage of identification, for the best pos-
sible results we left the parameters (E, A, and n) of
the second mechanism to be recalculated. The theo-
retical data fit very well the experimental data in
the first area of small mass loss. From these curves,
there is no evidence that we must use another
mechanism to further improve the fitting. So, we
can conclude that to describe the thermal degrada-
tion of HDPE and its studied nanocomposites, two
consecutive mechanisms of nth order autocatalysis
have to be considered. The results from all the
different samples are summarized in Table IV. For
the region of small mass loss, it is obvious that the
parameter log Kcat has large negative values for all
the studied samples so the parameter Kcat does not
play a significant role in the quality of the fitting,
and for this reason the reaction model Fn can be
used instead of Cn. The values of the activation

Figure 13 Mass loss (%) of HDPE/cSiO2 samples and fit-
ting curves for different heating rates b ¼ 5, 10, 15, and
20�C/min and for two reaction mechanisms. [Color figure
can be viewed in the online issue, which is available at
www.intersciene.wiley.com.]

TABLE III
Activation energy, preexponential Factor and Reaction

Order for Fn and Cn Reaction Models

Sample

Activation
energy
(kJ/mol)

Preexponential
factor (s�1)

Reaction
order (n)

Reaction model Fn
HDPE 245.2 14.9 0.39
HDPE/MWCNTs 256.2 15.6 0.40
HDPE/MMT 255.7 15.6 0.45
HDPE/cSiO2 266.9 16.4 0.48
Reaction model Cn
HDPE 239.1 14.3 0.74
HDPE/MWCNTs 245.7 14.7 0.9
HDPE/MMT 251.6 15.2 0.68
HDPE/cSiO2 262.4 16.0 0.72

TABLE IV
Activation Energy, preexponential Factor and Reaction
Order of HDPE Nanocomposites After Fitting with Two

Reaction Mechanisms

Sample

Activation
energy
(kJ/mol)

Preexponential
factor (s�1)

Reaction
order
(n)

log
Kcat

First reaction mechanism - Reaction model Cn
HDPE 140.0 7.9 0.27 �4.7*
HDPE/MWCNTs 200.0 12.3 0.69 �7.2*
HDPE/MMT 175 10.5 0.77 �28.6*
HDPE/cSiO2 230.0 14.6 1.23 �18.2*
Second reaction mechanism - Reaction model Cn
HDPE 260.0 15.8 1.01 0.47
HDPE/MWCNTs 270.0 15.7 1.06 0.44
HDPE/MMT 285.0 17.6 0.98 0.22
HDPE/cSiO2 290.0 18.0 1.03 0.30
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energy, the preexponential factor, and the reaction
order of the Fn model are the same with that of the
reaction model Cn.

CONCLUSIONS

In the prepared HDPE nanocomposites, different
nanoparticles were added in an amount 2.5 wt % to
compare their effect on polymer properties. Those
nanocomposites containing coated and uncoated
SiO2 have the best dispersion, which was also
reflected in the mechanical properties. Because of
the lack of exfoliation, tensile tests on all nanocom-
posites containing MMT indicated that incorporation
of nanoclay into HDPE reduces tensile strength.
Greater enhancement of the tensile or Young’s mod-
ulus was observed for all nanocomposites. Melting
point and crystallization temperatures were unaf-
fected from the addition of different nanoparticles
but heat of fusion was slightly reduced. However,
even after this decrease of crystallinity, all nanocom-
posites exhibited decreased gas permeability by O2,
N2, and CO2. An additional enhancement was also
observed to the thermal stability of nanocomposites.
By using different kinetic models, it was found that
the degradation of HDPE can be described by two
autocatalysis nth order mechanisms. Similar mecha-
nisms can also be used with the HDPE nanocompo-
sites, which however have higher activation energies
from neat HDPE.
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