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In the present study different series of high-density polyethylene (HDPE) nanocomposites, containing 0.5,
1, 2.5 and 5 wt.% of fumed silica (SiO2) nanoparticles were prepared by melt-mixing on a Haake–Buchler
Reomixer. From SEM micrographs it was found that even though there is a fine dispersion of nanoparticles
into HDPE matrix there are also some aggregates formed and their size depends directly on the SiO2

content. Tensile strength increases by increasing silica content up to 2.5 wt.% SiO2, while at 5 wt.% a
reduction was observed. Additionally, Young’s modulus increases continuously while impact strength has
olyethylene
anocomposites
umed silica
hermal stability
egradation mechanism

the opposite trend and SiO2 content has no monotonic effect on HDPE melting point. Thermal stability of
HDPE was enhanced due to the incorporation of SiO2 nanoparticles. From the kinetic analysis of thermal
decomposition of HDPE and its nanocomposites, it was concluded that in order to describe the thermal
degradation mechanism, two consecutive mechanisms of nth-order (Fn) and nth-order with autocatalysis
(Cn) have to be considered. SiO2 have no effect on decomposition mechanism but only to the activation
energies, which in nanocomposites are higher, compared with neat HDPE, due to the stabilization effect

of SiO2 nanoparticles.

. Introduction

High-density polyethylene (HDPE) is a semicrystalline polymer
deal for many industrial applications such as packaging materials,
ipes, bottles, etc. [1]. HDPE pipes have many advantages com-
ared with others such as light weight, low thermal conductivity,
igh toughness and impact strength, resistance to abrasion, cor-
osion resistance and are inert to the most of chemicals. Due to
heir non-toxicity, and longer life cycle they are used mainly for
ater supply and gas transmission, in agriculture and in chemical

ndustries. Grade material PE-80 and PE-100 are the most versa-
ile material suitable for pipes. These materials should have low
as permeability and thermal stability. From our previous study
t was found that the addition of nanoparticles including mont-

orillonite (MMT), SiO2 and multi-walled carbon nanotubes can
ncrease both of these properties [2]. Furthermore, it was reported
hat the addition of such nanoparticles could increase, also, the

echanical properties of HDPE such as tensile modulus and impact

trength [3–15]. However, limited are the studies concerning their
ffect on thermal degradation. From our previous works it was
ound that the addition of SiO2 nanoparticles could increase the
hermal stability of many polymers [16,17]. So, in the present study

∗ Corresponding author. Tel.: +30 2310 997812; fax: +30 2310 997667.
E-mail address: dbic@chem.auth.gr (D. Bikiaris).

040-6031/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2008.12.011
© 2008 Elsevier B.V. All rights reserved.

HDPE/SiO2 nanocomposites containing different SiO2 content were
prepared in order to evaluate the effect of these nanoparticles
on thermal decomposition of HDPE as well as on its mechanical
properties.

Polyethylene decomposes into a large number of paraffinic and
olefinic compounds without a residue. Wu et al. [18] calculated
with non-isothermal TGA measurements that the activation energy
is 233.2 kJ mol−1 and the reaction order n = 0.74 using reaction
order kinetic model for the fitting of the experimental data. Knu-
mann and Bockhorn [19] and Bockhorn et al. [20,21] by means of
TG:MS have determined an apparent energy of activation E� of
262.1 kJ mol−1, a decimal logarithm of the pre-exponential factor
log (k0/min−1) of 18 and an apparent order of reaction of 0.83. Park
et al. [22] using a new dynamic method for non-isothermal mea-
surements with different heating rates have calculated the apparent
activation energy (333.2–343.2 kJ mol−1) and the reaction order n
(0.93–0.98).

Concerning the thermal degradation mechanism of polyethy-
lene, Ballice [23] differentiated the formation of 1-olefins and
n-paraffins and calculated the activation energy of them, 124.7 ± 4
and 41.6 ± 2 kJ mol−1, respectively, using non-isothermal measure-

ments. Also, using Flynn and Wall method he calculated the
apparent activation energy (average E = 238.4 ± 2 kJ mol−1) while by
Yang et al. [24] similar activation energies (240–264 kJ mol−1) were
mentioned. Araujo et al. [25] using the Vyazovkin model, deter-
mined the activation energy as 290 kJ mol−1 while lower activation

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:dbic@chem.auth.gr
dx.doi.org/10.1016/j.tca.2008.12.011
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nergies were reported by Gao et al. [26] using non-isothermal and
sothermal measurements (194.8 and 201.5 kJ mol−1, respectively).

Kim et al. [27] introduced the peak property method for
he estimation of the activation energy, the pre-exponential fac-
or and the reaction order (power law models) from a single
erivative thermogravimetry curve. The calculated values of the
ctivation energy, for different heating rates, were in the range
31.4 ± 11.9 to 278.6 ± 13.4 kJ mol−1 and the reaction order from
.554 to 0.604. Sinfronio et al. [28] used different methods
or the estimation of the activation energy (Ozawa–Flynn–Wall,
an Krevelen, Horowitz–Metzger, Coats–Redfern, Madhusudanan)
nd power law models for single heating rate data. The area
f the calculated values was from 200 to 270 kJ mol−1 and
or the reaction order from 0.41 to 0.65. They used also
he isoconversional methods OFW and Vyazovkin and the
rea of the values of the activation energy for the conver-
ions of 0.1 till 0.9 was 162.5–230.5 and 279.6–293.4 kJ mol−1,
espectively.

From the above literature study it appears that although a lot
f work has been published for the kinetic study of HDPE thermal
egradation, the values of activation energy appear to have a lot of
ariations. This is, mainly, attributed to the different methods that
ere used for their calculations. Simultaneously, these activation

nergies were calculated using the data from only a single heating
ate and were used different methods with predetermined kinetic
odel (F1 or Fn). These models have been used widely to study

he thermal degradation of polymers because they are very simple,
lthough the reaction mechanism of polymer decomposition is a
ery complex radical chain mechanism, including initiation, prop-
gation and termination reactions. Furthermore, even though there
re a lot of papers dealing with polyethylene nanocomposites, the
ffect of nanoparticles on thermal decomposition mechanism is not
tudied yet.

The aim of the present study was to evaluate the effect of fumed
ilica nanoparticles on the properties and mainly on thermal degra-
ation mechanism and decomposition rate of HDPE. Additionally,
he scope of the present study is to calculate the activation ener-
ies of decomposition of neat HDPE, in comparison with that of the
repared HDPE/SiO2 nanocomposites.

. Experimental

.1. Materials

Bimodal HDPE appropriate for pipe and fittings production was
upplied by TVK Inter-Chemol GmbH (Frankfurt am Main, Ger-
any) under the trade name TIPELIN 7700M and had a melt flow

ndex (MFI) of 0.28 g/10 min at 5.0 kg/190 ◦C, density 0.950 g/cm3

nd Tm 127 ◦C. Fumed silica (SiO2) nanoparticles having a specific
urface area 200 m2/g, average primary particle size 12 nm and
iO2 content >99.8% used for nanocomposites preparation were
upplied by Degussa AG (Hanau, Germany) under the trade name
iO2

® 200.

.2. Nanocomposites preparation

Nanocomposites containing 0.5, 1, 2.5 and 5 wt.% of SiO2
anoparticles were prepared by melt-mixing in a Haake–Buchler
eomixer (model 600) with roller blades and a mixing head with a
olumetric capacity of 69 cm3. Prior to melt-mixing the nanoparti-
les were dried by heating in a vacuum oven at 130 ◦C for 24 h. The

wo components were physically premixed before being fed in the
eomixer, in order to achieve a better dispersion of the nanoparti-
les in HDPE. Melt blending was performed at 220 ◦C and 30 rpm for
5 min. During the mixing period the melt temperature and torque
ere continuously recorded. Each nanocomposite after preparation
ca Acta 485 (2009) 65–71

was milled and placed in a desiccator to be prevented from moisture
absorption.

2.3. Mechanical properties

Measurements of tensile mechanical properties of the prepared
nanocomposites were performed on an Instron 3344 dynamome-
ter, in accordance with ASTM D638, using a crosshead speed
of 50 mm/min. Thin films of about 350 ± 25 �m were prepared
using an Otto Weber, Type PW 30 hydraulic press connected
with an Omron E5AX Temperature Controller, at a temperature of
220 ± 5 ◦C. The moulds were rapidly cooled by immersing them
in water at 20 ◦C. From these films, dumb-bell-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 modu-
lus, yield stress, elongation at break and tensile strength at the
break point were determined. At least five specimens were tested
for each sample and the average values, together with the standard
deviations, 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.

2.4. Dynamic mechanical analysis (DMA)

The dynamic thermomechanical properties of the nanocompos-
ites 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 to 60 ◦C. The
heating rate was 3 ◦C/min. Testing was performed using rectangu-
lar bars with dimensions, approximately, 30 mm × 10 mm × 3 mm.
These were prepared with a hydraulic press, at a temperature of
220 ◦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.

2.5. Scanning electron microscopy (SEM)

SEM was carried out using a JEOL JMS-840A scanning micro-
scope equipped with an energy-dispersive X-ray (EDX) Oxford ISIS
300 micro-analytical system. For SEM measurements fractured sur-
faces as well as thin films were used. All the studied surfaces were
coated with carbon black to avoid charging under the electron
beam.

2.6. Differential scanning calorimetry

Thermal analysis of the nanocomposites was performed 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 aluminium 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.

2.7. Thermogravimetric analysis

Thermogravimetric analysis was carried out with a SETARAM
SETSYS TG-DTA 16/18. Samples (6.0 ± 0.2 mg) were placed in alu-
mina 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
and 15 ◦C/min. Continuous recordings of sample temperature,
sample weight, its first derivative and heat flow were per-
formed.
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ig. 1. SEM microphotographs of HDPE/SiO2 nanocomposites containing (a) 1 wt.%,
b) 2.5 wt.% and (c) 5 wt.% silica nanoparticles.
. Results and discussion

.1. Characterization of HDPE/SiO2 nanocomposites

The dispersion and adhesion of nanoparticles with the poly-
er matrix are of great importance for improving the mechanical

able 1
echanical properties of HDPE/nanocomposites.

aterial Tensile strength at yield (MPa) Tensile strength at break (MPa

DPE 19.7 ± 2.3 29.9 ± 2.4
DPE/SiO2 0.5 wt.% 21.5 ± 3.1 30.6 ± 2.3
DPE/SiO2 1 wt.% 22.8 ± 1.9 31.9 ± 2.7
DPE/SiO2 2.5 wt.% 21.7 ± 2.5 33.8 ± 1.9
DPE/SiO2 5 wt.% 18.4 ± 3.3 26.8 ± 3.5
ca Acta 485 (2009) 65–71 67

behavior and other properties of nanocomposites. Fine control of
the interface morphology of polymer nanocomposites is one of the
most critical parameters to impart desired mechanical properties
of such materials. In the SEM micrographs (Fig. 1), it can be seen
that although SiO2 nanoparticles were used with average particle
size diameter 12 nm, these cannot be dispersed into HDPE matrix as
individual nanoparticles and silica agglomerates are formed. This
is in agreement with other previous studies in polyolefins like PP
[29,30] and other polymers [31,32]. In all the samples these agglom-
erates are spherical in shape, with a diameter depending on the
SiO2 concentrations. In nanocomposites containing 1 wt.% of SiO2
the aggregates’ size is up to 150 nm, while at 2.5 and 5 wt.% of
SiO2 the sizes of aggregates are up to 200 and 350 nm, respectively.
This behavior is characteristic of fumed silica and it is attributed to
the strong interaction of the surface hydroxyl groups [33]. For this
reason, fumed silica can be found only in aggregates, which form
clusters and seems that it is very difficult to break down during
melt-mixing even when high shear rates are employed as in the
extruders [34].

The formation of such aggregates is also reflected to the mechan-
ical properties of nanocomposites (Table 1). From stress–strain
curves it is observed that all nanocomposites exhibit the typi-
cal cold-drawn behavior since cold drawing was appeared before
the final break of the specimen. During this phenomenon tensile
strength increases further and the sample is becoming milky due
to the crystallization that is taking place arrived from macromolec-
ular alignment in the direction of applied force. Tensile strength
at yield point as well as at break, is slightly increased with the
increase of the silica amount, which is in agreement with a previous
study [35]. On the contrary, in nanocomposites containing 5 wt.%
of SiO2, a reduction was observed in both mechanical properties
due to the formation of larger aggregates, as was verified from SEM
micrographs. Youngs’ modulus, as is expected, increases continu-
ously by increasing SiO2 content due to the reinforcement effect of
the nanofillers in polymer matrix [36,37], while the opposite trend
was recorded for impact strength values, the latter being in agree-
ment with the already published studies in HDPE reinforced with
nanoparticles [38].

The increase of stiffness of HDPE/SiO2 nanocomposites was also
recorded with DMA. Examining the storage modulus (E′) of these
nanocomposites it can be seen that it is higher compared to that of
HDPE. It is evident from Fig. 2 that there is a remarkable increase in
the modulus of neat HDPE with the incorporation of nanoparticles.
This is probably due to increase in the stiffness of the matrix with
the reinforcing effect imparted by the nanoparticles that allowed a
greater degree of stress transfer at the interface [39].

3.2. Thermal analysis

The nanocomposites were further characterized by thermal
analysis. The DSC thermograms of the melting endotherms for all

studied samples show that the differences between the samples
are negligible (Tm = 126.7 ± 0.1 ◦C), as was also found from our pre-
vious study by using different kind of nanoparticles [2]. However,
the heat of fusion is slightly reduced from 148.8 J/g in neat HDPE
to 130.2 J/g in nanocomposites containing 5 wt.% SiO2 (Table 2),

) Youngs’ modulus (MPa) Elongation at break (%) Impact strength (J/m)

609 ± 34 770 ± 45 42 ± 5
650 ± 43 780 ± 23 39 ± 4
680 ± 35 760 ± 45 34 ± 5
725 ± 25 776 ± 52 36 ± 4
920 ± 53 540 ± 47 32 ± 3
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very small (Fig. 3b), the kinetic parameters were studied only for
the samples with the higher content of SiO2 (HDPE–5 wt.% SiO2),
in comparison with neat HDPE. From the recorded thermograms
(Fig. 4) of HDPE/SiO2 nanocomposite containing 5 wt.% of SiO2 it is
ig. 2. Storage modulus (E′) of HDPE/SiO2 nanocomposites containing different silica
ontent. 1: HDPE, 2: HDPE/SiO2 1 wt.%, 3: HDPE/SiO2 2.5 wt.% and 4: HDPE/SiO2

wt.%.

hich is an indication for the reduction of degree of crystallinity.
his is agreement with previous studies in HDPE nanocomposites
ontaining different nanoparticles. Sahebian et al. [40] reported
hat nano-sized calcium carbonate in HDPE/CaCO3 nanocompos-
tes present a significant effect on crystallinity, crystallization rates,

elting point and heat of melting of HDPE. Such a behavior, was
lso, observed by using SiO2 and MMT where the crystallization
ates in both nanocomposites are higher, compared to neat HDPE,
ut the degree of crystallinity was reduced [41,42]. So, it seems that
ven though nanoparticles can increase the crystallization rate of
olymers [43,44] they may cause a reduction on degree of crys-
allinity.

.3. Thermal decomposition kinetic

Thermal degradation of HDPE/SiO2 polymers was studied by
etermining their mass loss during heating. In Fig. 3 the mass loss
TG%) and the derivative mass (DTG) curves of all polymers in com-
arison with the curves of neat HDPE are presented, at a heating
ate of 10 ◦C/min. From the thermogravimetric curves it is seen that
ll the prepared polymers present a relatively good thermostability,
ince no significant mass loss (<0.5%) occurred until 300 ◦C.

As can be followed from derivative mass curves, the maxi-
um decomposition rates for the studied polymers were increased

lightly due to the increase of SiO2 content. Such behavior is usual in
anocomposites and has been recorded in many polymers by using
ifferent nanoparticles [16,45,46]. This stabilization is attributed
o the shielding effect of nanoparticles in the evolution of formed
asses from polymer matrix, during its thermal decomposition. In
rder to analyze more thoroughly, the degradation mechanisms of
he studied nanocomposites it is important the kinetic parameters

activation energy E and pre-exponential factor A) and the conver-
ion function f(˛) to be evaluated. The relationship between kinetic
arameters and degree of conversion (˛) can be found by using the
ass loss curves in TG dynamic thermograms recorded at differ-

able 2
eat of fusion of HDPE/nanocomposites.

ample Melting point (◦C) Heat of fusion (J/g)

DPE 126.7 148.8
DPE/SiO2 0.5 wt.% 126.5 148.9
DPE/SiO2 1 wt.% 126.6 147.7
DPE/SiO2 2.5 wt.% 126.8 144.6
DPE/SiO2 5 wt.%, 126.7 130.2
Fig. 3. TGA thermograms of HDPE/SiO2 recorded with heating rate ˇ = 10 ◦C/min, (a)
mass (%) and (b) derivative mass (DTG) versus temperature. 1: HDPE, 2: HDPE/SiO2

1 wt.%, 3: HDPE/SiO2 2.5 wt.%, 4: HDPE/SiO2 2.5 wt.% and 5: HDPE/SiO2 5 wt.%.

ent heating rates such as 5, 10 and 15 ◦C/min. Since the differences
in mass thermograms between the nanocomposites seem to be
Fig. 4. HDPE–5 wt.% SiO2. Mass (%) versus temperature for different heating rates,
1: ˇ = 5 ◦C/min, 2: ˇ = 10 ◦C/min and 3: ˇ = 15 ◦C/min.
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lear that the peak temperature where the maximum decomposi-
ion rate takes place, shifts to higher values with increasing heating
ate and similar is the behavior for neat HDPE.

The activation energy, E, of thermal decomposition can be cal-
ulated by the isoconversional method of Ozawa, Flynn and Wall
OFW) [47,48] a “model free” method which assumes that the con-
ersion function f(˛) does not change with the alteration of the
eating rate for all values of ˛. It involves the measuring of the
emperatures corresponding to fixed values of ˛ from experiments
t different heating rates ˇ. Therefore, plotting ln(ˇ) against 1/T in
he form of:

n(ˇ) = ln
[

Af (˛)
d˛/dT

]
− E

RT

hould give straight lines and its slope is directly proportional to the
ctivation energy (−E/R), where A is the pre-exponential factor, that
s considered to be independent of temperature, E the activation
nergy, T the absolute temperature, and R is the gas constant. If the
etermined activation energy is the same for the various values of
, the existence of a single-step reaction can be concluded with
ertainty. On the contrary, a change of E with increasing degree of
onversion is an indication of a complex reaction mechanism that
nvalidates the separation of variables involved in the OFW analysis
49].

For comparison reasons at Fig. 5 can be seen the dependence of
he activation energy on the degree of conversion ˛ for HDPE and
DPE/SiO2 5 wt.%. As can be seen, all calculated values of the activa-

ion energy of HDPE/SiO2 5 wt.% are higher than that of neat HDPE.
his is evidence that SiO2 causes stabilization in thermal decom-
osition of HDPE. Comparing the results from the dependence of
he activation energy E on the degree of conversion ˛ (Fig. 5) it
an be seen that this dependence of E on ˛ value can be divided
nto two main distinct regions. The first for values of ˛ up to 0.3 in

hich E presents almost a first plateau (0.1 < ˛ < 0.3), and the second
˛ > 0.3) in which E presents firstly a slight increase and then almost
plateau (0.3 < ˛ < 1). This dependence of E on ˛ for a sample is an

ndication of a complex reaction with the participation of at least
wo different mechanisms. Although the “two mechanisms” – as a
esult of the increasing E with ˛ – is a rather typical phenomenon

or many polymers [50,51] this conclusion is based on the multistep
G curve. However, this is not clear in our studied samples and the
onclusion is extracted mainly through the dependence of E versus
.

ig. 5. The dependence of the activation energy on the degree of conversion (partial
ass loss) for the HDPE/SiO2 5 wt.% resulted from OFW method. The lines are guide

o the eye.
Fig. 6. Fitting and experimental data TG curves of HDPE/SiO2 5 wt.% for one reac-
tion mechanism and different heating rates. 1: ˇ = 5 ◦C/min, 2: ˇ = 10 ◦C/min and 3:
ˇ = 15 ◦C/min.

In order to determine the nature of the mechanism or mecha-
nisms through the comparison of the experimental and theoretical
data, initially it is considered that the degradation of the studied
samples can be described only by a single mechanism, without
presuming the exact mechanism. If the results of the identification
with the help of this single mechanism could not be considered
as satisfactory then, knowing this mechanism (f(˛)), the kinetic
parameters and the conversion function of the other mechanism
can be determined, in order to obtain a better agreement between
experimental and theoretical data. To determine the conversion
function f(˛) we used a method referred to as the “model fitting
method” [52–54]. This method, that does not assume the knowl-
edge of E and f(˛) in advance, was applied simultaneously on the
experimental data taken at the heating rates ˇ = 5, 10 and 15 ◦C/min.
It has been shown that the “model fitting method” applied to multi-
ple heating rate data gives activation energies similar to the values
estimated by the isoconversional methods [55]. For the fitting 16
different kinetic models were used. In Fig. 6 the results of this fitting
for HDPE/SiO2 5 wt.% can be seen. The form of the conversion func-
tion, obtained by fitting, is the mechanism of autocatalysis n-order
f(˛) = (1 − ˛)n(1 + KcatX) where Kcat is a constant and X the reactants.
The parameters of the mechanism were: the pre-exponential factor
log A (s−1) = 15.2, the activation energy E = 249.9 kJ/mol, the expo-
nent value n is equal to 0.8, and the correlation coefficient was
0.9997. The value of the activation energy is between the limits
of the calculated values from the OFW method. As it can be seen,
the fitting to the experimental data is good for a very large range of
the mass loss and only at the first region of mass loss (<20%) small
variations can be recognized.

In our previous article [2] in which the kinetics of the thermal
degradation of neat HDPE has been studied, the quality of the fit-
ting with one mechanism was worst from the analogous one of
the HDPE/SiO2 5 wt.%. The parameters for the same mechanism for
HDPE were: the pre-exponential factor log A (s−1) = 14.3, the activa-
tion energy E = 239.1 kJ/mol, the exponent value n is equal to 0.74,
and the correlation coefficient was 0.999. Due to the quality of the
fitting for the kinetic description of the HDPE two mechanisms were
used. So, two mechanisms also used for HDPE/SiO2 5 wt.% sample.
For the determination of the two different mechanisms the follow-
ing are assumed: (a) the two mechanisms follow each other and

(b) the unknown mechanism corresponds to the first stage of mass
loss. An improvement of fitting is observed and the agreement of
experimental and theoretical results (Fig. 7) is remarkable, verifying
that the polymer is degraded by two different mechanisms during
its thermal decomposition. The kinetic model of the first decompo-
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Table 3
Calculated values of activation energy, pre-exponential factor and exponent n for HDPE and HDPE/SiO2 5 wt.%.

Sample Activation energy (kJ/mol) Pre-exponential factor (log A) Reaction order (n) log Kcat

First reaction mechanism—reaction model Cn
HDPE 140.0 7.9 0.27 −4.7a

HDPE/SiO2 5 wt.% 201 12.59 0.9 −5.1a

Second reaction mechanism—reaction model Cn
HDPE 260.0 15.8 1.01 0.47
HDPE/SiO2 5 wt.% 266 16.36 0.96 0.13

a Large negative values.

Table 4
Calculated values of activation energy, pre-exponential factor and exponent n for HDPE and HDPE/SiO2 5 wt.%.

Sample Activation energy (kJ/mol) Pre-exponential factor (log A) Reaction order (n) log Kcat

First reaction mechanism—reaction model Fn
HDPE 140 7.90 0.27
HDPE/SiO2 5 wt.% 201 12.55 0.83
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econd reaction mechanism—reaction model Cn
DPE 260 15
DPE/SiO2 5 wt.% 266 16

ition mechanism is also autocatalysis nth-order (reaction model
n). The data of the fitting for the studied nanocomposites are pre-
ented in Table 3. In this stage of identification for the best possible
esults, we left the parameters (E, A, and n) of both the examined
echanisms to be recalculated and the correlation coefficient was

.9998. The results of the dependence of the activation energy on
he degree of conversion, ˛, are in well agreement with mass loss.
he first degradation mechanism is attributed to small mass loss,
hile the second degradation mechanism is attributed to the main
ass loss and is, also, autocatalysis nth-order.
As it can be seen in Table 3 the value of log (Kcat) is a very large

egative number, so the term Kcat is a very small number, almost
ero. For this reason the reaction model is analogous to the nth-
rder model (reaction model Fn). The results of the fitting with the
echanisms Fn–Cn are presented in Table 4. The quality of the fit-

ing is as good as with the combination of the mechanisms Cn–Cn.
he differences of the calculated values are negligible. Thus, it can
e concluded that the first decomposition mechanism can be ade-

uately described as by nth-order mechanism (Fn) while the second
ne as autocatalysis nth-order (Cn). The activation energies are
ompletely different, since the first mechanism has lower activation
nergy. Comparing the activation energies of HDPE and HDPE/SiO2
anocomposites it can be seen, that SiO2 nanoparticles have a more

ig. 7. Fitting and experimental data TG curves of HDPE/SiO2 5 wt.% for two reac-
ion mechanisms and different heating rates. 1: ˇ = 5 ◦C/min, 2: ˇ = 10 ◦C/min and 3:
= 15 ◦C/min.
1.01 0.47
0.97 0.17

pronounced effect on the first mechanism, which is correspond-
ing to the first stages of HDPE decomposition. As can be seen the
activation energy of HDPE first reaction mechanism is 140 kJ/mol
while after the addition of SiO2 nanoparticles this is increased to
201 kJ/mol. In the second degradation mechanism, which corre-
sponds to the main mass loss, the effect of silica nanoparticles is
lower since the activation energy was enhanced only by 6 kJ/mol. So,
it seems that when the decomposition of the polymer is extensive
the addition of nanoparticles cannot depress the decomposition
rate.

4. Conclusions

The studied HDPE/SiO2 nanocomposites exhibited enhanced
mechanical properties such as tensile strength at break and
Youngs’ modulus while increasing the amount of SiO2 nanoparti-
cles reduced impact strength. Thermal degradation of HDPE can
be described with two different mechanisms. The first degrada-
tion mechanism is attributed to small mass loss and is nth-reaction
order. The second degradation mechanism is attributed to the
main mass loss and is autocatalysis nth-order. The activation
energy of the first mechanism is 140 kJ/mol and for the second
is 260 kJ/mol for neat HDPE. The addition of SiO2 nanoparticles
enhances the thermal stability of HDPE. Thermal decomposition
of HDPE nanocomposites takes place also with two mechanisms,
as neat HDPE. However, both mechanisms have higher activations
energies (201 and 266 kJ/mol for HDPE/SiO2 5 wt.%), which is a fur-
ther evidence of thermal stabilization effect of SiO2 nanoparticles.
Comparing the activation energies of both mechanisms it can be
seen that the effect of SiO2 nanoparticles is more pronounced in
the first mechanism than in the second.
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