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Spherical and layered silica nanoparticles synthesized by the sol–gel method were melt blended with a
polypropylene matrix in order to quantify their effect on thermal and mechanical behaviours of the
resulting polymer composites. Transmission electron microscopy images showed that spherical nanopar-
ticles were dispersed in the polymer matrix whereas layered particles display tactoid and agglomerated
structures. By thermogravimetric analysis, it was observed that independent of the particle aspect ratio,
the nanofillers render larger thermal degradation stabilization to the polymer matrix under oxidative
conditions than under inert atmosphere. Noteworthy, the largest improvements were found by using
spherical nanoparticles in presence of a compatibilizer. These results allow the conclusion that the phys-
ical/chemical adsorption of the volatile products on the particle surface during the oxidative degradation
is the plausible mechanism behind the thermal stabilization. Tensile stress–strain tests otherwise
showed that composites with spherical nanoparticles can display similar or even larger elastic modulus
than composites with layered particles showing that the polymer/particle entanglement could be the
mechanism for the load transfer in these nanocomposites.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction molecular mobility of polymers surrounding the clay or being in-
It is well known today, although not completely understood,
that nanoparticles can affect polymer properties such as: crystalli-
zation, mechanical strength, melt processing, electrical and ther-
mal conductivity, and viscoelasticity, among others [1–7]. Two of
the best examples of the above mentioned are the large thermal
degradation stability and higher stiffness rendered to polymer
matrices by adding small amounts of clay particles [1,2,8–15].

Either physical or chemical mechanisms have been reported
regarding the enhanced thermal stability of polymer/clay nano-
composites. The chemically-related mechanisms are mainly based
on structural metals present in the clay reacting with free radicals
coming from the polymer degradation reactions [16,17]. Another
explanation postulates the physical–chemical adsorption of the
volatile degradation materials on the silicate layers delaying the
process [13,18,19]. The physical models otherwise are based on
the lower diffusivity that polymer/clay composites present due to
the so called ‘‘labyrinth effect’’. The high aspect ratio of silicate lay-
ers reduces the out-diffusion of volatile decomposition products
[20,21]. Under thermo-oxidative conditions, the presence of the
high contact-area between the polymer and the filler could further
hinder the penetration of oxygen molecules [11,18]. Another phys-
ical model recently published is related with the suppression of the
ll rights reserved.
side their galleries [11,21–24].
Despite the extensive research on thermal stability of clay

nanocomposites a different approach should be developed over-
coming its main limitations such as: presence of organic modifiers,
several hierarchical/morphological clay structures in the nanocom-
posite, and presence of a compatibilizer and structural metals,
among others [25]. One novel route is to use synthetic sol–gel
nanoparticles as filler. The main advantages of sol–gel nanoparti-
cles are the size and aspect ratio control of the particle and the ab-
sence of impurities [26]. Moncada et al. reported that the addition
of spherical and layered nanoparticles synthesized by the sol–gel
method increases the thermal stability of polypropylene under oxi-
dative conditions in the presence of a compatibilizer [27]. Further-
more, our group has recently reported that the addition of
spherical nanoparticles of �70 nm can dramatically improve the
thermal degradation of polypropylene under oxidative conditions
[19]. Sol–gel based nanoparticles can further increase the mechan-
ical properties of the polypropylene depending on its aspect ratio
and presence of a compatibilizer [27–33]. Composites of polypro-
pylene with 1 wt.% of silica nanospheres and 3 wt.% of compatibi-
lizer display elastic modulus 40% higher than the neat matrix
whereas layered sol–gel filler displays improvements as high as
70% [27]. Other authors have shown the positive effect of the sur-
face modification of the nanosilica on the mechanical behaviour of
polypropylenes [30–32].

In this contribution, polypropylene nanocomposites were
prepared by using spherical and layered silica nanoparticles
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synthesized by the sol–gel method and their thermal resistance, as
quantified by thermogravimetric analysis (TGA), and mechanical
properties under tensile conditions were analyzed.
2. Experimental

2.1. Synthesis of the spherical and layered silica nanoparticles

Spherical silica nanoparticles were synthesized by the sol–gel
method using a two-stage mixed semi-batch method, as previously
reported [34]. The hybrid layered silica nanoparticles were synthe-
sized by the sol–gel method as described elsewhere [27]. 20 g of
octadecylamine (ODA) acting as a template were dissolved in an
ethanol (100 ml)/water (80 ml) mixture at 50 �C. Solid NaNO3

(0.255 g) and Al(NO3)3 9H2O (1.12 g) were then added to the sur-
factant solution, and a solution of TEOS (3.8 ml) in 50 ml of ethanol
under nitrogen was poured into the clear surfactant solution. After
several minutes, a white precipitate was formed. These particles
were characterized by X-ray diffraction where a peak at 2h = 2.2�
was observed confirming the regular layered structure of the par-
ticles with an interlayer distance of 4 nm.
2.2. Preparation of the polypropylene nanocomposites

A polypropylene homopolymer (PP) from Petroquim (Chile)
with a melt flow rate of 3 g/10 min was used as the polymeric ma-
trix. The composites were prepared by using a Brabender plasti-
corder internal mixer at 190 �C and a speed of 110 RPM during
10 min. Predetermined amounts of the silica nanoparticles, antiox-
idant and neat polymer were mixed under nitrogen atmosphere in
order to obtain nanocomposites with 1, 3, 5 w/w% of nanofiller. A
commercial polypropylene grafted with maleic anhydride from
Aldrich (PP-g-MA) with 0.6 mol% content was used as compatibi-
lizer. In this case, a master batch containing a mixture of silica
Fig. 1. Representative TEM images of the nanocomposites studied by using spherical
compatibilizer.
nanoparticles and the compatibilizer with a weight ratio of 1:3
was prepared.

2.3. Nanocomposite characterization

Thermogravimetric analysis (TGA) was carried out under either
nitrogen or air by using a Netzsch TG 209 F1 Iris equipment from
room temperature to 600 �C at a heating rate of 20 �C/min. The
gas flow rate was stated in 100 ml/min independent of the sample
weight that was in the range of 5–10 mg. Several measurements
were carried out for the pure polymer in order to evaluate the stan-
dard deviation of TGA. In these measurements the experimental er-
ror was about 2% that it can be extrapolated to the other samples.
Therefore, changes in more than 15 �C between samples can be
considered as significantly different by for example the ANOVA
analysis. Images coming from high-resolution transmission elec-
tron microscopy (HRTEM) were taken in a FEI microscope model
G2 F20 S-Twin at 200 kV. Ultrathin sections of about 70 nm were
obtained by cutting the samples with an Ultracut Reichert-Jung
microtome equipped with a Diatome diamond knife. The mechan-
ical properties were measured using a HP D500 dynamometer at a
rate of 50 mm/min at 23 �C and 30% relative humidity. The samples
were press molded at 190� C with 50 bar of pressure for 5 min and
cooled under pressure by flushing the press with cold water. A
minimum of three samples were tested for each material and the
average values are reported. The experimental error was about
6% relative to the mean value as displayed in Fig. 6.

3. Results

3.1. Morphological characterization of nanocomposites

Fig. 1 displays some representative images of the different
nanocomposites studied. Spherical silica particles (SSP) with sizes
ranging from 50 nm to 110 nm are mainly observed. These
(Fig. 1a and b) and layered (Fig. 1c and d) filler nanoparticles in presence of a
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particles are rather dispersed in the polymeric matrix especially
when the compatibilizer is used as displayed in Fig. 1b for compos-
ites with 5 wt.% of filler. In general, two particle structures are rec-
ognized in the filled matrix: 1) well dispersed and semi-isolated
single particles (Figs. 1b and 2)) weakly agglomerated particles
with complex cluster structures formed by a few particles, as ob-
served in Fig. 1a. It is highlighted that these spherical particles
present three relevant differences compared with typical clay
nanoparticles: 1) the sol–gel method produces extremely highly
pure materials; 2) an aspect ratio (1) that is about 300 times lower
than exfoliated or intercalated clays; and 3) there are not any or-
ganic molecules in these nanoparticles.

A different behaviour is observed for layered silica particles
(LSP) as displayed in Fig. 1c and d. A fraction of these particles
are poorly dispersed in the polymer matrix and large aggregates
can be observed representing tactoid structures similar to some
natural clay particle composites. Nevertheless, together with these
tactoid structures is possible to observe particles in intercalated or
exfoliated states as in Fig. 1c. This complex morphology is con-
firmed by X-ray diffractions (results not shown) as the d001 diffrac-
tion peak, related with the gap distance between layers, is not
modified in the nanocomposites. This effect is not significantly af-
fected by the presence of the compatibilizer. Similar results has
been shown in synthetic layered silica particles melt blended with
polystyrene where platelet stacks and flocculated particles were
mainly observed by TEM [35].
3.2. Non-oxidative thermal stability

Fig. 2 displays the effect of adding 5 wt.% of nanoparticles on the
thermal degradation of the polypropylene under inert conditions
Fig. 2. Derivative TGA for the different polypropylene composites with 5 wt.% of
particles under inert atmosphere. LSP: layered silica particle, SSP: spherical silica
nanoparticle; and Comp: compatibilizer.

Fig. 3. Effect of the particle content and presence of a compatibilizer on the on-set
temperature of degradation (Tonset) as measured by TGA under inert and oxidative
conditions.
as measured by thermogravimetric analysis (TGA). In this condi-
tion, the nanoparticles slightly affect the thermal behaviour
although the whole degradation process is narrowed in the nano-
composites. The onset temperature of degradation (Tonset) is in-
creased with differences as high as 35 �C relative to the pure
polymer. The Tpeak is decreased �10 �C in nanocomposites with
LSP as previously observed in some polypropylene/clay nanocom-
posites [11,15,36,37]. Although this difference can be associated
with the experimental error, values under oxidative conditions
confirm that it is a general behaviour as discussed below. In our
case, the degradation of the organic template used in LSP can cat-
alyze the polymer degradation explaining the decrease in Tpeak

[11,15,36,37]. To verify this hypothesis, TGA was carried out to
the layered particles observing that the ODA degradation is charac-
terized for a Tonset of 180 �C confirming that its degradation could
explain our findings. The presence of a compatibilizer otherwise
is able to slightly improve the thermal degradation of the compos-
ites as displayed in Fig. 2. For LSP the presence of the compatibiliz-
er shifts the degradation processes to higher temperatures and the
Tpeak increases 15 �C becoming higher than the pure sample. Note-
worthy, the composites with SSP display a narrower degradation
process when the compatibilizer is used. These results can be asso-
ciated with a better dispersion of the nanoparticles when the com-
patibilizer is added to the system [27,29].

Figs. 3 and 4 summarize the effect of the filler content on the
thermal behaviour of the nanocomposites for the different parti-
cles showing further the effect of the compatibilizer. Regarding
to Tonset, its increase reaches a plateau at concentrations approxi-
mately 3 wt.% as a high amount of nanoparticles can induce
agglomeration processes. By adding the compatibilizer, a higher
Tonset is obtained, especially at low filler content, because of the
better particle dispersion. There is not any relevant effect of the fil-
ler content on the Tpeak as observed in Fig. 4 independent of the fil-
ler aspect ratio and of the compatibilizer. The only relevant change
is for the highest amount of LSP as above discussed.

3.3. Oxidative thermal stability

A larger effect of the nanoparticles on the polymer degradation
behaviour is observed under oxidative conditions as displayed in
Fig. 5 for composites with 5 wt.% of filler [38]. By adding nanopar-
ticles the Tpeak is dramatically shifted to higher values and differ-
ences as high as 70 �C are observed. Furthermore, the whole
degradation process is broadened instead of narrowed as under
inert conditions. The presence of a compatibilizer otherwise im-
proves the thermal stabilization as measured by Tpeak. Noteworthy,
the best results are obtained by using SSP with the compatibilizer.
Nanocomposites with LSP present lower Tonset than the neat sam-
ple independent of the presence of a compatibilizer. For SSP fillers
Fig. 4. Effect of the particle content and presence of a compatibilizer on the
maximum weight loss rate temperature of degradation (Tpeak) as measured by TGA
under inert and oxidative conditions.



Fig. 5. Derivative TGA for the different polypropylene composites with 5 wt.% of
particles under oxidative conditions. LSP: layered silica particle, SSP: spherical silica
nanoparticle; and Comp: compatibilizer.
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otherwise, Tonset is not dramatically altered confirming that the
behaviour of LSP based composites is owing to the organic tem-
plates acting as catalysts for the thermal degradation of the
polymer.

Regarding the filler content, Figs. 3 and 4 display the effect of
the nanoparticle concentration on Tonset and Tpeak, respectively.
From Fig. 3, it is confirmed that LSP systematically and significantly
render lower degradation temperatures than the pure polymer be-
cause of the presence of the organic template in the whole range of
filler concentration studied. This behaviour is independent of the
presence of the compatibilizer. On the other hand, it seems that
Tonset temperatures are independent of the filler concentration,
although more points are needed in order to confirm this trend
by a statistical approach. By comparing Figs. 3 and 4, it is possible
to conclude that under oxidative condition, the effect of the parti-
cles is stronger in Tpeak than in Tonset in all nanocomposites. Fig. 4
further shows that, by increasing the filler content, it is possible
to obtain higher Tpeak and the composite prepared with the highest
amount of SSP using the compatibilizer displays larger thermal sta-
bilization than those based on LSP.

3.4. Mechanical properties

Fig. 6 displays a summary of the effect of the particle aspect ra-
tio, filler concentration, and presence of a compatibilizer on the
elastic modulus of the composites. Similar to the thermal degrada-
tion behaviour, the highest values in the elastic strength are
obtained by using SSP, even considering the experimental error.
Fig. 6. Effect of the filler content and presence of a compatibilizer on the elastic
modulus (from tensile stress–strain tests) of the nanocomposites. The larger cap-
width from the standard deviations represents the values from LSP. Solid and doted
lines represent the theoretical results from layered and spherical filler respectively,
as estimated from the Halpin–Tsai model (Eq. (1)).
Noteworthy, 1 wt.% of SSN increases the elastic modulus in approx-
imately 20% although at higher filler concentrations the property
slightly decreases probably because of agglomeration processes.
By improving the dispersion of the SSP with the compatibilizer,
the increase in the mechanical elasticity becomes proportional to
the filler content owing to better dispersion reaching the highest
value with 5 wt.% of SSP. Fig. 6 confirms that the compatibilizer
does not improve the performance of composites based on LSP.
Improvements of about 20% in the elastic modulus have been pre-
viously reported in composites of polyolefins with pure and surface
modified spherical silica nanoparticles [1,28,29,32,39].

3.5. Discussion

Our main results from polypropylene composites with sol–gel
nanoparticles of different aspect-ratio can be summarized as: (1)
TGA results show that under oxidative conditions the nanocompos-
ites display a much larger improvement in Tpeak than under inert
atmosphere that is even more drastic for SSP; and (2) composites
with SSN present higher elastic modulus than LSP. These results
can open up relevant information about the effect of the nanoparti-
cle on the polymer performance as below discussed.

The fact that under oxidative conditions the nanocomposites
present a much larger improvements in Tpeak than under inert
atmosphere means that the presence of oxygen should be consid-
ered in the mechanism behind thermal stability. Moreover, this
difference between oxidative and inert conditions allows us to
minimize the theory explaining the thermal stability because of
the lower diffusion (or higher tortuosity) of the polymer degrada-
tion products as this mechanism applies under both atmospheres.
The decrease of the oxygen diffusion from the outside region (gas
phase) toward the polymer bulk can be ruled out as the initial ther-
mal degradation processes are not strongly affected by the pres-
ence of the nanoparticles. Moreover, as recently reported [19], all
mechanisms claiming the lower gas diffusion owing to nanoparti-
cles in polymer composites are based on the high aspect ratio of
the filler [40]. In theory, spherical particles do not modify the per-
meability or the diffusion of the matrix whereas layered fillers can
drastically decrease it [19,40]. But our results show that SSN (as-
pect-ratio �1) render the largest thermal improvements as mea-
sured by Tpeak. Furthermore, sol–gel based particles do not
present impurities able to react with the degradation products by
the trapping mechanism ruling out this theory.

Based on the above mentioned, the physical/chemical adsorp-
tion of the volatile products on the particle surface during the oxi-
dative degradation, which are different compounds as compared
from those under inert atmosphere, can be a plausible mechanism
behind better thermal stabilization of nanocomposites. Oxygen at
high temperatures reacts with the polymer chains producing per-
oxide molecules, macro-radicals, oxidative dehydrogenation
chains, oxidized volatile products, unsaturated hydrocarbons, alco-
hols, ketones, esters, etc. [38]. These oxidative degradation prod-
ucts are highly polar volatile molecules that can be easily
adsorbed on the hydroxyl and other functional groups from the
surface of the silica nanoparticles [41]. It is stressed that although
SSP present the lowest aspect-ratio they have a high specific sur-
face area (�70 m2/g) that is larger than LSP (�44 m2/g). Moreover,
LSP are not well dispersed in the polymer matrix as observed in
Fig. 1; therefore, its effective aspect ratio is low relative to the well
dispersed natural clay particles. The latter explaining why SSP dis-
play the highest thermal stabilization as measured by Tpeak by
using a compatibilizer as a higher area is available for the adsorp-
tion. In this context, the effect of the filler content can be under-
stood as a complex phenomenon involving two opposite
processes as more particles implies more area adsorbing the degra-
dation products but also implies higher probability of aggregation.
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Moreover, the presence of a compatibilizer decreases the probabil-
ity of agglomeration having as consequence larger changes in the
properties with the filler content, especially by using SSP.

It is highlighted that nanocomposites prepared with the same
polypropylene matrix but using natural clay particles with good
dispersion display larger thermal stability than our composites
[14]. Therefore, adsorption of volatile products is one of the mech-
anisms explaining the thermal improvements but the ‘‘labyrinth’’
effect should be further considered when high aspect-ratio fillers
are used.

Regarding the discussion about the mechanical properties of the
nanocomposites, we used the Halpin–Tsai model to evaluate the
effect of the filler on the relative elastic modulus of the composite
relative to the pure matrix by [42]:

Ec

Em
¼ 1þ 2 � ðL=tÞ � fp � g

1� fp � g
ð1Þ

g ¼ ðEp=EmÞ � 1
ðEp=EmÞ þ 2 � ðL=tÞ ð2Þ

where fp is the particle volume fraction; L/t is its aspect ratio (�10
and 1 for LSP and SSP, respectively); Ep and Em are the longitudinal
stiffness for the particle and matrix, respectively; and Ec is the lon-
gitudinal elastic modulus of the composite. For composites with
SSP, the above mentioned equations can be directly applied by
assuming a particle stiffness of 400 GPa [43]. Fig. 6 displays the val-
ues from Eq. (1) showing that this model systematically estimates
lower values than the experimental ones. These results are rather
confused considering that the Halpin–Tsai model should display
higher values than the experimental results as it assumes perfect
adhesion between the particle and the polymer. This assumption
is not chemically plausible in our case even under the presence of
a compatibilizer due to the strong non-polarity of polypropylene
relative to the silica particles.

For polymer/layered particle nanocomposites the modification
of some parameters accounting for its complex morphology is
needed [42,43]:

L
t
¼ L
ðN � 1Þ � d001 þ ds

ð3Þ

Ep ¼
N
t
� Es � ds ð4Þ

where L is the clay lateral size (250 nm); t is the particle thickness;
Es is the silica stiffness (400 GPa); ds and d001 are the thickness of
individual clay sheets (�1 nm) and the interlayer distance (�4 nm
as measured by X-ray); N is the number of layers per stack sup-
posed equal for all samples for simplicity (�20 units measured
roughly by TEM). By taking account the above mentioned data com-
ing from layered particles poorly dispersed in the polymer matrix,
the Halpin–Tsai model predicts composites with dramatic increases
in the elastic modulus with values as high as 1700 MPa at 5 wt.% of
LSP whereas the experimentally values are �1300 MPa. Notewor-
thy, the model states that LSP fillers are much effective increasing
the mechanical elastic response of the matrix than SSP, this fact is
not observed from our results.

The above mentioned results cannot be explained by the tradi-
tional concept of load transfer from the matrix to the particle by
means of a perfect adhesion. Moreover, the nanoconfinement of
the polymer matrix is not valid in our samples as the particle–par-
ticle distance is much higher than the polymer size as observed in
Fig. 1 and predicted by theoretical models [19]. An alternative
approach able to explain our results is the entanglement of the
polymer chains with the nanospheres allowing the load transfer
and increasing the stiffness of the chains that surround the parti-
cles. Actually, the average diameter of our polypropylene matrix
is �60 nm that is comparable to the average diameter of the
spherical particles (�70 nm) [19]. This mechanism has been previ-
ously reported for single wall nanotubes [44] and nanospheres [45]
but it is not valid for layered particles because of the large lateral
size (Fig. 1) explaining the larger elastic modulus of composites
based on SSP.
4. Conclusions

Our results from polypropylene composites based on sol–gel
nanoparticles with different aspect ratio allow relevant conclu-
sions toward the understanding of the behaviour of polymer nano-
composites. Samples prepared with SSP can display similar or even
larger thermal stabilizations than those prepared with LSP under
oxidative conditions showing that theories based on metallic
impurities and lower diffusion of volatile products are not plausi-
ble. Because of the high specific area of the SSP, the chemical/phys-
ical adsorption of the polar volatile compounds from the oxidative
degradation is the plausible mechanism explaining our results. In
general, there is not a relevant effect of the filler content on the
thermal degradation owing to filler agglomeration processes ex-
cept in Tpeak under oxidative conditions increasing with the parti-
cle content. Regarding the mechanical behaviour, SSP fillers can
render similar or higher stiffness than LSP showing that the mech-
anism for the mechanical reinforcement is, probably, the entangle-
ments of polymer chains surround the nanoparticles and not the
standard load transfer by adhesion mechanism. In composites
without the compatibilizer the largest effect is observed at 1 wt.%
of filler as at higher concentrations the agglomeration processes
avoid further reinforcements to the composite. Nevertheless, SSP
particles in presence of the compatibilizer render an almost linear
increase in the elastic modulus.
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