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Effect of morphology on the permeability,
mechanical and thermal properties of
polypropylene/SiO2 nanocomposites
Moisés Gómez,* Diego Bracho, Humberto Palza and Raúl Quijada

Abstract

Spherical silica nanoparticles with 20 and 100 nm diameters and organic-template layered silica nanoparticles synthesized
by the sol-gel method were melt blended with a polypropylene (PP) matrix in order to study and quantify their effect on
the oxygen and water vapor permeability and mechanical and thermal behavior. With regard to barrier properties, the
spherical nanoparticles barely increased the oxygen permeability at low loads (≤10 wt%); meanwhile the layered nanoparticles
dramatically increased it even at low loading (<5 wt%) probably due to the percolation effect. The changes in water vapor
permeability were similar to those in oxygen permeability. The repulsive interaction between nanoparticles and PP forms
interconnecting voids where the gas permeates. Tensile stress–strain tests showed that the composites present up to a 56%
increase in the elastic modulus with spherical nanoparticles at 20 wt%, while layered nanoparticles show a decrease probably
due to agglomerations and voids. Thermogravimetric analysis under inert conditions showed that the nanoparticles improved
the PP thermal degradation process through the adsorption of volatile compounds on their surface, where the smaller spherical
nanoparticles show the greatest stabilization.
© 2015 Society of Chemical Industry
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INTRODUCTION
The development of polymer-based nanocomposites has grown
into a wide and promising area in research from both academic
and industrial standpoints. A polymer nanocomposite is a multi-
phase material consisting of a continuous polymeric phase and a
dispersed phase of nanometric dimensions.1 –6 The great interest
in these materials is based on the possibility of greatly enhanc-
ing the properties of a given matrix by adding small amounts of
nanometric fillers (<10 wt%), compared to the traditional micro-
composite loads (<30 wt%). Due to the high specific surface area
of the nano-sized particles, it is possible to obtain the same or bet-
ter property enhancement by using smaller loads than with tradi-
tional microfillers.6

Polyolefins such as polypropylene (PP) are of particular inter-
est as polymer matrices due to their low production cost, facile
processability and good properties, especially for industrial
applications.4,7,8 On the other hand, natural aluminosilicate clays
have been widely studied over the past two decades as inorganic
fillers in polymer composites.3 These clays are usually chemically
modified in order to exfoliate their lamellar structure prior to the
composite blending.3,9 The low cost and easy access to these nat-
ural clays is one of their great advantages; however, geometry and
size are restricted by their natural occurrence and are key variables
in the study and development of polymer nanocomposites.10,11

In addition, natural impurities remain in the clays, affecting prop-
erties of the nanocomposites such as color, magnetic properties,
optical properties etc.11 For these reasons, a novel route is to use
synthetic nanoparticles as fillers, produced by the sol-gel process,
which yields products with high composition homogeneity, purity

and reproducibility.12 Additionally, this method can be adapted
in order to produce nanoparticles in a wide range of sizes and
geometries, including spheres13 and sheets.11 Two of the major
advantages of the method are the mild reaction conditions, such
as relatively low temperature and pressure, and the synthesis of
highly pure materials.6,12,14

Gas transport in nonporous polymer membranes typically pro-
ceeds by a solution-diffusion mechanism in which the permeabil-
ity (P) can be calculated using P = SD,6 where S and D denote the
solubility and diffusivity of the permeating species, respectively.
It is well known that the presence of nonporous particles, such as
silica nanoparticles, in conventional filled polymer (PP, polyethy-
lene etc.) systems typically reduces the permeability of the poly-
mer. The filler reduces the free volume available for gas sorption
within the polymer, reducing the solubility factor and the diffusiv-
ity by a tortuous path mechanism.3,6,15 However, in 2002 Merkel
et al.16 discovered that the addition of nanometer-sized silica
particles in polymers could systematically increase the gas perme-
ability due to an increase of the polymer free volume at the poly-
mer−particle interface, caused by a weak interaction between
particles and polymer.6,17 Dougnac et al. reported that the addition
of spherical nanoparticles with different diameters synthesized
by the sol-gel method in PP increases O2 and N2 permeability.18
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Others authors have found a decrease of the permeability to O2,
N2, CO2 and other gases in different polymer (PP, polyethylene etc.)
nanocomposites.9,19,20

One of the primary reasons for adding inorganic fillers to poly-
mers is to improve their mechanical performance whilst balancing
strength, stiffness and toughness.1,4,6 It has often been found
that the mechanical properties of nanocomposites are strongly
dependent on filler content. In PP composites with 10 wt% silica
nanospheres of 20 and 100 nm diameter an increase in Young’s
modulus of 40% and 18%, respectively, was found.21 In PP com-
posites with layered silica nanoparticles, an increase in the elastic
modulus of 8% has been reported at 1 wt%, decreasing linearly
at higher loadings (≥3 wt%), due to a weak interaction between
the polymer and the nanoparticles.14 For thermal properties, on
the other hand, the incorporation of nanometer-sized inorganic
particles into the polymer matrix typically enhances the thermal
stability by acting as a superior insulator and mass transport bar-
rier to the volatile products generated during decomposition.6,14

Moncada et al. reported that the addition of spherical and lay-
ered silica nanoparticles synthesized by the sol-gel method
increases the thermal stability of PP under oxidative conditions.22

Furthermore, it has been found that the addition of spherical
nanoparticles of ca 70 nm can dramatically improve the thermal
degradation of PP.2 The enhancement of the mechanical and
thermal properties in polymer nanocomposites can be attributed
to the high rigidity of the nanoparticles along with the high inter-
facial interaction between the polymer matrix and the surface of
the dispersed nanoparticles.2,4,6,14,21

Based on this, the permeability and mechanical and thermal
properties of the polymer matrices can be tailored by adding
different nanofillers, although the global effect is not yet fully
understood.14 In this work, PP nanocomposites were prepared
using spherical and layered silica nanoparticles (SiO2) synthesized
by the sol-gel method in order to contribute to the understanding
of the effect of their size and shape on the oxygen and water vapor
permeability, mechanical properties and thermal stability.

EXPERIMENTAL
Materials
Tetraethoxysilane (≥98%, TEOS) and hexadecyltrimethoxysilane
(≥85%, HDTMOS) were obtained from Sigma-Aldrich (St. Louis,
MO, USA), and used as received. Ammonia (25 wt%) and
hydrochloric acid (32 wt%) were obtained from Equilab (San-
tiago, Chile). Commercial isotactic PP (PP-H401) with a melt flow
index of 7.5 g (10 min)−1 and a density of 0.905 g cm−3 was
obtained from Braskem (São Paulo, Brazil) and used as received.
The antioxidant used in the preparation was a 2:1 mixture of
Irganox 1010 and Irgafos 168.

Synthesis of spherical and layered SiO2 nanoparticles
Silica nanospheres of 20 and 100 nm diameter were produced
using a sol-gel method presented by our group in a previous
work.21 For layered silica nanoparticles, a sol-gel synthesis method
was used based on the work of Chastek et al.11

Characterization
Elemental analyses for carbon and hydrogen were performed
on a Leeman Labs Inc. CE440 elemental analyzer and a Control
Equipment Corporation 440 elemental analyzer. Powder XRD
patterns were recorded using a Siemens D-5000 wide-angle XRD
spectrometer with Cu K𝛼 radiation, operating at 40 kV and 45 mA.

TGA was performed in an inert atmosphere (nitrogen) using an
SDT (TGA-DSC) Q600 thermal analyzer. The samples were heated
from 25 to 700 ∘C at a heating rate of 20 ∘C min−1. Transmission
electron microscopy (TEM) images were recorded digitally using a
Philips Tecnai 12 microscope operating at 80 kV.

Nanocomposite blending
The PP/SiO2 composites were produced by melt-mixing in a
Brabender Plasti-Corder at 190 ∘C and 110 rpm for 10 min.
Approximately 35 g per mixing was produced, containing PP, SiO2

nanoparticles and a small spoonful of Irganox 1010:Irgafos 168
(2:1) antioxidants.

Testing of mechanical properties
Mechanical properties were measured using an HP D500
dynamometer with a strain rate of 50 mm min−1 at room temper-
ature, according to ATSM D638.23 Young’s modulus was calculated
as the slope of the linear elastic zone in the stress− strain curve.

Oxygen and water vapor permeability
The oxygen permeability test was performed using the time-lag
method in a permeability cell built in our laboratory, whose design
is described elsewhere.18,24 The system was sealed hermetically
and exposed to vacuum (10−3 bar) for 3 h before every test. The
oxygen pressure was 2 bar for all the samples, and the temperature
was kept constant at 30 ∘C. However, the water vapor permeability
(WVP) was measured using the dry cup method.25 The mass of the
cups was measured every 24 h for 15 days.

RESULTS AND DISCUSSION
Synthesis of nanoparticles
TEM images of spherical and layered silica nanoparticles syn-
thesized by the sol-gel method are shown in Fig 1. For spherical
nanoparticles, the final size was controlled by changing the pH of
the reaction medium, getting particles of approximately 20 and
100 nm in diameter (Fig. 1(a) and Fig. 1(b), respectively), denoted
SNS20and SNS100, respectively. The exposed area per unit volume
is inversely proportional to the particle diameter, and accordingly
the SNS20 particles present high electrostatic forces generating
greater agglomeration than the SNS100 particles,26 as shown in
Fig. 1(a).The presence of siloxane and hydroxyl groups, generated
in the particle surface during the synthesis process, makes the
silica surface highly hygroscopic, as previously reported.6 Finally,
Fig. 1(c) displays a typical TEM of silica layered nanoparticles,
denoted SNL, showing cauliflower-like aggregation that avoids
a proper characterization of the individual plates, as reported by
other authors.11,14 The dark zones correspond to agglomerations
of the nanoparticles due to the attraction of the high organic
content.11 The layered geometry of the SNL was further confirmed
by X-ray diffraction (Fig. 2). The interlaminar distance d001 (4.8 nm
at 1.9∘) indicates that the inorganic layers of SNL are separated
by a bilayer arrangement of hexadecyl groups (C16) as the cor-
responding 4.8 nm interlayer distance relates to approximately
twice the length of the hexadecyl group, from the HDTMOS used
in the synthesis.11

Table 1 shows the results of elemental analysis and the spe-
cific surface area of the silica nanoparticles. The inorganic con-
tent of the nanoparticles was obtained by TGA, based on the
remaining mass after heating to 700 ∘C in inert conditions (N2).
The high carbon and hydrogen content in the SNL further con-
firmed the organic content. Moreover, the ratio between carbon
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Figure 1. TEM images of the synthesized silica nanoparticles: (a) SNS20, (b) SNS100, (c) SNL.

Figure 2. X-ray diffractograms of SNL nanoparticles and PP/SNL
composites.

and hydrogen atoms in the hexadecyl groups (C16) is ca 17/3, sim-
ilar to the ratio obtained by elemental analysis (ca 16/3).

The spherical nanoparticles were calcined at 400 ∘C for 8 h to
oxidize the unreacted TEOS, ethoxy groups and to evaporate the
water absorbed on their surface before they were used in the com-
posite preparation; thus the low carbon and hydrogen content is
because these elements were not fully oxidized.6,21 Furthermore,
the agglomerates in the nanospheres shown in Fig. 1(a) and 1(b)
could also be forming due to possible solid-state reactions that
can occur during the calcination process, mainly condensation of
silanol groups between particles, which can affect their morpho-
logical integrity.21 On the other hand, the TGA of the SNL particles
revealed two major events, gradual loss of water above 100 ∘C
and degradation of the alkyl chains beginning at ca 180 ∘C, with
major weight loss between 300 and 520 ∘C. For this reason, the
SNL particles were dried at 100 ∘C before their incorporation. The
low specific surface area of the SNL nanoparticles is due to the
presence of hexadecyl groups on their surface, which confers their
interlaminar distance.

Nanocomposites
Fig. 3 displays some representative TEM images from PP/SiO2

composites with 10 wt% (inorganic content) of spherical (Fig. 3(a)
and 3(b)) and layered (Fig. 3(c)) silica nanoparticles. For composites

Table 1. Elemental analysis and specific surface area for calcined SNS
and dried SNL

C (wt%) H (wt%)
Inorganic

content (wt%)
BET surface

area (m2 g−1)

SNS20 0.9 − 98.0 287.0± 0.7
SNS100 0.4 − 98.5 41.7± 0.2
SNL 63.6 12.0 23.5 8.1± 0.1

with spherical nanoparticles, agglomerated groups can be
observed within the polymer matrix, with few individual particles.
Because of the repulsive interaction between the hydrophilic silica
surface and the hydrophobic PP matrix, as well as the high spe-
cific surface area, the SNS20 nanoparticles presented the largest
agglomerations,6,10 similar to those observed in pure particles
(Fig. 1).The same behavior has been reported in similar PP/SiO2

composite systems.2,14 In the case of the layered nanoparticles,
these are better dispersed in the polymer matrix, probably due
to the presence of hydrophobic hexadecyl groups, increasing
the affinity between the polymer and the nanoparticle surface.
In addition, Fig. 3(c) shows either partially exfoliated particles or
intercalated structures and some agglomerations (black areas).
Based on these TEM images it can be estimated that the length of
the layered nanoparticles has a value around 200 nm.

Fig. 2 also shows the XRD patterns for the PP/SNL composites
which indicate a slight shift in the SNL interlaminar distances asso-
ciated with higher angles (2.2∘), reaching values of 4.1 nm (d001).
This can be explained by considering that some of the organic
molecules can be expelled or start to degrade during the mix-
ing process (190 ∘C),27 where small molecules from the hexadecyl
groups start to volatilize. This is consistent with the onset of SNL
degradation (ca 180 ∘C). Furthermore, steric impediment when
infiltrating layered structures with long polymer chains can gen-
erate a higher agglomeration degree, contributing to small crack
formation in the polymer−particle interface.10 On the other hand,
the X-ray diffractograms show nearly the 𝛼-crystalline form of PP.
In all cases, the monoclinic 𝛼 reflections of PP can be found at 2𝜃
angles of 14.2∘ (110 crystalline plane), 17.2∘ (040), 18.8∘ (130), 21.5∘
(111) and 21.9∘ (131 and 041). These observations confirm that the
addition of SNL does not affect the crystalline polymorph of PP.28

Oxygen and water vapor permeability
The results for oxygen permeability and WVP are presented
in Fig. 4. The SNL increased the oxygen permeability strongly
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Figure 3. TEM images of PP/SiO2 composites: (a) SNS20, (b) SNS100, (c) SNL.

Figure 4. Permeability of the PP/SiO2 composites: (a) oxygen permeability; (b) water vapor permeability (WVP).

(Fig. 4(a): at 2 wt% the permeability increased by 40%, while at
10 wt% it was increased by a factor of ca 3.5. On the other hand,
the spherical nanoparticles have no significant effect at loadings
of 5− 10 wt%, and only at 20 wt% was there a significant increase
of 20% and 50% in the oxygen permeability for SNS100 and SNS20,
respectively. For a better understanding, the modified Felske (M-F)
model was used, which estimates the composite permeability
using the following equations:29

Pc = Pm

[
1 + 2𝜙 (𝛽 − 𝛾) ∕ (𝛽 + 2𝛾)
1 − 𝜓𝜙 (𝛽 − 𝛾) ∕ (𝛽 + 2𝛾)

]
(1)

𝜓 = 1 +
(

1 − 𝜙m

𝜙2
m

)
𝜙 (2)

𝛽 =
(

2 + 𝛿3
) (

Pp∕Pm

)
− 2

(
1 − 𝛿3

) (
Pi∕Pm

)
(3)

𝛾 = 2 + 𝛿3 −
(

1 − 𝛿3
) (

Pp∕Pi

)
(4)

where Pm, Pp and Pi are the permeabilities of the polymer matrix
(obtained experimentally), particles (considered impermeable)
and voids (ca 100Pm

29), respectively; 𝛿 is the ratio of the outer
radius of the interfacial shell to the core radius (1.45,29 ‘void size’);
𝜙 is the volume fraction of particles; and𝜙m is the maximum value
of 𝜙, which is usually considered to be 0.64 and 0.36 for spheres

and layered nanoparticles,29 respectively. The M-F model predicts
an increase of the permeability due to void formation in the poly-
mer−particle interface by a weak interaction. In the case of the
spherical nanoparticles (𝜙m = 0.64), the M-F model overestimates
the results probably because it assumes a good dispersion of the
filler material, which was not possible in this case (Fig. 3). On the
other hand, the voids created by the agglomerations can overlap
with each other, forming preferential permeation channels, which
could even go across the entire polymeric film, an effect known
as percolation.30 However, the increase is probably lower because
the void size is less than the assumed size (1.45); therefore the
voids should be less than 9 and 45 nm for SNS20 and SNS100,
respectively. The SNS20 nanoparticles cause greater changes than
the SNS100 nanoparticles due to their higher specific surface area
(Table 1) and agglomerate formation (Fig. 3), generating higher
interfacial void volume. It is noted that no significant effect at low
loadings is expected due to the low solubility between the oxygen
(a polar molecule) and the polar silica surface. At higher loads,
diffusion has more relevance than solubility due to the formation
of preferential channels and voids in the composite.6

In the case of the SNL, the M-F model (𝜙m = 0.36) signifi-
cantly underestimates the experimental results, probably
due to their geometry and high aspect ratio favoring void
interconnection.6,17 It seems that the SNL allow the formation of a
void percolation process increasing the permeability in a nonlinear
way (shown in Fig. 4). In general, layered nanoparticles present
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geometrical percolation at lower concentrations than spherical
nanoparticles.30,31

Regarding the WVP, a significant increase was observed in all
cases. In the case of spherical nanoparticles, at 20 wt% the WVP
increases up to ca 200% and ca 100% for SNS20 and SNS100,
respectively, and for SNL a large increase was observed reaching
115% at 10 wt%. The WVP increase caused by nanosphere loading
was found to be inversely proportional to the particle diameter,
suggesting that the water vapor is being adsorbed on the surface
of the silica nanospheres due to the hydroxyl functional groups
on the inorganic surface, which may interact with polar gases
such as H2O.6,18 This behavior has previously been observed in
PP/SiO2 composites prepared using different diameters of silica
nanospheres.18,21 Furthermore, void formation and channels
between adjacent particles in systems with poor dispersion, as
discussed above, further increase the permeability. In the case
of SNL, due to their high aspect ratio, preferential permeation
channel formation further facilitates diffusion compared to the
nanospheres. These results are consistent with the oxygen per-
meability results.17 Moreover, it is also possible to see a significant
increase of the WVP at low loadings; however, these increases
are less pronounced compared to oxygen permeability. This is
most probably due to the presence of a high organic content
in the SNL (63.6%, from Table 1); thus the water vapor solubility
is not increased as much as the oxygen solubility for a higher
particle content. The M-F model results for WVP are smaller than
the experimental results obtained in both cases (spherical and
layered nanoparticles) because this model does not consider the
solubility effect, which is more relevant in this case.

Mechanical properties
The elastic modulus of the PP/SiO2 composites is illustrated
in Fig. 5. When SNS20 or SNS100 are added, Young’s modulus
is increased (Fig. 5). The SNS20 have a stronger effect due to
their higher specific surface area, increasing the stress transfer
surface.21 To understand these behaviors, the results obtained
were compared to the Halpin–Tsai (H-T) model, which estimates
the composite modulus using32

EC

Em

= 1 + 2𝛼𝜂𝜙
1 − 𝜂𝜙

(5)

𝜂 =
Ep∕Em − 1

Ep∕Em + 2𝛼
(6)

where 𝜙 is the particle volume fraction, 𝛼 is the aspect ratio,
Ep and Em are the longitudinal stiffness for the particle and
matrix, respectively, and Ec is the composite longitudinal elas-
tic modulus. For composites with silica nanoparticles, these
equations can be applied by assuming a particle stiffness Ep of
400 GPa.14 The longitudinal stiffness of the matrix is Em = 951 MPa
(obtained experimentally). The aspect ratio of the SNS is 1 (spheri-
cal nanoparticles).14 The H-T model for SNS20 underestimates the
elastic modulus of the composite, as shown in Fig. 5. This model
should estimate higher values since it assumes perfect adhesion
between the particles and polymer, which is not chemically pos-
sible even in the presence of compatibilizers. An alternative to
explain these higher experimental values is entanglement of the
polymer chains with the SNS20, allowing load transfer and increas-
ing the stiffness of the chains that surround the particles. To con-
firm this, the average diameter of the polymer is estimated by33

S2 = a Mb (7)

Figure 5. Elastic modulus of the prepared PP/SiO2 composites.

d = 2
√

2S2 (8)

where S2 is the mean square radius of gyration, M the molec-
ular weight of the polymer, a and b are specific constants for
each polymer, where for PP they take the values 0.1156 and 1.0,
respectively,33 and d is the average diameter of the polymer. The
value obtained for the average diameter (M≈ 290 kg mol−1) is ca
57 nm. The PP average diameter is larger than the average diame-
ter of SNS20, and as a result entanglement of the polymer chains
may occur, allowing load transfer and increasing the stiffness of
the chains that surround the particles,2,14 as has been previously
reported for PP/SiO2 composites.14 For the SNS100 particles no
significant effect was observed at loadings of 5− 10 wt%.Only at
higher loadings,15 and 20 wt%, was there a significant increase
of 22% and 40%, respectively. In this case, as the diameter of the
SNS100 is greater than the PP average diameter, entanglement
of the polymer chains around these nanospheres is less likely to
occur. Moreover, the results obtained experimentally are lower
than the H-T model prediction, and thus the increase in stiffness is
probably caused by the traditional load transfer mechanism (adhe-
sion mechanism).

In the case of SNL, modification of some parameters is needed to
account for their complex morphology in the H-T model:14

𝛼 = L
(N − 1)d001 + ds

(9)

Ep = N
t

Es ds (10)

where L is the lateral size of the clay (ca 200 nm from Fig. 3(c)), t
is the particle thickness(ca 1 nm14), Es is the silica stiffness (400
GPa,14 mentioned above), ds and d001 are the thickness of indi-
vidual clay sheets (ca 1 nm11,14) and the interlayer distance (4.8
nm as measured by XRD, Fig. 2) and N is the number of layers
per stack and is assumed to be equal for all samples for sim-
plicity (ca 15 units measured roughly in Fig. 3). In this case, the
H-T model predicts composites with a dramatic increase in the
elastic modulus with values as high as 1650 MPa at 5 wt% of SNL,
whereas the experimental value was ca 883 MPa. These results can
be explained by the appearance of interface defects produced
during the blending process arising from internal stresses due to
the mismatch between the particle and matrix thermal expansion
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Figure 6. (a) Yield strength and (b) breaking strain of the prepared PP/SiO2 composites.

coefficients, and in some cases gaseous products might also
be formed at the interface.34 Silica particles have a low thermal
expansion coefficient (inorganic material) compared to poly-
mers. When silica particles are dispersed in the polymer melt, the
polymer chains contract upon cooling and will generate residual
thermal stresses in the interface region. These residual stresses
can generate small cracks under tensile loads, where part of the
mechanical energy is used in the formation of the cracks.6,34 More-
over, the TGA of the SNL particles showed that the degradation
of the alkyl chains (C16) begins at ca 180 ∘C, a temperature lower
than the blending process temperature (190 ∘C); therefore, gases
coming from this degradation would also generate cracks. In the
literature, a decrease in the elastic modulus has been reported
by Altan and Yildirim35 in similar composites (PP/TiO2) due to a
poor particle−polymer interaction and agglomerate formation.
Ash et al.36 have also reported a decrease in elastic modulus in
poly(methyl methacrylate)/alumina composites produced by the
formation of voids within the polymer matrix and nanoparticle
agglomerates that can act as crack initiators, leading to premature
brittle failure. These voids are present in these composites, as dis-
cussed above, since the permeability to oxygen and water vapor
mainly increased owing to their presence, especially in the case
of the SNL (Fig. 4). Moreover, the TEM images (Fig. 3(c)) showed
the presence of agglomerates, as mentioned above. It is noted
that the particles cannot act as plasticizers because, although the
elastic modulus decreases, the elongation at break also decreases
(Fig. 6(b)).37 Therefore the formation of voids, agglomerations
and cracks in the polymer matrix is possibly responsible for the
decrease in the elastic modulus in the PP/SNL composites.

Fig. 6 also shows the yield strength (Fig. 6(a)) and breaking
strain (Fig. 6(b)) of the PP/SiO2 composites. In general, the yield
strength was reduced, reaching values of 14.5% and 23.7% at
20 wt% of SNS20 and SNS100, respectively, and a pronounced
decrease of 71.9% at 15 wt% of SNL. On the other hand, the
elongation at break decreases dramatically to over 99% with only
5 wt% in all cases. The decrease in yield strength occurs because in
composites with poor particle−polymer interaction and agglom-
erations (previously mentioned) the material becomes brittle,
since the applied stress cannot be effectively transmitted to the
filler and the energy is fully absorbed by the polymer matrix.6,13,38

The marked decrease in the breaking strain in these composites is
due to the fact that silica nanoparticles are much stiffer than the PP;
in fact the filling materials have virtually no deformation due to its
high stiffness.14 In addition, these nanoparticles strongly restrict

the polymer chain movement when under stress, thus prevent-
ing the polymer chains from being extended and thereby reduc-
ing the plasticity of the material. This effect increases when there
is no good polymer−particle interaction, which is what happens
in these composites due to the agglomerations (Fig. 3), as dis-
cussed above.6,13,38 The SNL nanoparticles have a greater effect
than the spherical nanoparticles, possibly due to the lower sur-
face area (Table 1), reducing even more the interaction area of the
material. Similar results have been shown in PP with spherical silica
nanoparticles and PP/clay composites.6,21

Thermal properties
Table 2 shows a summary of the TGA results for the PP/SiO2

composites under inert conditions (N2), and in all the cases an
increase is seen in the onset of degradation temperature (T onset)
and in the maximum degradation temperature (T peak), leading to
an increase of up to 14.1, 3.8 and 6.4 ∘C in T onset with 10 wt% of
SNS20, SNS100 and SNL, respectively. The PP/SNS20 composites
have the greatest effect on the thermal stability, increasing T onset

and T peak by ca 10 ∘C compared to the other PP composites
prepared at 10 wt%. Similar results have been found previously
in PP/SiO2 composites, where the nanoparticles improved the
thermal behavior.2,14

According to the results of Table 2, the final residue (at 700 ∘C)
of the nanocomposites approximately matches the mass fraction
of incorporated nanoparticles. This indicates that incorporation of
the nanoparticles does not promote coke formation in polymer
degradation; therefore the improvements in thermal stability
obtained cannot be explained by the mechanism of formation of
a coke layer.2,38 Regarding the stabilization based on the higher
tortuosity rendered by the nanoparticles hindering the diffusion
of volatile compounds (‘labyrinth effect’), the presence of silica
nanoparticles increases the oxygen permeability and WVP of the
material (Fig. 4); consequently there is no evidence supporting
this approach. Moreover, the radical stabilization mechanism due
to the presence of metal ions, as reported for natural clays, is not
applicable in this case, as the silica nanoparticles synthesized
via sol-gel do not have metal ions.2,12 On the other hand, it was
found that the average diameter of this polymer (Eqn (8)) was ca
57 nm. From Figure 2, it can be confirmed that the interparticle
distances are larger, at least two times for SNS20 and the SNL
and four times for SNS100, than the diameter of the polymer
chains. Therefore, the nano confinement effect does not occur.
Moreover, because of the low polarity of the PP chains, chemical
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Table 2. Effect of the nanoparticle size and charge on the onset temperature and degradation peak temperature (20 ∘C min−1, N2 atmosphere)

SNS20 SNS100 SNL

Load (wt%) Tonset (∘C) Tpeak(∘C) Residue (%) Tonset (∘C) Tpeak (∘C) Residue (%) Tonset (∘C) Tpeak (∘C) Residue (%)

0 425.0 460.0 2.5 425.0 460.0 2.5 425.0 460.0 2.5
5 430.7 464.6 6.8 426.2 461.5 6.4 426.7 463.5 6.9
10 439.1 472.6 9.5 428.8 463.2 9.1 431.4 465.5 10.5

interactions between the matrix and the nanoparticles can also
be rejected, as in the case of spherical nanoparticles.2,14 Therefore,
the only plausible model explaining these experimental findings
for PP/SiO2 composites is the chemistry or physical adsorption
of volatile compounds on the surface of these nanoparticles.
When adsorbed, the volatile species are retained for a longer
time preventing and/or lowering their diffusion-out, affecting the
termination reactions promoted by recombination of radicals.2,39

This model also explains why the SNS20 particles give the greatest
stability to the polymer composite due to the larger surface area
available for adsorption of the volatile molecules (Table 1).

CONCLUSIONS
The results with PP composites based on silica nanoparticles
with different sizes and geometries provide relevant conclusions
towards a better understanding of polymer nanocomposites. Sil-
ica nanospheres of 20 nm (SNS20) and 100 nm (SNS100) diameter
and silica nanolayers (SNL) were successfully synthesized by the
sol-gel method and blended with PP in the melt state to produce
PP/SiO2 nanocomposites. With regard to barrier properties, the
oxygen and water vapor permeability increased, showing greater
increase with SNL than with SNS probably due to a percolation
effect. These increases are explained by the agglomeration of the
nanoparticles due to the repulsive interaction of the hydrophilic
silica surface and the hydrophobic PP matrix, interconnecting
voids (free volume) that can partially or fully traverse the mem-
brane. Regarding the mechanical behavior, SNS20 fillers increase
the stiffness, showing that the mechanism for the mechanical rein-
forcement probably involves entanglements of polymer chains
surrounding the nanoparticles, and for SNS100 the increase in
stiffness is due to standard load transfer by the adhesion mecha-
nism. In the case of SNL, the formation of voids, agglomerations
and the degradation of the alkyl chains (C16) present in the SNL in
the blending process can produce small cracks in the composites,
decreasing the elastic modulus. The thermal stability under inert
conditions was improved in all cases, where the adsorption of
volatile compounds on the surface of these nanoparticles can be
responsible for these improvements.
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