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Abstract
The long-range objective of this study is to provide better understanding of the relationship between the structures and
properties of PP-based nanocomposites containing mesoporous silica (MPS). In this investigation, nanocomposites
composed of MPSs with various porosity structures (two types of Santa Barbara Amorphous No. 15 (SBA-15) with pores of
4.4 or 8.0 nm, and Mobile Composition of Matter No. 41 (MCM-41) with pores of 2.9 nm) and polypropylene (PP) or
functionalized PP containing hydroxyl groups (PPOH) were developed. Their physical properties were then evaluated. The
nanocomposite containing PPOH and SBA-15 with a large pore size (SBA-15-L) showed higher toughness, stiffness, and
transparency than the other nanocomposites. Our results indicated that the larger pore size of SBA-15-L and the high affinity
between PPOH and the MPS surface led to an efficient pore-filled state of SBA-15-L with polymer molecules, forming a
nanocomposite with better mechanical strength and transparency.

Introduction

Extensive research and development of polypropylene (PP)-
based nanocomposites containing nanosized inorganic fil-
lers have been conducted with the aim of improving the
physical properties compared with those of composites
containing micro-sized fillers [1–10]. In many cases,
although stiffness is improved by the dispersion of nano-
fillers, the presence of nanofillers seriously diminishes
toughness owing to a reduction in elongation [10–13].
Lower toughness can be attributed in part to delamination

of the filler from the matrix as well as cracking at the grain
boundaries of aggregated filler owing to the low adhesion
of these materials [14, 15]. Hence, enhancing the interfacial
interactions has great potential to overcome the poor
toughness of nanocomposites. For PP nanocomposites,
however, improvements to interfacial interactions remain a
significant challenge owing to the inertness of PP toward
inorganic fillers, which often have a polar nature. As a
novel approach to solving this technical problem, we herein
propose combining the functionalization of PP and adoption
of mesoporous silica (MPS) filler, which together are
likely to create strong interaction points.

Functionalized PPs, such as maleic anhydride-grafted
PPs, are commonly used in PP nanocomposites as an
interface modifier for improved toughness [16–19]. We have
recently developed PP functionalized with hydroxyl groups
(PPOH) [20–23] and PPOH/monodispersed silica nano-
sphere (SNS) nanocomposite [24–26]. In this case, strong
interfacial adhesion between the matrix and filler, which
arises from hydrogen bonding, contributes to a marked
improvement in tensile strength without a significant loss
of elongation. Furthermore, increasing the matrix-filler
interfacial area by reducing the SNS particle size improves
the reinforcement efficiency of the nanocomposites.
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MPS with well-ordered porous structures, and thus an
enormously high surface area-to-volume ratio, is expected
to be an effective reinforcement filler owing to its strong
interfacial interaction derived from the filling of its pores
with polymer molecules. PP-based nanocomposites con-
taining MPS have previously been proposed to improve
flame retardancy [27, 28]. However, the optimal tradeoff
between high toughness and high stiffness that confers
outstanding mechanical properties has yet to be attained,
because the correlation between the structure and properties
of nanocomposites containing MPS remains poorly under-
stood. Characterization of the interaction state between the
matrix and MPS, which plays a key role in the physical
properties, has not been fully achieved due to difficulties
arising from the use of conventional analytical techniques,
such as electron microscopy and infrared spectroscopy, to
obtain a quantitative analysis of the polymer confined in the
small mesopores and of the interfacial interactions. A more
revealing investigation of the polymers present in the pores
could provide useful information for designing the porosity
structure of the material and the required molecular struc-
ture of the polymer matrix, leading to improvements in the
properties of these nanocomposites.

In this study, we developed nanocomposites composed
of MPSs with various porosity structures and PP or PPOH
containing 1.3 or 6.4 mol% hydroxyl groups. Three types of
MPSs: (i) SBA-15 with large pores 8.0 nm in size, denoted
SBA-15-L; (ii) SBA-15 with small pores 4.4 nm in size,
denoted SBA-15-S; and (iii) MCM-41 as well as non-
porous silica nanospheres (SNSs) were used as fillers. The
influence of the materials’ microstructures on the physical

properties of the nanocomposites, such as the morphology
of MPS and the chemical structure of the matrix, was
evaluated. In the conventional design of composites,
increasing the matrix-filler interfacial area by using fillers
with a large surface area tends to notably improve the
mechanical properties of the materials. In this study,
however, nanocomposites containing SBA-15-L exhibited
higher mechanical properties and optical transparency than
those containing MPS with a large relative surface area.
This may be due to more complete filling of the relatively
larger pores of SBA-15-L with polymer molecules. In this
paper, we describe in detail the influence of the pore
structure of MPS and of the hydroxyl group content in the
matrix on the physical properties of the nanocomposites. A
subsequent paper will address detailed characterization of
the matrix-filler interaction and pore-filling structures of the
MPS and the nanocomposites.

Experimental

Materials

Using previously reported methods [21], PPOH was syn-
thesized with a 5-hexen-1-ol comonomer containing either
1.3 mol% (PPOH1.3; Mw= 503,000, Mw/Mn= 1.90, mm=
98.0%) or 6.4 mol% comonomer (PPOH6.4; Mw= 146,000,
Mw/Mn= 1.95, mm= 98.4%). PP pellets (Novatec® MA3,
weight-averaged molecular weight Mw= 397,000, mole-
cular weight distribution Mw/Mn= 3.57, isotactic triad
(mm)= 93.7%) were purchased from Japan Polypropylene

Fig. 1 FE-SEM images of the
fillers. a SBA-15-L, b SBA-15-
S, c MCM-41, and d SNS; inset
shows a high-magnification
image
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Corporation. Mesoporous SBA-15-L, SBA-15-S, and
MCM-41 were purchased from Sigma-Aldrich. Uniformly
sized SNSs with a mean size of 0.1 μm were synthesized
using a previously reported method [29].

The morphology of MPS observed by field emission
scanning electron microscope (FE-SEM) was shown in
Fig. 1a–c. MPS is characterized as micro-sized particles:
SBA-15-L (rod-shaped particles with a long axis of over
2 µm and a short axis of 0.3–0.5 µm), SBA-15-S
(rod-shaped particles with a long axis of 0.5–1 µm and a
short axis of 0.2–0.5 µm) and MCM-41 (irregularly shaped
particles with a size of 0.2–1.0 µm). Ordered mesopores
were confirmed by FE-SEM imaging (Fig. 1a), and FE-
SEM also confirmed that SNSs consist of highly uniform
spheres 0.1 μm in size (Fig. 1d).

Table 1 shows the surface area and porosity of the fillers
estimated using nitrogen adsorption–desorption isotherms
(Figure S1). The surface areas of SBA-15-L and SBA-15-S
are almost the same. SBA-15-L and SBA-15-S have
different pore sizes of 8.0 and 4.4 nm, respectively.
MCM-41 has relatively smaller pores (2.9 nm in size) and
a larger relative surface area compared with those of SBA-
15-type MPS. MPS shows a much higher relative surface
area than SNSs owing to the presence of porous structures
in MPS.

Compounding procedures

Nanocomposites were prepared by melt-mixing polymer
matrices and fillers using a Labo-Plastmill kneading
machine (Toyo Seiki Seisakusho) equipped with a KF6 twin
rotary mixer (5 mL in volume) at 180 °C and 60 rpm for
5 min. The original polymer sample without additional fil-
lers was also melt-mixed to ensure a similar thermal history.
The total amount of polymer material, including filler, was
3 g during each process. No thermal stabilizer was added
to the samples. For the structural analyses and mechanical
tests, sample sheets (50 × 50 × 0.5 mm) were prepared by
hot-pressing the melt-mixed samples at 180 °C under 5MPa
for 3 min and then under 15MPa for 10 min using a Nafion®

sheet (Nichias), a stainless window frame (0.5 mm thick)

and stainless-steel plates, followed by rapidly quenching to
room temperature.

Characterization

The morphology of the fillers and the filler dispersion
in the nanocomposites were observed using an FE-
SEM instrument (S-4800, Hitachi High-Tech Science
Corporation) operated at 1 kV. The freeze-fractured surfaces
of the nanocomposites were observed in back-scattered
electron mode without a metal coating. Nitrogen
adsorption–desorption measurements were conducted to
obtain information about the relative surface area and pore
size of the fillers at –196 °C using volumetric adsorption
measurements (Belsorp mini II, BEL Japan, Inc.). Tensile
tests were carried out using a multipurpose stretching tester
(EZ-L, Shimadzu) according to ISO 527-1, using dumbbell-
shaped specimens (0.5 mm thick, 4 mm wide, and 15 mm
long in the parallel region) at a crosshead speed of 10 mm/
min at room temperature. Three specimens were tested for
each sample. The elastic modulus was determined from
the initial slope in a strain range of 0.1–0.2 mm. The yield
strength was taken as the maximum in the yield regime.
The area under the curve was used to calculate the tensile
toughness. The transmission properties of the sample sheets
were measured using a haze meter (NDH5000SP, Nippon
Denshoku) in compliance with ISO13468-1.

Results

Morphological characterization of nanocomposites

The nanocomposites were fabricated by melt-mixing filler
with PP, PPOH1.3, and PPOH6.4. As a representative
example of the nanocomposites, the morphologies of the
PPOH6.4 nanocomposites were analyzed by FE-SEM.
Figure 2 displays SEM images of the areas surrounding the
fillers on the cross sections of the sample sheets. A fine
dispersion of SBA-15-L in PPOH6.4 is confirmed by the
FE-SEM image shown in Fig. 2a. A high-magnification

Table 1 Physicochemical
properties of SBA-15, MCM-41,
and SNS

Sample Particle sizea Relative surface areab (m2/g) Mesopore sizec (nm)

SBA-15-L Long axis of over 2 µm
Short axis of 0.3–0.5 µm

619 8.0

SBA-15-S Long axis of 0.5–1 µm
Short axis of 0.2–0.5 µm

631 4.4

MCM-41 0.2–1.0 µm 966 2.9

SNS 0.1 μm 100 -

aEstimated by SEM images
bEstimated using the BET method
cEstimated using the BJH method

Structure-property relationships of polypropylene-based nanocomposites obtained by dispersing. . . 1059



FE-SEM image in the area marked by the square in Fig. 2a,
focused on SBA-15-L, clearly indicates that the ordered
porous structure of SBA-15-L is well preserved, even after
composite formation after the melt-mixing process
(Fig. 2b). SBA-15-S and MCM-41 were also dispersed in
PPOH6.4, as shown in Fig. 2c, d, suggesting the likelihood
that MPS functions as a filler with porous structures. A large
number of SNSs were uniformly dispersed in a similar
manner to that in a previous report (Fig. 2e) [24], whereas
slight aggregation of SNSs was observed in the low-
magnification image (Fig. 2f).

Mechanical properties of PPOH6.4 nanocomposites

First, the effects of the filler structure on the mechanical
properties of nanocomposites were examined. Tensile
tests were performed on the PPOH6.4 nanocomposites
melt-mixed with SBA-15-L, SBA-15-S, MCM-41, and
SNSs. The stress–strain curves of PPOH6.4 melt-mixed
with 0–20 wt% filler are shown in Fig. 3. PPOH6.4/SBA-
15-L exhibits a higher toughness than that of PPOH6.4/
SBA-15-S, PPOH6.4/MCM-41 and PPOH6.4/SNS for all
types of filler content.

Fig. 2 Cross-sectional FE-SEM images of the nanocomposites;
a PPOH6.4/SBA-15-L, b high-magnification image in the area marked
by a square in a, c PPOH6.4/SBA-15-S, d PPOH6.4/MCM-41,

e PPOH6.4/SNS, and f low-magnification image. The contents of
fillers in the present composite are 10 wt%

Fig. 3 Stress–strain curves for PPOH6.4 melt-mixed with a 0 and 5 wt%, b 10 wt%, and c 20 wt% filler, such as SBA-15-L, SBA-15-S, MCM-41,
and SNSs; insets show magnifications of the initial strain area
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The mechanical properties estimated from the
stress–strain curves of the PPOH6.4 nanocomposites
are shown in Fig. 4 and Table S1. The elastic modulus and
the yield strength increased with the increase in content of
filler mixed into PPOH6.4 (Fig. 4a, b). The properties of the
nanocomposites containing MPS are basically higher than
those containing SNSs, indicating that the presence of
a porous structure leads to an increased reinforcement
efficiency. The elastic modulus and yield strength of
nanocomposites containing MCM-41 are between those of
samples containing SBA-15-L and SBA-15-S. Nano-
composites with SBA-15-L in particular provide a higher
elastic modulus and a yield strength that exceeds those
of nanocomposites with SBA-15-S and MCM-41. As the
content of SBA-15-L is increased to 5 wt%, the elongation
at break (EB) for the nanocomposite is almost equal to that
of the PPOH6.4 matrix, after which the EB continuously
decreases as the amount of MPS increases (Fig. 4c). The EB
of PPOH6.4/SBA-15-L is slightly higher than that of the
other three nanocomposites for each filler content. Figure 4d
shows the tensile toughness of PPOH6.4 nanocomposites.
By melt-mixing with 5 wt% SBA-15-L, the tensile tough-
ness of PPOH6.4 increases as much as 20% compared with
the toughness of pure PPOH6.4, after which the toughness

gradually decreases with further increases in filler content.
The tensile toughness of PPOH6.4/SBA-15-L is also greater
than that of the other three nanocomposites for each filler
content. These values clearly indicate that PPOH6.4/SBA-
15-L simultaneously provides a better elastic modulus, yield
strength, EB and tensile toughness than the other materials.

Next, we investigated the effects of the matrix’s chemical
structure on the mechanical properties of nanocomposites
containing SBA-15-L and SBA-15-S by varying the content
of hydroxyl groups in the matrix. Figure 5 and Table S1
show the mechanical properties of the nanocomposites of
PP and PPOH1.3 melt-mixed with 0–20 wt% SBA-15-L
and SBA-15-S. The elastic moduli of the PP and PPOH1.3
nanocomposites increased continuously with increasing
MPS content in a similar manner to that seen for the
PPOH6.4 nanocomposite (Fig. 5a, c). The elastic modulus
of SBA-15-L is higher than that of SBA-15-S at each filler
content. The EB of the PPOH1.3 nanocomposites con-
tinuously decreases with increasing filler content (Fig. 5b).
The EB for PPOH1.3/SBA-15-L is almost equal to that
of the PPOH1.3 matrix and higher than that for PPOH1.3/
SBA-15-S with 5 wt% filler, after which the values steeply
decrease with any further increase in filler content. Here,
the EB of PPOH1.3 with over 10 wt% filler is much smaller

Fig. 4 Mechanical properties of
PPOH6.4 melt-mixed with 0–20
wt% filler, such as SBA-15-L,
SBA-15-S, MCM-41, and SNSs:
a elastic modulus, b yield
strength, c elongation at break,
and d tensile toughness
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than that for PPOH6.4 with over 10 wt% fillers. The EB for
PP (329%) significantly falls to below 10% with only a
5 wt% filler addition, suggesting a lack of any interfacial
adhesion between inert PP and the fillers (Fig. 5d). The
crystallinities and melting points of polymer matrices in
SBA-15-L nanocomposites, which can affect the mechan-
ical properties, are shown in Figure S3. The crystallinity of
PPOH6.4 decreased as the content of SBA-15-L increased
from 20.4 to 17.0%, whereas the crystallinity of PPOH6.4

was almost unchanged by the addition of MCM-41 and
SNSs. The addition of SBA-15-L did not lead to a change
in the melting point.

The influence of the OH-comonomer content in the
matrix on the tensile toughness of the original polymers and
the nanocomposites melt-mixed with 5 and 10 wt% filler is
shown in Fig. 6. The tensile toughness values of the original
PP, PPOH1.3, and PPOH6.4 are very similar. The tensile
toughness of non-functionalized PP is almost always

Fig. 5 Mechanical properties of
PPOH1.3 (top) and PP (bottom)
melt-mixed with SBA-15-L and
SBA-15-S. a, c Elastic modulus
and b, d elongation at break

Fig. 6 Effects of the hydroxyl
content in a polymer on the
tensile toughness of the original
polymers and nanocomposites
containing SBA-15-L and SBA-
15-S. Nanocomposites were
melt-mixed with a 5 wt% and
b 10 wt% filler
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weakened by the addition of fillers owing to a lack of
ductility, whereas the tensile toughness of nanocomposites
containing SBA-15-L and SBA-15-S increases with
additional hydroxyl groups in the PP polymer chain. The
difference in tensile toughness between SBA-15-L and
SBA-15-S widens as the hydroxyl content is increased.

Optical properties of the nanocomposites

Figure 6a–e are photographic images of sample sheets
(thickness: 0.5 mm) of PPOH6.4 and its nanocomposites
containing 5 and 10 wt% fillers. The transparency of
PPOH6.4 is almost fully maintained after melt-mixing 5 and
10 wt% SBA-15-L, whereas the introduction of SBA-15-S
significantly decreases transparency. Photographs of sample
sheets of PPOH6.4/SNS are provided in Figure S4. The
addition of SNSs decreases the transparency of the sample
sheets presumably owing to the existence of SNS aggre-
gation and the difference in the refractive index of polymer
matrix and that of silica. We also evaluated the transparency
of PP and the PPOH1.3 and PPOH6.4 nanocomposites
using a haze meter (Fig. 7). PPOH6.4/SBA-15-L main-
tained a high transmittance of 72% even after the addition
of 20 wt% filler, whereas the transmittance of PPOH6.4/
SBA-15-S fell steeply to 29% as the filler content increased
to 20 wt%. The transmittance of PP/SBA-15-L showed a
slight decrease, although it is higher than that of PPOH6.4/
SBA-15-S.

Discussion

Tensile tests reveal that the reinforcement performance of
MPS depends on the pore structure [30]. PPOH6.4/SBA-15-
L shows an effectively improved elastic modulus and
minimizes the reduction in ductility and toughness of the
original polymer. In the conventional design process,

enlarging the matrix-filler interfacial area using fillers with a
large surface area is expected to effectively improve the
mechanical properties. In contrast, the PPOH6.4/SBA-15-L
exhibits higher toughness and stiffness than PPOH6.4/
MCM-41 despite the relative surface area of SBA-15-L
(619 m2/g) being smaller than that of MCM-41 (966 m2/g).
This result implies that the specific properties of PPOH6.4/
SBA-15-L are partly attributable to the formation of the
filled-pore state. The relatively large pore size of SBA-15-L
likely contributes to the high efficiency of the insertion
of polymer molecules into the pores, leading to a strong
interfacial interaction. Regardless of the content of hydroxyl
groups in the matrix, the tensile toughness and stiffness of
nanocomposites containing SBA-15-L are higher than those
of nanocomposites containing SBA-15-S. Moreover, the
tensile toughness of nanocomposites with 10 wt% SBA-15-
L increased as the hydroxyl content of the matrix increased,
possibly indicating that the efficiency of pore-filling of
SBA-15-L is also dependent on the hydroxyl group content.
In the case of the difference in the elastic modulus and yield
strength between the nanocomposites containing SBA-15-S
and MCM-41, structural factors in addition to the pore
size influence the mechanical properties of the nano-
composites. For example, the difference in the porous
structure between SBA-15-S and MCM-41 could affect the
mechanical properties.

The pore-filling of MPS in the matrix is likely related to
the optical transparency of the nanocomposites. A loss in
transparency is owing to scattering by filler particles in the
polymer matrix and refractive index mismatch. The loss of
transparency due to Rayleigh scattering can be described by
equation (1) [31]

TPNC ¼ 0:9� exp � 32π4Φpxr3n4m
λ4

np
nm

� �2
� 1

np
nm

� �2
þ 2

2
64

3
75

8><
>:

9>=
>;
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Fig. 7 Photographs of sample sheets 0.5 mm thick of a PPOH6.4
matrix, b and c PPOH6.4/SBA-15-L, and d and e PPOH6.4/SBA-15-
S. The contents of fillers are 5 wt% (left) and 10 wt% (right). The

sample sheets were placed directly on the background. f Total trans-
mittance of the nanocomposites containing SBA-15-L and SBA-15-S
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where TPNC is the transmittance of polymer nanocomposites, λ
is the wavelength of incident light, x is the optical path length,
Φp is the volume fraction of the particles, r is the size of
particles, np and nm are the refractive index of the particles and
the matrix, respectively. The transparency loss increases
exponentially with increasing volume fraction and with
particle size. In addition, if the refractive indices np and nm
are the same, the scattering intensity is zero and is independent
of the particle size. MPS particles basically show a very low
refractive index (np= 1.09–1.16) [32], resulting in the
refractive index mismatch between MPS and PP matrices
(nm=1.49). Even with the small refractive index mismatch
(0.12) of nanocomposite composed of CeF3 particles and
polymethyl methacrylate, the transparency decreased rapidly
as the particle loading was increased to 10 vol% [33].
Therefore, the MPS particles with unfilled pores caused light
scattering that resulted in a loss of transparency. Despite the
relatively large mismatch of the refractive index between
MPS and PP (~ 0.4), the PPOH6.4 composites maintain a high
transmittance after melt-mixing with SBA-15-L. This implies
that r is decreased and approaches the pore-wall thickness
of SBA-15-L by the effective pore-filling of SBA-15-L. In
addition, the loss of transmittance by melt-mixing with
SBA-15-S suggests insufficient pore-filling of SBA-15-S
with the matrix. PPOH1.3/SBA-15-L also maintains a high
transmittance in a similar manner to that of the PPOH6.4
nanocomposite. The slight decrease in transmittance of PP/
SBA-15-L suggests that a proportion of the pores remain
unfilled due to low affinity between PP and SBA-15-L.

By combining the results from the measurements of
mechanical and optical properties, it is possible to suggest that
the relatively large pores of SBA-15-L are efficiently filled with
the matrix, whereas the smaller pores of SBA-15-S are less
efficiently filled. In general, insertion of polymer chains into the
mesopores is assumed to be affected by both the dimension of
the pore and the wettability of the pore surface. The introduc-
tion of hydroxyl groups into PP likely induces a surface energy
closer to that of MPS, resulting in improved wettability.
Hydrogen bonding between PPOH and MPS is also expected
to be helpful for the stabilization of the pore-filling state. Fur-
thermore, the large pore diameter of SBA-15-L allows the
PPOH chains to be easily inserted into the pores, whereas the
insertion of the polymer into the small pores of other MPSs
are limited owing to a loss of entropy. The pore-filling effi-
ciency and interfacial interactions between polymers and pores
of MPS appear to contribute to anchoring the polymer mole-
cules to the fillers, leading to improved stiffness and toughness.

Conclusions

Nanocomposites were fabricated using MPS with various
pore sizes (two types of SBA-15 with pore sizes of 4.4 and

8.0 nm, and MCM-41 with a pore size of 2.9 nm) or non-
porous SNSs, which were melt-mixed into PP or PPOH
with varying hydroxyl group contents (1.3 or 6.4 mol%).
The PPOH/SBA-15-L simultaneously provided higher ten-
sile toughness, elastic modulus, and transparency than seen
in the other nanocomposites. It was also revealed that the
tensile toughness of the nanocomposites containing SBA-
15-L increased with the increase in hydroxyl group content
of the matrix. The transparency of PPOH was almost fully
maintained after melt-mixing SBA-15-L, whereas it was
significantly decreased by melt-mixing SBA-15-S and
MCM-41. Our results suggest that sufficient pore-filling of
MPS with the matrix leads to improved mechanical and
optical properties. A close examination of the pore-filling
state in nanocomposites is key to improving the properties
of nanocomposites containing MPS. Our second paper
describes newly developed evaluation techniques for both
matrix-filler interactions and the pore-filling state of MPS
using temperature-programmed pyrolysis.
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