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ABSTRACT: Poly(lactic acid) (PLA)/SiO, nanocompo-
sites were prepared via melt mixing with a Haake mixing
method. To improve the dispersion of nanoparticles and
endow compatibility between the polymer matrix and
nanosilica, SiO, was surface-modified with oleic acid
(OA). The interfacial adhesion of the PLA nanocomposites
was characterized by field-emission scanning electron mi-
croscopy. The storage modulus and glass-transition tem-
perature values of the prepared nanocomposites were
measured by dynamic mechanical thermal analysis. The
linear and nonlinear dynamic rheological properties of the
PLA nanocomposites were measured with a parallel-plate

rheometer. The effects of the filling content on the dispers-
ability of the OA-SiO, nanoparticles in the PLA matrix,
the interface adhesion, the thermomechanical properties,
the rheological properties, and the mechanical properties
were investigated. Moreover, the proper representation of
the oscillatory viscometry results provided an alternative
sensitive method to detect whether aggregation formed in
the polymeric nanocomposites. © 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 116: 2866-2873, 2010
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INTRODUCTION

The growth of environmental concern over nonbio-
degradable, petrochemical-based plastic materials
has raised interest in the use of biodegradable alter-
natives originating from renewable sources, such
as aliphatic polyesters, including microbial polyest-
ers, such as polyhydroxyvalerate and its copoly-
mers  (polyhydroxybutyrate-polyhydroxyvalerate),
and chemically synthesized biopolymers, such as
poly(glycolicacid), poly(e-caprolactone), poly(vinyl
alcohol), and poly(lactic acid) (PLA)."

Among aliphatic polyesters, PLA is one of most
promising because it is thermoplastic, biodegradable,
and biocompatible and has a high strength, a high
modulus, and good processability.>” In addition to
its environmentally friendly nature, PLA can also be
used for food contact surfaces and is generally rec-
ognized as safe. Because the production cost has
been lowered by new technologies and large-scale
production, the application of PLA has been
extended to other commodity areas, such as packag-
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ing, textiles, composite materials,® and medical devi-
ces (for bone surgery, sutures, chemotherapy, etc.).>’

In recent years, organic-inorganic nanocomposites
with well-defined structures and morphology have
become a very interesting and promising class of
materials because of their potential use in a wide
range of conventional application fields.'*'? Particu-
larly, silica-based organic-inorganic nanocomposites
can be potentially used in many fields, such as plas-
tics, rubbers, and coatings.”>® In polymer/silica
nanocomposites, silica (hard fillers) can improve the
strength, adhesion, durability, and abrasion resist-
ance of polymeric materials. Thus, if silica nanopar-
ticles are introduced into the PLA matrix, the afore-
mentioned advantages are expected to be obtained.
However, the compatibility and adhesion between
silica and PLA are rather poor. The direct mixing of
silica nanoparticles with PLA often leads to their
aggregation within the PLA matrix and deterioration
of the mechanical properties. To improve this situa-
tion, it is necessary to modify the silica particles.
The most common method is the modification of the
silica particles with a surfactant or with silane-cou-
pling agents. Recently, Yan et al.'® reported the sur-
face modification of silica nanoparticles with a L-lac-
tic acid oligomer by direct grafting onto the surface
silanol groups (Si—OH) of the silica nanoparticles.
The resulting toughness and tensile strength of the
materials was greatly improved upon g-SiO, nano-
particle loading because of the good dispersion of
nanosilica in the poly(L-lactic acid) matrix.
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In this study, to improve embedding of nanofillers
within the PLA matrix, oleic acid (OA) was used to
surface-modify the nanosilica. The obtained OA-
silica nanoparticles were then used as fillers in PLA
to prepare its nanocomposites. The effects of filling
content on the performance of the PLA nanocompo-
sites were investigated.

EXPERIMENTAL
Materials
PLA (Biomer L9000, weight-average molecular
weight = 200 kDa, weight-average molecular

weight/number-average molecular weight = 1.98)
was obtained from Biomer, Inc. (Krailling, Ger-
many). The PLA resins were dried in a vacuum
oven at 60°C for 24 h before use. OA was provided
by Shanghai Chemical Reagent Co., Ltd. (Shanghai,
China). Fumed silica was donated by Nanjing Uni-
versity of Technology (Nanjing, China) and had an
average diameter of 25 nm. The particles were dried
at 120°C in vacuo for 24 h to eliminate physically
adsorbed and weakly chemically adsorbed species.
All other reagents were analytical grade and were
used without further purification.

Modification of the nanosilica by OA

Fumed silica (6.3 g) was first dispersed for 3 h in 90
mL of distilled water with the aid of an ultrasound
bath. Then, 1.5 mL of OA was added to the disper-
sion, and this mixture was vigorously stirred for 90
min at room temperature with a magnetic stirrer.
Afterward, 5 mL of a 25 wt % aqueous ammonia so-
lution was added to the solution, and the agitation
was continued overnight. Then, the dispersion was
neutralized with a 30 wt % aqueous HCI solution.
The mixture was centrifuged (2500 rpm) for 30 min,
and the obtained precipitates were washed three
times with 15 mL of a 1/1 ethanol/water (V/V) so-
lution to remove excess OA. The resulting precipi-
tates were dried in an oven at 50°C for 24 h to yield
4.5 g of modified nanosilica powder.

Preparation of the sheets

For the preparation of the thermocompressed films,
PLA was thermally compacted with a Carver labora-
tory press (model 3925 hydraulic unit, Carver, Inc.,
Wabash, IN). About 2 g of PLA was placed between
two stainless steel plates (1 mm thick, 25.4 cm wide,
and 254 cm long) lined with aluminum foil, and
then were inserted between the platens of the press
and were heated to 190°C. A pressure of about
10,000 psi (68.9 MPa) was applied for 3 min, and
this was followed by the removal of the aluminum
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foil liners, which were still attached to the com-
pacted PLA film from the stainless steel plates. The
PLA film layer was easily peeled from the alumi-
num foil layers after they were cooled in air to room
temperature.

Rheological properties

The rheological properties were studied with a
Rheometric Scientific (Waltham, MA) advanced
research-grade rheometer with a parallel-plate geom-
etry with a diameter of 25 mm. The compression-
molded samples (12 g PLA and its composite par-
ticles), stacked to a thickness of about 0.9 mm, were
investigated at 170°C (in the molten state). The fol-
lowing tests were performed: (1) a dynamic strain
sweep to assess the deformation amplitude from the
region of linear viscoelastic response at 10 rad/s, (2)
a dynamic frequency time sweep to detect the stabil-
ity of the sample behavior at 10 rad/s; and (3) a
dynamic frequency sweep over an angular fre-
quency range starting from a high of 100 Hz down
to 0.01 Hz to expose the samples to a shorter ther-
mal loading. The samples were placed between hot
plates and stabilized at an experimental temperature
of 170°C for about 5 min before the measurement.
For each experiment, a new sample was taken. The
experimental data were related to the actual gap
value.

Characterization

Fourier transform infrared (FTIR) spectroscopy was
applied to characterize the changes in the chemical
structure of the silica after surface modification.
Thin film specimens were pressed with KBr powder.
Thermogravimetric analysis (TGA) measurements
were performed on a Netzsch STA 409PC thermog-
ravimetric analyzer (Selb, Bavaria, Germany) from
25 to 600°C at a heating rate of 10°C/min under a
flow of anhydrous air. The morphologies of the frac-
ture surfaces were observed by field-emission scan-
ning electron microscopy (FESEM; S-2150, Hitachi).
The specimens were fractured after immersion in
liquid nitrogen. The fractured surfaces of the speci-
men were coated with a thin layer (10-20 nm) of
gold and palladium before SEM examination. The
dynamic thermomechanical properties of the nano-
composites were measured with a Rheometric Scien-
tific analyzer (DMA 242C, Netzsch). The bending
(dual-cantilever) method was used with a frequency
of 1 Hz and a strain level of 0.04% in the tempera-
ture range f 25-90°C. The heating rate was 3°C/min.
The testing was performed with rectangular bars
measuring approximately 30 x 10 x 3 mm?®. These
were prepared with a hydraulic press at a tempera-
ture of 180°C and a pressure of 100 bar for a time
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Figure 1 FTIR spectra of (a) OA, (b) OA-SiO,, and (c)
Si0,.

period of 5 min. The exact dimensions of each sam-
ple were measured before the scan. The tensile prop-
erties of the nanocomposites were determined with
an AG-2000 universal material testing machine
(Shanghai Hua Long Test Instrument Factory, Shang-
hai, China) at a crosshead speed of 50 mm/mm
according to the national standard GB1040-79. All of
the mechanical tests were carried out at 25°C. The
melting behaviors of the PLA nanocomposites were
tested in a 204 F1 differential scanning calorimeter
from Netzsch Gerateban GmbH Instruments. Samples
of 5 = 0.01 mg were used. Melting was performed at
heating rate of 10°C/min. The crystallinity of the sam-
ples was determined from the heat of melting.

RESULTS AND DISCUSSION

Characterization of the OA-modified SiO,
nanoparticles

Ding et al."” used OA for the first time as a function-
alized monomer. They reported that OA could bond
to the silica surface with a single hydrogen bond. To
separate the unbonded OA, the silica nanoparticles
were extracted with acetone in a Soxhlet apparatus
for 24 h. Figure 1 shows the FTIR spectrum of OA,
Si0,, and OA-SiO,. As shown in the spectrum of
OA-SiO,, there was a very pronounced band
appearing at 1093 cm !, together with two less pro-
nounced bands at 806 and 467 cm ', corresponding
to the vibration absorption of Si—O—Si groups. The
peaks at 2935, 2856, and 1415 cm ™! were associated
with the characteristic vibration of carbohydrate,
and the peak at 1719 cm™' corresponded to the
vibration absorption of carbonyl groups (C=O0).
These results suggest that OA was successfully
incorporated onto the surface of SiO,.
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Figure 2 illustrates the TGA thermogram of OA-
SiO,. The weight loss before 100°C was caused by
the adsorbed water in the nanoparticles. The content
of OA bonded on the SiO, was measured from the
residue weight ratio of the OA-SiO,. The weight
loss for OA was determined to be about 9 wt %,
which indicated that about 9 wt % OA was incorpo-
rated onto the SiO,.

PLA nanocomposites
Morphology

It was necessary to study the morphology of the
polymer composites because their mechanical prop-
erties depended on it. FESEM micrographs of PLA
and its composites are presented in Figure 3. As
shown, the edges and corners of virgin PLA were
very smooth [Fig. 3(a)]; this demonstrated obvious
brittle rupture. In the PLA nanocomposites, the frac-
ture morphology was strongly dependent on the fill-
ing content of OA-SiO,. As shown in Figure 3(b),
the spherical particles were well dispersed in the
PLA nanocomposite filled with 1 wt % OA-SiO..
Moreover, the interface between the inorganic and
polymeric phases became rougher than that of virgin
PLA. The interface was the roughest and most adhe-
sive for the PLA nanocomposites filled with 3 wt %
OA-SiO, [Fig. 3(c)].

Dynamic mechanical thermal properties

Dynamic mechanical thermal analysis (DMTA) is a
reliable approach for the examination of the relaxa-
tion behavior of materials. To evaluate the effect of
the OA-SiO, filling, the thermomechanical proper-
ties were measured. The mechanical relaxation data
of the PLA composites [loss tangent (tan 6) and
storage modulus (E’)] are depicted in Figure 4(a,b).
Tan 6 for all of the composites reached a maximum
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Figure 2 TGA of OA-SiO.,.
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Figure 3 FESEM fractures of PLA and its nanocomposites: (a) PLA, (b) PLA filled with 1 wt % OA-SiO,, and (c) PLA

filled with 3 wt % OA-SiO,.

in the temperature range 60-70°C; this relaxation
corresponded to the glass-transition temperature
(T,) of PLA. As shown in Figure 4(a), T, of the PLA
composites was lower than that of virgin PLA, and
T, decreased with increasing filling content of OA-
SiO,. In general, T, of a polymeric composite tends
to increase with nanoscale filler content because of
the interaction between the polymer and the nano-
scale filler. Herein, the decrease in T, was thought
to be likely associated with the plastication of OA-
SiO, nanoparticles on the PLA chains. Moreover,
Figure 4(b) indicates that the PLA nanocomposite
had a lower E’ than virgin PLA. At first, with the
addition of OA-SiO,, E' decreased significantly to a
1 wt % filling content. Afterward, when the nano-
composite was filled with 3 wt % OA-SiO,, E
increased near to the level of PLA. When the filler
content was increased further to 5 wt %, E
decreased again, which may have been caused by
the aggregation of OA-SiO, in the PLA matrix; this
weakened the effect of the nanofillers. For composite
systems, it is well known that filling with a spheri-
cal mineral filler will increase E’ because of the ri-
gidity of the fillers. These results suggest that OA-
SiO, had adverse effects on E’. On one hand, plasti-

cation led to decreased T, and E’ values; on the
other hand, the rigidity of OA-SiO, was in favor of
increasing E'.

Crystallization behavior

Differential scanning calorimetry (DSC) was used to
study the thermal properties of PLA and its nano-
composites. Data for the melting endotherm as a
function of temperature is shown in Figure 5. The
melting enthalpy (AH,,) and the melting tempera-
ture (T,,) obtained from Figure 5 are listed in Table
L. T, of the PLA composite shifted to a lower tem-
perature compared to that of PLA. AH,, for pure
PLA was 9.3 ]J/g, whereas for the PLA nanocompo-
site filled with 0.5 wt % OA-SiO,, it was 6.9 J/g.
The decreased AH,, value of the PLA nanocomposite
filled with 0.5 wt % OA-SiO, was probably due to
the fact that a low concentration of nanosilica could
form strong interactions with PLA, which prohibited
the movement of the polymer segments and caused
the polymer chain arrangement to become more dif-
ficult; this disrupted the regularity of the PLA chain
structures. In the PLA nanocomposites filled more
than 0.5 wt % OA-5i0, nanoparticles, AH,,
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Figure 4 DMTA of PLA and its composites: the depend-
ence of (a) tan 9 and (b) E’ on temperature (T). [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

increased compared with that of virgin PLA. The
increase in AH,, indicated that the higher concentra-
tion of OA-SiO, nanoparticles promoted PLA
crystallization because AH,, could be used as an in-
dication of percentage crystallinity of PLA. The DSC
results suggest that when the filling content was
greater than 0.5 wt %, the OA-S5iO, nanoparticles
showed a distinguished nucleating effect. However,
the use of a low concentration of OA-SiO, nanopar-
ticles (e.g., 0.5 wt %) demonstrated obvious crystal
destruction.

Rheological properties

The variation of steady-state viscosity as a function
of the shear rate is presented in Figure 6. It was evi-
dent that the viscosity of the PLA nanocomposite
filled with 0.5 wt % OA-SiO, was at a minimum.
This was because that low concentration of OA-SiO,
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Figure 5 DSC thermograms of melting for PLA and its
nanocomposites (T = temperature). [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

nanoparticles disrupted the regularity of the PLA
chain structures and increased the space between
the chains and promoted the mobility of the chain
segments in the direction of flow. The viscosity of
the PLA nanocomposites increased with increasing
filling content. For the PLA nanocomposite filled
with 3 wt % OA-5iO, nanoparticles, the viscosity
became higher than that of virgin PLA. This was
because the higher concentration of nanosilicas per-
turbed the normal flow of the PLA and hindered the
mobility of the chain segments in the direction of
flow. With further increases in the filling amount,
the viscosity did not increase accordingly.

The typical linear viscoelastic behavior of PLA
and its nanocomposites is shown in Figure 7. This
figure indicates that the linear region of the PLA
filled with 5 wt % OA-SiO, was much narrower
than that of virgin PLA and the other PLA nanocom-
posites. This result suggests that the higher concen-
tration of OA-SIO, filling leads to the agglomeration
of nanoparticles and deaggregation under certain
stress.

The frequency-dependent elastic modulus of PLA
and its nanocomposites is presented in Figure 8. The

TABLE I
T,, and AH,, Values of PLA and Its Nanocomposites
Obtained from DSC Analysis

Sample T, (°C) AH,, (J/g)
PLA 152.9 9.3
0.5 wt % OA-SiO,/PLA 152.0 6.9
1 wt % OA-SiO,/PLA 152.0 12.2
3 wt % OA-SiO,/PLA 151.8 10.3
5 wt % OA-SiO,/PLA 152.0 18.4
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elastic modulus of the PLA nanocomposites filled a
low concentration of OA-SiO, nanoparticles (e.g., 0.5
and 1.0 wt %) decreased significantly in comparison
with that of virgin PLA, which indicated obvious
plastication of the OA-SiO, nanoparticles in these
nanocomposites. The elastic modulus of the PLA
nanocomposite filled with 3.0 wt % OA-SiO, nano-
particles was little lower than that of virgin PLA.
The elastic modulus curves (except that of the PLA
nanocomposite filled 5 wt % OA-SiO,) implied that
large-amplitude shear induced an oriented structure
in these nanocomposites. Furthermore, these curves
were almost parallel with each other in the whole
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frequency region, and no plateau was observed in
these systems. The lack of a plateau in the fre-
quency-dependent curve reflected the relatively
weak interactions between the nanoparticles and the
uniform distribution of nanoparticles in the PLA ma-
trix. However, the elastic modulus curve for the
PLA nanocomposite filled with 5 wt % OA-5iO,
nanoparticles demonstrated a great difference from
the others. First, the storage modulus (G') was
almost independent of the frequency in the range of
low frequency (<0.1 Hz); this was indicative of a
transition from liquidlike to solidlike viscoelastic
behavior. Therefore, we concluded that a filler-net-
work structure formed in the PLA nanocomposite.
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Figure 9 Cole—Cole representation of the dynamic viscosity
of PLA and its nanocomposites. 1/, dynamic viscosity; n”,
storage viscosity. [Color figure can be viewed in the online
issue, which is available at www. interscience.wiley.com.]
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Second, a point of intersection appeared in the G’
and loss modulus (G”) curves. In the low-frequency
range, G’ was higher than G”, whereas in the high-
frequency range, G” was higher than G’. These
results verified the filler-network structure formed
in this PLA nanocomposite.

Rheology is often used for the characterization of
polymer melts and for the detection of various struc-
tures in them. The formation of aggregates might be
detected by dynamic viscometry, the measurement
of the complex viscosity, and other linear visco-
elastic characteristics of the melt as a function of fre-
quency.'®'” Cole-Cole plotting was shown to very
sensitively detect the formation of higher order
structures in polymer melts.'*?° In this presentation,
the imaginary part is plotted against the real part of
a complex elastic property. The plot should be a per-
fect arc if higher order structures are absent, and the
relaxation behavior of the melt can be described by
a single relaxation time.”**' A broad relaxation time
spectrum leads to the flattening of the arc, whereas
structure effects result in the appearance of a second
arc, a tail, or an increasing correlation.’” The
dynamic viscosities of PLA and its nanocomposites
are plotted in this way in Figure 9. The Cole-Cole
plots were arclike for PLA and its nanocomposites
(expect for the composite filled with 5 wt % OA-
Si0O;). The Cole—Cole plot for the PLA nanocompo-
site filled with 5 wt % OA-SiO, was not an arc; this
suggested that a higher order structure (a filler—net-
work structure) was present in this composite. Rhe-
ology has been verified to be a very sensitive tool
for detecting whether aggregation forms in a poly-
meric nanocomposite.
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Mechanical properties

Figure 10 shows the tensile strength at break and
the elongation at break versus the OA-5iO,
nanoparticle filling content. The tensile strength at
break decreased markedly with OA-SiO, nanopar-
ticle filling content. However, the elongation at
break increased significantly with the addition of
OA-SiO, nanoparticles in comparison with that
of virgin PLA (9.4%). The elongation at break
increased with increasing filling content up to 1 wt
% OA-SiO, nanoparticles (29.8%, 3.2 times than that
of virgin PLA); afterward, the elongation at break
started to decrease with further increases in the fill-
ing content. This was because the mechanical prop-
erties strongly depended on the dispersion and
phase size of nanosilica in the polymer matrix.
These results demonstrate that the OA-SiO, nano-
particles were effective fillers for improving the flex-
ibility of PLA because a suitable filling content was
as low as 1 wt %.

CONCLUSIONS

In this study, to improve the compatibility between
inorganic SiO, and PLA, OA was wused to
surface-modify nanosilica. The obtained OA-S5iO,
nanoparticles were used to fill PLA to prepare its
nanocomposites. Fractography revealed the good
dispersability of the OA-SiO, nanoparticles in the
PLA matrix and the better interfacial adhesion in
the PLA nanocomposites compared to that of
unfilled PLA. A low concentration of OA-SiO,
nanoparticles (<1 wt %) showed obvious plastica-
tion. The rheological properties of the PLA nano-
composites were dependent on the OA-SiO, filling
content. Proper representation of the oscillatory visc-
ometry result allowed us to detect whether aggrega-
tion formed in the PLA nanocomposites. OA-SiO,
nanoparticles were found to be effective fillers for
improving the flexibility of PLA.
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