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Polylactic acid/fumed silica/clay (PLA/FS/clay) (1.28E) nanocomposites have been successfully prepared by solution-intercalation
film-casting technique. The resultant nanocomposites were characterized by Fourier Transform Infrared Spectroscopy (FT-IR),
Scanning Electron Microscopy (SEM), tensile test, thermogravimetric analysis (TGA), and moisture absorption test. The FT-IR
spectrum indicated that PLA/FS/clay with 2wt% hadmuch broader peak compared to 5wt%, 10wt%, and 15wt% nanocomposites.
Incorporation of clay (1.28E) with 2wt% showed the best compatibility with PLA/FS matrix. PLA/FS/clay (1.28E) nanocomposite
with 2wt% of clay loading had higher tensile strength and modulus compared to other nanocomposites. The thermal stability and
activation energy of 2 wt% of PLA/FS/clay (1.28E) nanocomposite are the highest among all the nanocomposites. The moisture
absorbed into PLA/FS/clay (1.28E) nanocomposite was significantly reduced with clay loading of 2 wt%.

1. Introduction

In recent years, biodegradable polymers have gained great
attention from both academic and industrial researchers
as they are one of the renewable materials with excellent
characteristics such as biodegradability, biocompatibility, low
toxicity, and low cost [1, 2]. Besides, the green environment
implemented worldwide encourages the usage of biodegrad-
able polymers. Polylactic acid (PLA) is linear aliphatic
thermoplastic polyester that can be synthesized from lactic
acid monomer or by ring-opening polymerization of lactide
monomers [3]. It is one of the biodegradable polymers
with reasonably good mechanical properties that can be
widely applied in agriculture, medical devices, packaging,
and textiles [4].

Despite numerous advantages, pure PLA is unable to
perform better due to its low draw ability [5] and insufficient
toughness [6]. In order to improve the PLA properties,
organic or inorganic fillers should be incorporated into

polymer matrix which significantly enhances the mechan-
ical properties. Fillers that are commonly introduced into
polymer nanocomposites are fumed silica (FS) and nanoclay
(clay). FS is filler that functioned as nucleation agent to
improve the mechanical properties as well as the surface
morphology [7]. It is a good alternative to incorporate FS as
second filler because FS has large, uniform, and nonporous
surface [8]. This will enhance strong interfacial bonding
between FS nanoparticles and PLAmatrix that leads to better
polymer-particle interaction [9]. On the other hand, clay
is introduced to enhance the reinforcement between the
polymer matrix and fillers [10]. Besides, it also performs as
a compatibilizer that aids to improve the bonding adhesion
with the polymer matrix [11].

The effect of introducing FS into PLA matrix has been
investigated. The addition of silica nanoparticles into PLA
matrix can greatly improve the tensile strength and mod-
ulus value of the PLA-based composites [4]. In addition,
the presence of FS in the polymer matrix does not only
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increase mechanical properties; it also enhances the heat
resistance and reduces the gas permeability and flammability
in comparison with the pure polymer or conventional PLA
composites [12].

Apart from that, the influences of clay on the properties
of PLA have also been examined. The clay is proven to
be well intercalated with PLA to improve the properties of
pure PLA [13]. From the past research, the tensile properties
in the PLA nanocomposites increase with the addition of
clay content up to 4wt% [14]. Moreover, tensile strength,
modulus, and elongation-at-break increase significantly due
to the addition of clay to the PLA matrix [15]. However,
natural clay is not encouraged to be used as it is hydrophilic.
The hydrophilic clay will prevent clay delamination and
reduce the intercalation of hydrophobic polymer chains into
the gallery [16]. Thus, the clay is modified so that it is more
compatible with common hydrophilic polymers. The most
widely used cationic clay is montmorillonite due to its large
cation exchange capacity [17]. Clay structure is consisting of
interlayer caused by the van derWaals force between the layer
gaps.

Ion exchangemechanism is one of themethods to prepare
polymer nanocomposites. The hydrophilic clay surface is
modified to become organophilic so that the PLA chains
can be easily intercalated into the silicate galleries [18].
Cationic surfactant such as alkylammonium cations in the
clay (1.28E) plays important role in the mechanism. It helps
to lower the surface energy of inorganic host [19]. Besides,
the wetting characteristics of the PLA matrix can be well
improved. Thus, larger interlayer spacing can be achieved. In
addition, alkylammonium cations provide functional groups
such as Si at the end of the silicate layers to react with the
hydroxyl groups of PLA matrix [20]. Therefore, the adhesion
between polymer matrix and fillers can be greatly improved.
Apart from that, FS is another type of filler that can be
introduced into PLA/clay nanocomposites. Si group of FS
creates strong covalent bonding with the oxides of PLA
matrix inside the clay galleries [21].This helps to improve the
nanocomposites with strong bonding from the side chains
of clay as well as in the clay galleries. Therefore, addition of
FS and clay in the PLA matrix is another alternative that will
significantly improve the physical, mechanical, thermal, and
barrier properties as well as the surface morphology.

In the study, we aim at reporting on the preparation
of PLA/FS/clay (1.28E) nanocomposites by solution inter-
calation film casting technique. Besides, the physical prop-
erties, surface morphology, and tensile properties of the
PLA/FS/clay (1.28E) nanocomposites are investigated.

2. Experiment

2.1. Materials. The silicon dioxide powder used was supplied
by Sigma-Aldrich, United States. The particle size of silicon
dioxide powder was less than 8 microns which was white to
off-white in colour.The chemicals used, polylactic acid (PLA)
and dichloromethane, were supplied by Merck Millipore.
Nanoclay, Nanomer 1.28E, was supplied by Sigma-Aldrich.
Nanomer 1.28E was montmorillonite clay surface that was
modified by 25–30wt% trimethyl stearyl ammonium. The

Table 1: Preparation of PLA/FS/clay (1.28E) nanocomposites.

Amount of polylactic
acid (PLA) (wt%)

Amount of fumed
silica (FS) (wt%)

Amount of
clay (wt%)

97.8 0.2 2.0
94.8 0.2 5.0
89.8 0.2 10.0
84.8 0.2 15.0

bulk density of the clay was 200 to 500 kg/m3 and average
particle size was around 8 microns.

2.2. Solution-Intercalation Film-Casting Technique for
Nanocomposites Preparation. PLA/FS/clay (1.28E) nanocom-
posites were prepared by using polylactic acid, fumed silica,
and clay (1.28E) as shown in Table 1. For each composition,
1 g of PLA was dissolved in 10mL of dichloromethane.
Clay dispersions were obtained by suspension of well-dried
clay in a separate beaker of dichloromethane. Calculations
for varying final composite compositions were based on
inorganic component of the modified clay thereby excluding
the amount of organic modifier. Both the PLA solution and
clay suspension were sonicated separately for 30min with
an ultrasonicator at room temperature and subsequently
mixed. Fumed silica was added before the final mixture
and was further ultrasonicated for 30min. The mixture was
then casted on a glass surface and kept in a desiccator for
controlled evaporation of the solvent for 2 days. Optically
clear nanocomposite films with thickness ranging from 500
to 700𝜇m were obtained and subsequently dried at 80∘C
under vacuum for 2 days. The nanocomposites were kept in
desiccator for further characterizations.

2.3. Microstructural Analysis

2.3.1. Fourier Transform Infrared Spectroscopy (FT-IR). The
infrared spectra of the nanocomposites were recorded on a
Shimadzu IRAffinity-1. The transmittance range of the scan
was 600 to 4000 cm−1.

2.3.2. Scanning Electron Microscopy (SEM). The interfacial
bonding between the polylactic acid, fumed silica, and clay
(1.28E) was examined using a Scanning Electron Microscope
(SEM) (JSM-6710F) supplied by JEOL Company Limited,
Japan. The specimens were first fixed with Karnovsky’s
fixative and then taken through a graded alcohol dehydration
series. Once dehydrated, the specimen was coated with a
thin layer of gold before being viewed microscopically. The
micrographs were taken at magnifications ranging from 250
to 1500.

2.3.3. Tensile Testing. Mold shape thin films were cut with a
rectangular die and tested in a Lloyd LRX (2500N) materials
testing machine at room temperature. The gauge length,
width, and thickness of the samples were 25, 4, and 0.15mm,
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Figure 1: FT-IR spectra of (a) pure PLA, (b) PLA/FS, (c) 2 wt%
of PLA/FS/clay (1.28E) nanocomposite, (d) 5 wt% of PLA/FS/clay
(1.28E) nanocomposite, (e) 10 wt%of PLA/FS/clay (1.28E) nanocom-
posite, and (f) 15 wt% of PLA/FS/clay (1.28E) nanocomposite.

respectively. The cross head speed used was 1mm/min. The
quoted results were averaged over four specimens.

2.3.4. Thermogravimetric Analysis (TGA). Thermogravimet-
ric analysis (TGA) measurements were carried out on 5–
10mg of PLA/FS/clay (1.28E) nanocomposites at a heat-
ing rate of 10∘C/min in a nitrogen atmosphere using a
Thermogravimetric Analyzer (TA Instrument SDT Q600).
PLA/FS/clay (1.28E) nanocomposites were subjected to TGA
in high purity nitrogen under a constant flow rate of
5mL/min. Thermal decomposition of each sample occurred
in a programmed temperature range of 0∘C to 700∘C. The
continuous weight loss and temperature were recorded and
analyzed.

2.3.5. Moisture Absorption Test. Themoisture absorption was
carried out at 110∘C for 3 h by using electronic moisture
balance (MOC-120H) supplied by Shimadzu Corporation,
Kyoto, Japan. Dry nanocomposites (dried at 25∘C) were
immersed in distilled water, continued by removing and
weighing process. The nanocomposites were placed in flat
position into the tester during the measurement. The heater
lid was then closed firmly and the display was switched
from a display of the weight to a percentage display and
the measuring time was displayed too. The moisture water
absorbed,𝑊ab, was calculated by using

Moisture absorbed percentage,𝑊ab (%)

=
Weight of wet nanocomposites (𝑊

𝑤
) − weight of dry nanocomposites (𝑊

𝑑
)

weight of wet nanocomposites (𝑊
𝑤
)

× 100.

(1)

3. Results and Discussions

3.1. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis.
The FT-IR analysis of pure PLA, PLA/FS, and PLA/FS/clay
(1.28E) nanocomposites was shown in Figure 1. The peaks
from 3000 to 3500 cm−1 corresponded to the stretching
modes and absorption of water molecules, while the band at
2930 cm−1 was attributed to C-H interaction with the surface
of the PLA [22]. The peak at 1750 cm−1 was ascribed to C=O
stretching of the nanocomposites which was detected at a
lower frequency. 2 wt% of PLA/FS/clay (1.28E) nanocom-
posite had lower transmittance peak at 1750 cm−1 due to
hydrogen bonding interactions with surface silanols [23].
The sharp absorption band at 1100 cm−1 indicated the silica
nanoparticles generation with Si-O-Si stretching mode as
a result of existing silica containing minerals within the
PLA/clay matrix [22, 24].

According to Figure 2, the hydroxyl groups from PLA
were removed throughout the ion exchange mechanism
with no significant peaks at 190∘C [18–20, 25]. PLA/FS/clay
(1.28E) nanocomposites with different weight percentages of
clay reduced hydroxyl group and improved the intercalation
between the clay and PLA/FS matrix [26]. Overall, 2 wt% of
PLA/FS/clay (1.28E) nanocomposite showed broader peaks
compared to pure PLA, PLA/FS, 5 wt%, 10wt%, and 15wt%
of PLA/FS/clay (1.28E) nanocomposites. Higher clay weight

percentage led to sharp peaks which reduced the compati-
bility between clay and PLA/FS matrix. Therefore, 2 wt% of
clay (1.28E) was proven to be the optimumweight percentage
that would be introduced into PLA/FS matrix to form
PLA/FS/clay (1.28E) nanocomposites.

3.2. Surface Morphology Analysis. SEM was used to inves-
tigate the interfacial bonding between the clay and PLA/FS
matrix. Figures 3(a)–3(f) presented the SEM images of
pure PLA, PLA/FS, 2 wt%, 5wt%, 10 wt%, and 15wt% of
PLA/FS/clay (1.28E) nanocomposites. FromFigure 3(a), there
were many tiny pores detected on the surface morphology
of pure PLA due to the hydroxyl groups in PLA matrix
[27]. Besides, Figure 3(b) showed linkage between PLA
matrix and FS but there was some aggregation detected
on the surface of PLA/FS nanocomposites. In addition, the
uniform dispersion of 2 wt% and 5wt% of clay (1.28E) onto
PLA/FS matrix proved the compatibility between PLA/FS
matrix and clay, as shown in Figures 3(c) and 3(d). The
delamination and good dispersion of clay (1.28E) within PLA
matrix had enhanced the Si-O-Si bonding. The strong Si-
O-Si bonding was proven in FT-IR results [28]. Besides,
nanoscale silica particles ensured a large specific surface
allowing greater surface interaction for the nanocomposites
[29]. This improved PLA matrix with stronger interfacial
bonding within the nanocomposites. Figure 3(e) showed
some agglomeration on the surface of 10 wt% of PLA/FS/clay
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Figure 2: The formation of PLA/FS/clay (1.28E) nanocomposite by ion exchange mechanism.

(1.28E) nanocomposite, due to the aggregation of FS in the
interspherulitic region. FromFigure 3(f), it could be observed
that 15 wt% of PLA/FS/clay (1.28E) nanocomposite had poor
surface dispersion in the presence of agglomeration due to
high surface energy and poor adhesion between clay and
PLA/FS matrix. The poor compatibility of PLA/FS matrix
with clay (1.28E) at higher clay weight percentage occurred
as the inert surface of PLA/FS could not react well with
the clay particles [30]. Therefore, 2 wt% of PLA/FS/clay
(1.28E) nanocomposite showed better interfacial bonding and
strong compatibility among all the nanocomposites which
was reflected in the improvement of the tensile properties.

3.3. Tensile Testing. The tensile strength and modulus of
pure PLA, PLA/FS, and PLA/FS/clay (1.28E) nanocomposites
were shown in Figure 4. Pure PLA had the lowest tensile
strength and modulus due to the weak bonding between
the particles in the matrix. FS was functioned as nucleation
agent improved the tensile strength and modulus of the
PLA/FS nanocomposite compared to PLA matrix [7]. 2 wt%
of PLA/FS/clay (1.28E) nanocomposite had the highest tensile
strength and modulus among all different clay weight per-
centages of PLA/FS/clay nanocomposites. It showed that the
tensile strength increased when 2wt% of clay was added to
the PLA/FS matrix as clay (1.28E) contained octadecylamine
which improved the miscibility of clay and PLA system.
Aggregation of 2 wt% of clay (1.28E) would reduce the
interparticle distance between PLA/FS matrix and clay and
thus the tensile strength and modulus of the nanocomposites
[31]. However, as shown in Figure 4, the tensile strength could
not be further improved with higher clay weight percentages
due to the relatively large size dispersed phases of clay (1.28E)
which led to weak interfacial adhesion of the PLA/FS matrix
[32]. In addition, the improvement in the interfacial bonding
was clearly shown in Figure 4 due to better stress transfer
efficiency from matrix to clay, which was attributed to the
alkyl chains on the surface of FS/clay [33]. This proved
that the 2wt% of clay (1.28E) added to PLA/FS system
increased compatibility, which enhanced the tensile strength
and modulus, as reflected in the surface morphology.

3.4. Thermogravimetric Analysis (TGA). TGA was carried
out to investigate the importance of the influence of fumed

silica and clay on the thermal degradation of PLA/FS/clay
(1.28E) nanocomposites was analyzed. Two stages of thermal
decomposition were detected in the thermal decomposition
of PLA/FS/clay (1.28E) nanocomposites, namely, the mois-
ture loss of trapped solvent (below 300∘C) and polylactic acid
residues degradation above 300∘C [34].

According to Figure 5, it showed that the first step
degradation occurred at about 250∘C to 300∘C while the
second step degradation occurred at above 350∘C for all
the nanocomposites. It was detected that the weight percent
loss on first stage is 14.9%, 11.9%, 3.8%, 6.7%, 8.7%, and
9.1% for the pure PLA, PLA/FS, 2 wt%, 5wt%, 10wt%,
and 15wt% of the PLA/FS/clay (1.28E) nanocomposites as
absorbed water on the nanocomposite surface was removed
through dehydration process. During second stage of thermal
decomposition, 2 wt%of PLA/FS/clay (1.28E) nanocomposite
showed the lowest weight percent loss (81.0%) among all
the nanocomposites while weight percent loss of pure PLA,
PLA/FS, 5 wt%, 10wt%, and 15wt% of PLA/FS/clay (1.28E)
nanocomposites was about 93.8%, 86.3%, 83.8%, 83.9%,
and 88.4% as shown in Figure 5. The improved thermal
stability of the 2wt% of PLA/FS/clay (1.28E) nanocomposite
was attributed to the clay acting as compatibilizer [35] and
insulating barrier [36] that retarded the motion of polymer
chain. It was concluded that the introduction of 2wt% of clay
(1.28E) as nanofillers was compatible with PLA/FSmatrix and
thus increased the thermal stability of PLA/FS/clay (1.28E)
nanocomposites.

Table 2 showed the activation energy which could be
helpful in reaching conclusions about the thermal stability
of PLA/FS/clay (1.28E) nanocomposites. Arrhenius equation
was used to determine the activation energy [37]. It was
found that the activation energy of 2 wt% of PLA/FS/clay
(1.28E) nanocomposite was significantly higher than pure
PLA, PLA/FS, 5 wt%, 10wt%, and 15wt% of PLA/FS/clay
(1.28E) nanocomposites. 2 wt%of clay (1.28E), PLA/FSmatrix
provided a barrier effect on the surface of the nanocomposites
which cause the confinement of the degrading nanocompos-
ites [38]. Besides, physical-chemical adsorption of surface
modified clay (1.28E) at 2 wt% would delay the volatilization
of the nanocomposites [39].

Overall, the incorporation of 2wt% of clay (1.28E)
PLA/FS matrix successfully improved thermal stability of
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Figure 3: SEMmicrographs of (a) pure PLA, (b) PLA/FS, (c) 2 wt% of PLA/FS/clay (1.28E) nanocomposite, (d) 5 wt% of PLA/FS/clay (1.28E)
nanocomposite, (e) 10 wt% of PLA/FS/clay (1.28E) nanocomposite, and (f) 15 wt% of PLA/FS/clay (1.28E) nanocomposite.

PLA/FS/clay (1.28E) nanocomposites that was proven by
physical and mechanical results.

3.5.MoistureAbsorptionAnalysis. Moisture absorption of the
pure PLA, PLA/FS, and PLA/FS/clay (1.28E) nanocomposites

with four different clay weight percentages (2 wt%, 5wt%,
10 wt%, and 15wt%) was investigated by using Fick’s law. All
PLA/FS/clay nanocomposites showed a sharp increment of
moisture absorption at the first 15 minutes and remained
constant for 75minutes. FromFigure 6, 2 wt% of PLA/FS/clay
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Table 2: Activation energy of PLA/FS/clay (1.28E) nanocomposites determined by using Arrhenius equation.

Samples 𝑇
𝑖
(∘C)a 𝑇

𝑚
(∘C)b 𝑇

𝑓
(∘C)c 𝑊

𝑇𝑖
(%)d 𝑊

𝑇𝑚
(∘C)e 𝑊

𝑇𝑓
(∘C)f Activation energy,

𝐸
𝑎
(kJ/mol)

Pure PLA 88.9 249.5 344.6 85.1 52.8 1.3 1006.24
PLA/FS nanocomposite 90.5 250.1 354.1 88.1 55.9 1.8 1075.96
2wt% of PLA/FS/clay (1.28E) nanocomposite 108.9 316.6 421.1 96.2 80.4 15.2 6670.45
5wt% of PLA/FS/clay (1.28E) nanocomposite 95.3 313.7 419.3 93.2 73.0 9.5 3163.45
10wt% of PLA/FS/clay (1.28E) nanocomposite 91.4 250.3 364.9 91.6 65.9 7.8 1946.78
15 wt% of PLA/FS/clay (1.28E) nanocomposite 91.2 250.1 355.4 90.9 65.2 2.5 1083.94
aTemperature corresponding to the beginning of decomposition.
bTemperature corresponding to the maximum rate of weight loss.
cTemperature corresponding to the end of decomposition.
dMass loss at temperature corresponding to the beginning of decomposition.
eMass loss at temperature corresponding to the maximum rate of weight loss.
fMass loss at temperature corresponding to the end of decomposition.
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Figure 4: Tensile strength and modulus of (a) pure PLA, (b)
PLA/FS, (c) 2 wt% of PLA/FS/clay (1.28E) nanocomposite, (d) 5 wt%
of PLA/FS/clay (1.28E) nanocomposite, (e) 10 wt% of PLA/FS/clay
(1.28E) nanocomposite, and (f) 15 wt% of PLA/FS/clay (1.28E)
nanocomposite.

(1.28E) nanocomposite showed significantly lower moisture
absorption weight (<2.0%) compared to pure PLA, PLA/FS,
5 wt%, 10wt%, and 15wt% of the nanocomposites. Strong
covalent bonding formed between PLA/FS matrix and clay
(1.28E) reduced the pore size on the surface of the nanocom-
posites. This led to narrow water diffusion pathway and thus
the water sensitivity greatly decreased. Besides, 2 wt% of
clay (1.28E) acted as insulating barrier against the moisture
diffusion into the PLA/FSmatrix [40].This proved that 2 wt%
of clay (1.28E) was well intercalated with PLA/FS matrix
which enhanced mechanical properties as well as thermal
properties of the nanocomposites.

4. Conclusions

Pure PLA, PLA/FS, and PLA/FS/clay (1.28E) nanocomposites
with different four clay weight percentages (2 wt%, 5wt%,
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Figure 5: TGA curves for PLA/FS/clay (1.28E) nanocomposites.

10 wt%, and 15wt%) were prepared via solution intercala-
tion method. FT-IR spectrum showed that the hydroxyl
groups were removed with the addition of clay (1.28E) at
2 wt% into PLA/FS matrix. 2 wt% of PLA/FS/clay (1.28E)
nanocomposite showed the best surface morphology which
proved 2wt% of clay (1.28E) provided better compatibility
with PLA/FS matrix. Besides, 2 wt% of PLA/FS/clay (1.28E)
nanocomposite had higher tensile strength and modulus fol-
lowed by PLA/FS/clay (1.28E), 5 wt%, 10 wt%, 15 wt%, PLA/FS
nanocomposites, and pure PLA, respectively. In addition,
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Figure 6: Moisture absorption curves of PLA/FS/clay (1.28E)
nanocomposites.

addition of 2 wt% of clay (1.28E) PLA/FS matrix improved
thermal stability of the nanocomposites and reduced the
moisture weight percentage to be diffused into the nanocom-
posites. The addition of clay (1.28E) into PLA/FS matrix
would significantly increase the potential of PLA nanocom-
posites to be applied in biomedical application.
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