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Abstract

This paper presents the preparation and characterization of titania-silica binary mixed oxide (TixSiy)
and PLA composite on mechanical, thermal and morphological properties. TixSiy was prepared via
sol-gel method to be used as nucleating agent for PLA with 1:1 molar ratio of Ti/Si. Tix-Siy
Titanium(1V) isopropoxide (TTIP) and tetraethylorthosilicate (TEOS) were used as Ti and Si
precursor, respectively. The structural and chemical properties of TiO2-SiO2 were characterized by
Fourier transform infrared spectroscopy (FTIR), field emission scanning electron microscope
(FE-SEM) and powder X-ray diffraction (XRD). In addition, the chemical compositions were
analyzed by energy dispersive X-ray fluorescence (XRF). The FTIR spectra showed the band at 949
cmt of TisoSiso mixed oxide associated with Ti-O-Si vibration indicating the forming of chemical bond
between TiO2 and SiO2. PLA nanocomposite films were prepared by solvent film casting method at
various contents of mixed oxide (1, 3, and 5 wt%). The incorporation of TisoSiso decreased cold
crystallization temperature (Tc) of PLA and increased degree of crystallinity of neat PLA. Thermal
stability of PLA was enhanced with the incorporating of TiO2 and SiO2. The addition of 3wt% of
TisoSiso into PLA film exhibited the best tensile strength and Young’s modulus comparing to PLA
and other PLA composites but low %elongation at break.
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Introduction

Over the last decade, there has been a continuous
research interest on environmental friendly
polymers derived from renewable sources as one of
the solution to moderate the plastic pollution
problem (Lim et al., 2008). Poly (lactic acid) (PLA)
is one of the most important biocompatible and
biodegradable polymers and it is a sustainable

alternative to petrochemical-derived products. It
could be used as the traditional commodity plastic
aliphatic polyester that can derived from renewable
resources like corn and sugar cane and decomposes
through simple hydrolysis into water and carbon
dioxide(Chandra and Rustgi, 1998; Madhavan
Nampoothiri et al., 2010). PLA has been viewed as
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one of the most promising materials because of its
excellent  biodegradability,  biocompatibility,
compostability, renewability, transparency, high
strength, and high modulus. Hence, PLA has
attracted more attention in various applications
especially biomedical applications (Athanasiou et al.,
1996). However, its brittleness, poor toughness,
slow crystallization rate, low degree of crystallinity,
poor thermal stability, low degradation rate, and
hydrophobicity are major drawbacks of PLA and
limit its application (Burg et al., 1999; Yeh et al.,
2009; Rasal et al., 2010). Several modifications
such as copolymerization, plasticization, polymer
blending and polymer composites have been applied
for improving some PLA properties. Nowadays, the
addition of selected nanofillers into PLA such as
organomodified layered silicates (OMLS) (Huang
et al., 2010), carbon nanotubes (CNTSs) (Tang et al.,
2012), zinc oxide (Murariu et al., 2015), silica
nanofillers (SiOz) (Wu et al., 2016; Hakim et al.,
2017), titanium dioxide (TiO2) (Xiu et al., 2017),
can improve PLA characteristic features. TiO2 or
titania is well recognized as a valuable material used
in applications such as paints or as filler in paper,
polymer, textile, photocatalysis, etc. Nano-TiO;
particles hold many good properties such as good
chemical resistance, high chemical stability (Zapata
et al., 2013), attractive photocatalytic activity, excellent
photostability, biocompatibility, antimicrobial activity
(Fonseca et al., 2015). Another interesting filler is
silicon dioxide (SiO2) or silica, is a chemical
compound that contains oxygen and silicon. It has
good thermal stability, low cost and high density of
silanol groups (Si-OH) on the surface. As a result, it
has been widely used in wide applications such as
drug delivery (Wang et al., 2006). Moreover, the
crystallization properties of PLA can be improved
by SiO; (Ge et al., 2014). The binary oxides are
prepared for many purposes: to expand the chemical
properties, to develop a specific textural properties,
or to produce a particle with a personalized
composition that known to present unique
characteristics (large surface areas, thermal
stability, etc.) (Galindo et al., 2007). The use of
nano-titania-silica binary mixed oxide (Tix-Siy) as
a nucleating agent for PLA composites was studied
in this work. Moreover, the effect of TixSix, TiO,
SiO, and TiO,-SiO, on mechanical, thermal and
morphological properties of PLA composites were
investigated.

Experimental

Materials
Poly (lactic acid) (PLA, grade 4043D) was
supplied from Nature Works LLC. This PLA is the

commercial grade for 3D printing and film
applications. Tetraethylorthosilicate (TEOS, 98%,
AR grade) and Titanium(IV) isopropoxide (TTIP,
98%, AR grade) were purchased from Acros.
Absolute ethanol (C;HsOH, AR grade) and
ammonium hydroxide (NH4OH, AR grade), and
hydrochloric acid (HCI, Ar grade) were supplied
from Carlo Erba Reagents.

Synthesis of Titania-Silica Binary Mixed Oxide
(TisoSiso)

Titania-silica mixed oxide was prepared using
sol-gel methods (Kim et al., 2000) .TEOS and TTIP
were used without purification. The mole ratio of
alkoxide precursors: NH4OH: C;HsOH: H,O was
2:1:31:8. Total moles of the two alkoxide precursors
were fixed at 0.22 mol. The mixture of two
alkoxides was added into a 500 cm? five-neck flask
containing 150 cm?® ethanol for 1h for pre-
hydrolysis. A condenser was attached to prevent the
solvent from vaporizing. The reactor temperature
was increased to 75-80°C while stirring. TTIP and
ethanol (25 ml) was slowly added to reactor drop by
drop for 1h and then yellowish transparent sol was
obtained after an hour of further mixing. Additional
distilled water was added in the sol and aged at 80°C
for 2 h at room temperature. Then, the aged gel was
further refined for 6,000 rpm for 10 min in
centrifugal separator. Finally, the obtained solid
particles was calcined at 550°C for 4h. A referenced
pure SiO, sample was prepared in NH4,OH with the
same way described above without the addition of
TTIP (Kimetal., 2017). In addition, referenced pure
TiO, was prepared in acid condition at the same way
with mixed oxide (Karkare, 2014).

Preparation of PLA Nanocomposite Films

PLA and nanocomposites were prepared by
solvent film casting method. TiseSiso, SiO,, and
TiO2 was dispersed in chloroform and then PLA
were added into this solution. The suspensions were
stirred and dispersed for 3 days with ultrasound for
30 min so that the particles could disperse in PLA
solution uniformly. At last, the nanocomposites
were casted on glass petri dishes. Then the prepared
films were kept at room temperature for 12 h and
kept in oven at 40°C for 4 h.

Characterization of Titania-Silica Binary Mixed
Oxide

Infrared spectra of TiO,, SiO,, and TiseSiso
was determined by Fourier transform infrared
spectroscopy using attenuated total reflectance
(FTIR- ATR, Bruker, TENSOR 27). The spectra
were recorded within the wavenumber of 400-4,000
cm™ with 4 cm? resolution through the accumulation
of 64 scans. Field-emission scanning electron
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microscope (FESEM-EDS, Carl Zeiss Auriga) was
applied to determine the morphologies of TiOg,
SiO2, and TiseSiso. The crystal structure of TiOg,
SiOy, and TiseSise Was determined by powder X-ray
diffraction (Bruker, Model D2 phaser, Germany),
with CuKa radiations scanning from 10-80° at a rate
of 0.05°/s with current 35 mA .and powder X-ray
diffraction (XRD). In addition, the chemical
compositions were analyzed by energy dispersive
X-ray fluorescence (XRF) (EDS Oxford Instrument
ED 2000) with Rh X -ray tube and a vacuum
medium.
Characterization of PLA and PLA
Nanocomposites

The tensile properties of PLA and PLA
nanocomposites films were obtained using an
Instron universal testing machine (UTM, model
5565) with a load cell of 5 kN according to the
ASTM standard method D882-88. Initial grip
separation and crosshead speed were set at 10 cm
and 50 cm/min, respectively.

Thermal properties of PLA and PLA
nanocomposites films were carried out using a
differential scanning calorimeter (DSC204F1,
Netzsch) equipped with a liquid nitrogen cooling
system. The sample was heated from room
temperature to 200°C at a heating rate of 10°C, and
kept for 5 min to erase the thermal history. Then it
was cooled to room temperature (25°C) at a cooling
rate of 10°C/min. Finally, it was heated again to
200°C at heating rate 10°C/min. The degree of
crystallinity (Xc) of PLA and PLA nanocomposites
was estimated using the follow equation:

AH,,

_ Y%wt filler)
100

X, X 100

AHY, (1

where AH,, are the melting enthalpy in the second
heating process and AHY , which is the melting
enthalpy of an infinitely large crystal, was taken as
93.6 J/g (Tang et al., 2012).

Thermogravimetric analysis of PLA and PLA
nanocomposite films were examined using
thermogravimetric analyzer (TGA/DSC1, Mettler
Toledo). The temperature was raised from the room
temperature to 650°C under nitrogen and then
heated to 800°C under air atmosphere at heating rate
of 10°C/min. The weight change was recorded as a
function of temperature.

Morphological properties of the film were
examined by a scanning electron microscope
(JEOL, JSM-6010LV). Acceleration voltage 9-12
kV was used to collect SEM images of sample. The
cross-sections of the films after tensile test and the

freeze-fractured films in liquid nitrogen were
sputtered with gold.

Results and Discussion

Characteristics of TisoSiso mixed oxides, TiOz,
and SiO:

Fourier transform infrared (FTIR) spectrum of
the TiseSiso mixed oxides, TiO,, and SiO;
nanoparticles were shown in Figure 1. The FTIR
spectrum of the TiseSiso mixed oxides showed three
main peaks with the wavenumbers of 801, 949, and
1,052 cm™. The peak with the wavenumber of 801
and 1,052 were assigned to the symmetric and
asymmetric stretching vibration of Si-O-Si of silica,
respectively (Sahu et al., 2009). The peak with the
wavenumber of 949 cm* was commonly attributed
to Ti-O-Si vibrations indicating the existence of Ti-
O-Si linkages (Yamashita et al., 1998). The Ti-O-Ti
bond of the mixed oxides may be too weak to be
detected at 1,400 cm-! (Chiahung et al., 2012).The
FE-SEM images of TiseSisp mixed oxides, TiO2, and
SiO, were shown in Figure 2. The powders of
TiseSiso mixed oxides, TiO,, and SiO, show a
homogeneous spherical morphology with size of
20-250 nm. The chemical compositions of TiseSiso

TiO,
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Figure 1. FTIR spectra of TisoSiso, TiO2, and SiO2

Figure 2. FE-SEM image of (a) TisoSiso (x10k), (b)
TiOz2 (x10k), (c) SiOz2 (x10K), (d) TisoSiso
(x100k), (e) TiOz2 (x100k), (f) SiO2 (x100k)
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Table 1. The molar content of metal oxides TisoSiso,
TiO2,and SiO2 by XRF

T|02 SlOZ
Compound (mol.%) (mol.%)
TisoSiso 50.19 49.80
TiO, 99.01 -
Si0, - 99.94

Table 2. Tensile properties of PLA and PLA

nanocomposites

Tensile Elongation ~ Young’s

Sample strength at break Modulus
(MPa) (%) (GPa)

PLA 33.94+1.38  19.62+8.64  0.98+0.23

99PLA/1TisoSiso 29.16+1.78  9.08+2.75  1.13+0.10

97PLA/3TisoSiso 35.64+3.21  9.61+2.57  1.29+0.12

95PLA/5TisSiso 34.25+0.61  7.44+219  1.21+0.10

97PLA/3TIO, 28.22+1.47  18.1+4.24  1.01+0.04

97PLA/3SiO, 29.75£1.38  11.8+4.96  1.07+0.10

97PLA/3TIO,SiO,  29.00+1.42  58.37+5.00  0.96+0.07

mixed oxide, TiO2, and SiO, were analyzed by XRF
as shown in Table 1. The XRF analysis showed the
content of TiO2 and SiO, were 50.19% and 49.80%,
respectively. This result confirmed the content of Ti
and Si in TiseSiso mixed oxide.

The crystalline structure of TiseSiso mixed
oxides, TiOy, and SiO; was determined by X-ray
diffraction (XRD) analysis. The X-ray diffraction
patterns of TisoSiso mixed oxides, TiO,, and SiO;
were shown in Figure 3. TiO. showed the diffraction
peak at 25° (101) and 48° (200), which correspond
to the crystalline phase (anatase) of TiO. (Sahu
et al., 2009; Yamashita et al., 1998). SiO, showed
only diffraction peak at 23°, which was attributed to
a typical pattern of amorphous silica (Pabén et al.,
2007). TiseSiso mixed oxides exhibited a broad
diffraction peak within 20 range of 1040
corresponding to the characteristic of amorphous
silica. This indicates that titanium is highly
dispersed in silica matrix. However, its crystal size
may be too small to be detected by XRD (Ren et al.,
2008).

Characterization of PLA nanocomposites

From Figure 4, all of the composite films
showed lower transparency than PLA. The
transparency of PLAJ/TisSiso decreased with
increasing TiseSiso content. The film of 97PLA/
3SiO; showed the highest transparency compared
with 97PLA/3Ti503i50, 97PLA/3T|025|02 and
97PLA/3TIO;.

Tensile stress-strain curves of pure PLA and
PLA/TisSiso were shown in Figure 5. Tensile
properties of PLA and PLA nanocomposites were
listed in Table 2 and Figure 6. The addition of 3wt%

Intensity (a.u.)
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Figure 3. XRD pattern of TisoSiso, TiOz, and SiO2
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Figure 4. Photographs of films prepared from PLA
and PLAnanocomposites (250-300 pm
thickness)
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Figure 5. Stress-strain curves of PLA and PLA
nanocomposites

of TiseSiso slightly increased tensile strength and
Young’s modulus and decreased %elongation at
break of nanocomposites films compared to neat
PLA (Figure 6(a2)). The addition of nanoparticles to
polymer matrix was also found to result in a
decrease in ductile properties (Chu et al., 2017).
With increasing TiseSiso content from 3 to 5wit%, the
tensile strength and Young’s modulus slightly
decreased. This may be due to the agglomeration of
TiseSiso mixed oxide. This result was corresponded
to SEM observation. The agglomeration of
nanoparticle may act as stress concentrating center
in the matrix and adversely affect the mechanical
properties of PLA (Shirkavand and Moslehifard,
2014). With the different nanoparticle, 97PLA/
3TiseSiso exhibited higher tensile strength, Young’s
modulus and lower %elongation at break than
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Figure 6. Tensile properties of PLA and PLA nanocomposites (a) various TisoSiso contents (b) different types

of nanoparticles

Table 3. Thermal characteristics of PLA and PLA nanocomposites (the second heating, heating rate 10°C/min)

Samples T, °C T, °C AH,, J/g T, °C Tmy, °C AHn, J/g Xe, %0
PLA 46.6 103.1 30.14 137.3 146.3 28.59 30.50
99PLA/1TisSiso 46.4 100.6 31.93 135.8 145.0 32.99 35.56
97PLA/3TiseSiso 46.3 95.2 32.37 133.8 145.0 34.11 37.53
95PLA/5TiseSisg 46.7 95.4 32.16 135.8 145.0 32.75 36.79
97PLA/3TiO, 46.8 106.5 24.08 140.0 147.2 28.17 30.99
97PLAJ3SIO, 46.8 105.0 28.78 138.8 146.7 29.03 31.94
97PLA/3TiO,SiO; 46.7 104.2 24.43 138.9 146.9 23.71 26.09

97PLA/3TIO,, 97PLA/3SIO,, and 97PLA/3TiOzSiO>
as shown in Figure 6(b). This may be due to better
dispersion of 3TiseSisg in PLA than the others.

DSC thermograms of PLA and PLA
nanocomposites were shown in Figure 7. Thermal
properties of all samples were listed in Table 3.
Glass  transition  temperature  (Tg), cold
crystallization temperature (T¢), and melting
temperature (Tm) of PLA nanocomposites were
observed. The double melting endotherms of neat
PLA was explained by the melting and
recrystallization. The peak at low temperature was
attributed to the melting of the crystals formed
during the nonisothermal melt crystallization, while
the peak at high temperature was corresponded to
re-melting of newly formed crystallite during
melting and recrystallization during DSC heating
scans (Sarasua et al., 1998).

Ty of PLA/TisSiso nanocomposites did not
change with varying TiseSiso content. In this work,
the T of the nanocomposites composites shifted to
lower temperature approximately 3-8°C with
increasing TiseSiso mixed oxide contents up to
5 wt%. This indicated that crystallization ability of
composite was enhanced. While 97PLA/3TiOp,
97PLA/3SiO,, and 97PLA/3TiO,SiO, composites
showed an increase of the T, of PLA. This result
can be explained by the agglomeration of TiO; and
SiOz. The Tr, of nanocomposites was decreased with
addition of TiseSiso. This may due to the
heterogeneous nucleation effect of TiseSiso

9TPLABTIONSIO,

<—Exo

9OPLA/Tiy Si,
PLA

30 40 S50 60 T0O B0 90 100 110 120 130 140 150 160 170 180 190 200

Temperature,”C

Figure 7. DSC thermograms of PLA and PLA
nanocomposites (the second heating,
heating rate 10°C/min)

nanoparticles on PLA during the crystallization
process. The lamella formation of PLA was
hindered by TiseSiso nanoparticles and led to less
perfect crystals of PLA (Chen et al., 2014).

The degree of crystallinity (Xc), of neat PLA
significant increases with increasing TiseSiso
content. This implies that TisoSiso nanoparticles can
act as a nucleating agent for PLA. However, adding
TiOy, SiO; and TiO;SiO; at 3wt% into PLA showed
insignificant effect on Ty and Xc.

TGA curves of neat PLA and PLA
nanocomposites were shown in Figure 8. The
presence of TiseSiso, TiOz, SiO2 and TiOzSiO; did
not change the thermal decomposition behavior of
PLA. First, there was an initial mass loss between
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80-170°C, attributed to the loss of water and
moisture. After that, a significantly mass loss
between 250-360°C was observed, which
corresponded to the decomposition of PLA. Finally,
from 360 to 600°C thermal analysis curves slow
down to complete the decomposition of PLA matrix
until a constant mass was reached. The constant
mass remaining at the end of each TGA experiment
corresponded to the amount of nanoparticles in
PLA nanocomposites. The onset decomposition
temperature (Tonset), decompaosition temperature (Tq)
and final decomposition temperature (Tr) were listed
in Table 4. With the addition of nanoparticles, the
degradation begins at slightly higher temperature.
This suggested that thermal stability of PLA was
slightly enhanced with the incorporating of TiO2 and
SiO,. Moreover, when 1, 3, and 5 wt% TiseSiso
mixed oxides were added into PLA, the composites
left the char residual of nanoparticle at 1.61, 3.67,
and 5.22%, respectively for PLA/TisoSiso. The char
residual generally depends on the amount of added
nanoparticles (Buzarovska, 2013).

The surface morphology of prepared films was
investigated by SEM analysis. The cross-section of
PLA and PLA composites films were presented in
Figure 9. PLA showed relative brittle and smooth
fracture surface morphology. At low TiseSiso
content, well dispersion of nanoparticles in PLA
matrix was observed. Moreover, 97PLA/3SiO; and
PLA/3TiO;SiO, showed more agglomeration of
SiOy, and TiO2SiO; leading to PLA composites with
poor mechanical properties. In addition, the
micrographs of the fracture surface after tensile tests
for PLA and PLA nanocomposites films with a
magnification of 1500x were shown in Figure 10.
PLA/TisSiso hanocomposite showed many small
cavities on the fracture surface of the
nanocomposite due to the removal of agglomerate
of nanoparticles during the tensile test. However,
PLA/TiO;,  PLA/SIO,, and  PLA/TIOZSIO;
nanocomposites presented more cavities and fibril
on the fracture surface than PLA/TiseSiso
nanocomposite  indicating  poor interfacial
interaction between particles of TiO, or SiO, and
PLA matrix.

Table 4. Thermal degradation of PLA and PLA
nanocomposites

Samples Tonset, Ta, Ty, Residual,
°C °C °C %
PLA 344.86 358.83  424.64 0.7053
99PLA/1Tis0Sis0 345.30 350.26  420.69 1.6108
97PLA/3TiseSisg 346.24 356.67 425.49 3.6729
95PLA/5Tis0Sis0 347.09 356.33  418.93 5.2243
97PLA/3TiO, 351.16 362.17 429.22 4.0747
97PLA/3SIO; 346.04 359.50  427.27 41432
97PLA/3TiO.SiO, 348.66 360.17 418.69 3.7922

Conclusions

In this study, TiseSiso mixed oxide was synthesized
using TTIP and TEOS as precursors .A combination
of FTIR, FE-SEM, XRD and XRF have been used

to characterize morphologies and structures of the
mixed oxide .Ti-O-Si vibration of TisSiso mixed
oxide was confirmed by FTIR at 949 cm indicating
the forming of chemical bond between TiO, and
SiO2 .The powders of TiseSiso mixed oxides, TiOj,
and SiO; show a homogeneous spherical
morphology with size of 20-250 nm. XRD results of
TisoSiso mixed oxides presented a broad diffraction
peak within the 20 range 10-40 corresponding to

100

- 95PLA/5Tig,Sig,
97PLA/3TIO,
97PLA/3SIO,

60

Weight (%)
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Figure8. TGA curves of PLA and PLA
nanocomposites at a heating rate of
10°C/min

T 99PLA/1Tig,Sis,

97PLA/3TIO,

Figure 9. SEM micrographs at 5000x magnification

of PLA and PLA nanocomposites
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Figure 10. SEM micrographs after tensile testing at
1,500x magnification of PLA and PLA
nanocomposites

characteristic of amorphous silica. This indicates
that the titanium is highly dispersed in the silica
matrix. The addition of 3 wt% of TiseSiso into PLA
film improved the tensile strength and Young’s
modulus of PLA. The incorporation of TisSiso
decreased the cold crystallization temperature and
increased degree of crystallinity of PLA. It may be
concluded that TiseSiso nanoparticles can act as a
nucleating agent for PLA. Thermal stability of PLA
was enhanced with the incorporation of TiO, and
SiO;.

Acknowledgments

The authors wish to acknowledge Suranaree
University of Technology and Center of Excellence
on Petrochemical and Materials Technology for
their financial support.

References

Athanasiou, K.A., Niederauer, G.G., and Agrawal, C.M. (1996).
Sterilization, toxicity, biocompatibility and clinical
applications of polylactic acid/polyglycolic acid
copolymers. Biomat., 17:93-102.

Burg, K.J.L., Holder, W.D., Culberson, C.R., Beiler, R.J.,
Greene, K.G., Loebsack, A.B., Roland, W.D., Mooney,
D.J., and Halberstadt, C.R. (1999). Parameters affecting
cellular adhesion to polylactide films. J. Biomater. Sci.,
Polym. Ed., 10:147-161.

Buzarovska, A. (2013). PLA Nanocomposites with
functionalized TiO; nanoparticles. Polym. Plast. Technol.
Eng., 52:280-286.

Chandra, R. and Rustgi, R. (1998). Biodegradable polymers.
Progress in Polymer Science, 23:1,273-1,335.

Chen, R.-y., Zou, W., Wu, C.-r., Jia, S.-k., Huang, Z., Zhang, G.-
z., Yang, Z.-t, and Qu, J.-p., (2014). Poly (lactic
acid)/poly (butylene succinate)/calcium sulfate whiskers
biodegradable blends prepared by vane extruder: Analysis
of mechanical properties, morphology, and crystallization
behavior. Polym.Test., 34:1-9.

Chiahung, H., Hsunling, B., Yaoling, H., Shuling, L., Shaoi, Y.,
and Yaohsuan, T., (2012). Synthesis of neutral SiO,/TiO,
hydrosol and its application as antireflective self-cleaning
thin film. Int. J. Photoenergy, p. 1-8.

Chu, Z., Zhao, T., Li, L., Fan, J., Qin, Y. (2017). Characterization
of antimicrobial poly (lactic acid)/nano-composite films
with silver and zinc oxide nanoparticles. Materials,
10(6):659.

Fonseca, C., Ochoa, A., Ulloa, M.T., Alvarez, E., Canales, D.,
and Zapata, P.A. (2015). Poly(lactic acid)/TiO,
nanocomposites as alternative biocidal and antifungal
materials. Mater. Sci. Eng. C., 57:314-320.

Galindo, I.R., Viveros, T., and Chadwick, D. (2007). Synthesis
and characterization of titania-based ternary and binary
mixed oxides prepared by the sol—gel method and their
activity in 2-propanol dehydration. Ind. Eng. Chem. Res.,
46(4):1,138-1,147.

Huang, S.-M., Hwang, J.-J., Liu, H.-J., and Lin, L.-H. (2010).
Crystallization  behavior of  poly(L-lactic acid)/
montmorillonite nanocomposites. J. Appl. Polym. Sci.,
117(1):434-442.

Karkare, M.M. (2014). Choice of precursor not affecting the size
of anatase TiO, nanoparticles but affecting morphology
under broader view. Int. Nano Lett., 4(3):111.

Kim, T.G., An, G.S., Han, J.S., Hur, J.U., Park, B.G., Choi, S.-C.
(2017). Synthesis of size controlled spherical silica
nanoparticles via sol-gel process within hydrophilic
solvent. J. Korean Ceram. Soc., 54:49-54,

Kim, W.B., Choi, S.H., and Lee, J.S. (2000). Quantitative

analysis of Ti-O-Si and Ti-O-Ti bonds in Ti-Si binary

oxides by the linear combination of XANES. J. Phys.

Chem. B, 104:8,670-8,678.

L.T., Auras, R., and Rubino, M. (2008). Processing

technologies for poly (lactic acid). Prog. Polym. Sci.,

33:820-852.

Madhavan Nampoothiri, K., Nair, N.R., and John, R.P. (2010).
An overview of the recent developments in polylactide
(PLA) research. Bioresour. Technol., 101:8,493-8,501.

Murariu, M., Paint, Y., Murariu, O., Raquez, J.-M., Bonnaud, L.,
and Dubois, P. (2015). Current progress in the production
of PLA-ZnO nanocomposites: Beneficial effects of chain
extender addition on key properties. J. Appl. Polym. Sci.,
132(48):42480

Pabon, E., Retuert, J., and Quijada, R. (2007). Synthesis of mixed
silica-titania by the  sol-gel  method  using
polyethylenimine: porosity and catalytic properties.
J. Porous Mater., 14:151-158.

Rasal, R.M., Janorkar, A.V., and Hirt, D.E. (2010). Poly (lactic
acid) modifications. Prog. Polym. Sci., 35:338-356.

Ren, J., Li, Z., Liu, S., Xing, Y., and Xie, K. (2008). Silica-titania
mixed oxides: Si-O-Ti connectivity, coordination of
titanium, and surface acidic properties. Catal. Lett.,
124:185-194.

Sahu, D.R., Hong, L.Y., Wang, S.-C., and Huang, J.-L. (2009).
Synthesis, analysis and characterization of ordered
mesoporous TiO,/SBA-15 matrix: Effect of calcination
temperature. Microporous Mesoporous Mater., 117:640-
649.

Sarasua, J.-R., Prud’homme, R.E., Wisniewski, M., Le Borgne,
A., and Spassky, N. (1998). Crystallization and melting

Lim,



030051-8

Preparation and Characterization of Nano-Titania-Silica Binary Mixed Oxide and Pla Composite ...

behavior of polylactides. Macromolecules, 31:3,895-
3,905.

Shirkavand, S. and Moslehifard, E. (2014). Effect of TiO,
nanoparticles on tensile strength of dental acrylic resins. J.
Dent. Res. Dent. Clin. Dent. Prospect, 8(4):197-203.

Tang, Z., Zhang, C., Liu, X., and Zhu, J. (2012). The
crystallization behavior and mechanical properties of
polylactic acid in the presence of a crystal nucleating
agent. J. Appl. Polym. Sci., 125:1,108-1,115.

Wang, H., Fang, M., Shi, T., Zhai, L., and Tang, C. (2006)
Preparation of porous poly(lactic acid)/SiO, hybrid
microspheres, J. Appl. Polym. Sci., 102:679-683.

Wu, G., Liu, S., Jia, H., and Dai, J. (2016). Preparation and
properties of heat resistant polylactic acid (PLA)/Nano-
SiO2 composite filament. J. Wuhan Univ. Technol. Mat.
Sci. Edit., 31(1):164-171

Xiu, H., Qi, X, Bai, H., Zhang, Q., and Fu, Q. (2017).
Simultaneously improving toughness and UV-resistance
of polylactide/titanium dioxide nanocomposites by adding
poly(ether)urethane. Polym. Degrad. Stab.,143:136-144.

Yamashita, H., Kawasaki, S., Ichihashi, Y., Harada, M.,
Takeuchi, M., Anpo, M., Stewart, G., Fox, M.A., Louis,
C., and Che, M. (1998). Characterization of titanium-
silicon binary oxide catalysts prepared by the sol-gel
method and their photocatalytic reactivity for the liquid-
phase oxidation of 1-Octanol. J. Phys. Chem. B,
102:5,870-5,875.

Yeh, J.T., Huang, C.Y., Chai, W.l., and Chen, K.N. (2009).
Plasticized properties of poly (lactic acid) and triacetine
blends. J. Appl. Polym. Sci., 112:2,757-2,763.



