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Abstract. The purpose of this study is to fabricate composites based on poly(lactic acid) (PLA),
thermoplastic starch (TPS) and TiO, nanoparticles (n-TiO;), and to investigate the effects of
TiO, on the interface compatibility of TPS and PLA. The FTIR spectra confirmed that the
interfacial interaction between the components is the formation of hydrogen bonding between
TiO2 and PLA/TPS matrix (Ti-O-C bond). The results indicated that the tensile properties of
PLA/TPS blends were strongly influenced by the PLA/TPS ratio which decreased with
increasing TPS content. Besides, the tensile strength of the composites was improved in the
presence of n-TiO, particles due to the high crystallinity of the PLA/TPS/n-TiO, composites
(with an n-TiO, content of 1 wt.%) in comparison with the PLA/TPS blends as shown in DSC
and XRD analysis. The TGA results also indicated that the thermal stability of the PLA/TPS/n-
TiO, composites was improved with the addition of TiO, nanoparticles. Finally, SEM images
indicated that TiO, nanoparticles were well dispersed in the PLA/TPS matrix at low TiO,
content. At high TiO, content (2 wt.%) it caused agglomeration into clusters which reduced the
properties of the composites.
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1. INTRODUCTION

Recently, the impact of plastic waste is a concern worldwide. Therefore, research on
biodegradable materials is receiving increasing attention. Biodegradable and renewable
polymers have attracted strong attention due to their effects on reducing environmental
pollution. Poly(lactic acid) (PLA) belongs to the aliphatic polyester family and is one of the eco-
friendly polymers that has been widely used for the production of biodegradable, biocompatible,
nontoxic materials [1 - 4]. The PLA is derived from renewable biomass products and wastes
such as corn, starch, sugar, etc. [5 - 7]. It is a thermoplastic polyester and one of the most
popular biodegradable polymers with stiffness, strength and gas permeability comparable to
those of synthetic polymers (petroleum based plastics) such as polypropylene (PP),
poly(ethylene terephthalate) (PET) and polystyrene (PS). Because of its biodegradability, it is an
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alternative to other non-biodegradable polymers in some applications by improving the negative
environmental effects of non-biodegradable polymers. In a humid environment, especially in the
presence of acids and bases, the PLA is easily hydrolyzed. However, its application is also
limited by its low degradation rate (compared to other natural polymers), relatively high cost and
brittleness [8]. Therefore, it is proposed to overcome the low degradation rate of PLA by
blending with other natural polymers with high degradation rates including polysaccharides,
such as cellulose, chitin, glycogen and starch. Among these materials, starch is considered one
of the most promising candidates to improve the biodegradability of PLA, due to its low cost,
abundance and availability from various plant sources. However, starch has a limitation that is
its poor processability due to its melting point being higher than its decomposition temperature.
To enhance its handling, starch is often gelatinized with plasticizers like glycerol, water, urea,
citric acid, sorbitol and sugars, etc. [9 - 12], and the obtained compound is called thermoplastic
starch (TPS).

Titanium dioxide (TiO,) has been attracting interest in various fields due to its
photocatalytic and antibacterial activity [13]. Apart from the antibactericidal properties of TiO,,
its biocompatibility and small size when used in nanocomposite form help improve the catalytic
effect of this material. Therefore, the decomposition ability of nanocomposites containing TiO,
under solar radiation or UV light can be significantly increased. The irradiation of TiO, by light
with energy greater than the band gap of TiO, will lead to the formation of electron-hole pairs,
causing a redox reaction on the TiO, surface. This transition favors the oxidative capacity of
other species by generating active agents like radicals. There have been many studies on
PLA/TiIO, nanocomposites. They have good mechanical, thermal and photocatalytic properties,
and have many potential applications in fields such as adsorption and photocatalysis for the
removal of environmental pollutants, coatings, biosensors, etc. Toniatto et al. studied the
development of PLA/TiO, nanocomposites with high anti-bacterial properties by electrospinning
method [14]. Pattarnaphong Chanklom et al. investigated the application of anatase formed TiO,
as a photocatalyst for PLA matrix by solution casting method [15]. Yanbing Luo et al. studied
on the preparation of PLA/TIO, photodegradable materials that can be used as environmentally
friendly materials [16].

The inclusion of photodegradable substances such as TiO, and fast biodegradable
substances such as starch/thermoplastic starch promotes the decomposition process under all
conditions and speeds up the rate of biodegradation. Besides, some properties and characteristics
of PLA will be changed. The purpose of this research is to prepare biodegradable composites
based on PLA, TPS and TiO, nanoparticles by melt-blending method. The effects of TiO, on the
decomposition as well as the characteristics, properties, and morphology of the composites were
investigated by a combination of Fourier transform infrared (FTIR) spectrophotometry, X-ray
diffractometry (XRD), differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA) and tensile tester.

2. EXPERIMENTAL
2.1. Materials
Polylactic acid - PLA (2002D grade) with a density of 1.24, M, of 110 KDa, a melt flow
index (MFI) of 5 - 7 g/10 min at 210°C and a load of 2.16 kg was purchased from Nature Works

(USA). Thermoplastic starch (TPS) was a commercial product of China. Titanium dioxide
(TiO,) powder with a particle size of about 12 nm was supplied by Sigma-Aldrich Co. (USA).
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2.2.Preparation of PLA/TPS/TiO, nanocomposites

The formulation of PLA/TPS/nano TiO, (n-TiO,) composites and their abbreviations are
presented in Table 1. Materials such as PLA and TPS were pre-treated by drying at 40 °C for 24
hours to eliminate water possibly absorbed on the surface of the particles before being used. The
composites of PLA/TPS/n-TiO, were melt mixed at 175 °C for 5 minutes under a screw speed of
50 rpm using a Haake Rheomix 610 machine (Germany). After melt mixing, the blends were
molded into bar shapes by a Haake Minijet Pro machine (Germany) at 175 °C, a pressing
pressure of 400 bar for 10 seconds. The sample of bar shapes was allowed to cool and stored at
room temperature for at least 24 hours before determining its physicochemical properties.

Table 1. Formulation of PLA/TPS/n-TiO, composites.

Sample PLA (g) TPS (9) TiO, (9)
PT 91 65.39 7.27 -
PT 82 59.46 14.87 -
PT 73 53.39 22.88 -
PT 64 46.75 31.17 -

PTT 911 65.05 7.22 0.73

PTT 912 64.40 7.26 1.45

PTT 821 59.09 14.50 0.74

PTT 822 58.72 14.13 1.48

2.3.Characterization and methods
2.3.1. FTIR spectra

FTIR spectra of the samples were recorded using reflectometry mode on an infrared
spectrometer - Nicolat iS10 (USA) with the following measuring conditions: resolution 16 cm™,
number of scans 32, wavelengths from 4000 cm™ to 400 cm™ at room temperature.

2.3.2. Tensile properties

The tensile strength and elongation at break of the PLA/TPS/n-TiO, composites were
determined at a speed of 50 mm/min according to ASTM D638 using a Zwick Tensile 2.5
machine (Germany) under ambient conditions. The specimens had a bar shape with a length of
60 mm, a width of 12.7 mm and a thickness of 1 mm. The results reported were the average
value of 5 measurements.

2.3.3. Thermal properties
Thermogravimetric analysis (TGA) of the PLA/TPS/n-TiO, composites was investigated

on the TGA209F1 instruments of NETZSCH (Germany). Analyses were performed under
nitrogen atmosphere and heated from room temperature to 600 °C at a heating rate of 10 °C/min.
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Differential scanning calorimetry (DSC) of the PLA/TPS/n-TiO, composites was
performed in the DSC204F1 instruments of NETZSCH (Germany). The mass of the sample was
weighed to be 7-10 g and heated from room temperature to 300 °C. The degree of crystallinity
(xc) was calculated from the DSC curves as follows:

_ AH,, — AH,

~ AHpx (1—a)
where, AH,, and AH_ are the enthalpy of melting and crystallization (J/g) that was calculated
from the DSC curves. AH; is the heat of fusion for the completely crystallized PLA (93.1 J/g),
and «a is the weight fraction of TPS and TiO, in the blends [17].

2.3.4. X-ray diffraction

The crystal structure of the PLA/TPS/n-TiO, composite film was determined by X-ray
diffraction technique. It was performed with Cu - Kol radiation (A = 1.54060 A) on a Bruker -
AXS D5005 equipment. The XRD patterns were recorded in the range of 20 from 10 to 70° at
ambient temperature.

2.3.5. Morphology

Xe X 100%

The morphology of the sample surfaces was evaluated by scanning electron microscopy
(SEM) images recorded with a JEOL SM-6510 scanning electron microscope (Japan) at room
temperature. All specimens were coated with a thin layer of platinum to increase conductivity.

3. RESULTS AND DISCUSSION
3.1. FTIR spectra

Figure 1 illustrates the FTIR spectra of PLA/TPS and PLA/TPS/n-TiO, composites,
respectively. In the spectra of the PLA/TPS blends, there are peaks at wavenumbers of 3400 -
3500 cm™, corresponding to the stretching vibration of the O-H moiety in the carboxyl groups.
The peaks corresponding to the stretching vibration of C-H and C=0 groups are observed in the
bands from 2770 to 3000 cm™ (2944 cm™) and the band at 1750 cm™, respectively. The peaks at
950 and 1460 cm™ are attributed to the stretching vibrations of the CH; and C-CH; groups (with
antisymmetry at 1455 cm™ and symmetry at 1370 cm™) [18]. Compared with neat PLA, the
absorption peaks at 2927 cm™ and 1743 cm™ shift toward a higher wavenumber, confirming the
interfacial interaction (the formation of hydrogen-bonding) between PLA and TPS. The other
samples with different PLA:TPS ratios have similar FTIR spectra of the PLA/TPS/n-TiO,
composites.

In the spectra of the PLA/TPS/n-TiO, composites, the characteristic peaks for the
stretching vibrations of the Ti-O and Ti-O-Ti groups can be observed in the region between 1383
and 1650 cm™ [19-20]. There are some differences observed in the spectra of the PTT samples
because the peaks of hydroxyl group and -CHj; group shift towards higher wavenumbers. This
indicates the interfacial interaction between the components as the formation of hydrogen
bonding between the nanoparticles and the PLA/TPS matrix. Overall, in the FTIR spectrum of
PTT composites, new bands appear due to the presence of TiO, (such as the bands at about 1383
and 1650 cm™). All these bands are shifted from their original position in PLA. This indicates
the interaction of PLA with the surface of n-TiO, through hydrogen-bonding.
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Figure 1. FTIR spectra of PLA, TPS, PLA/TPS and PLA/TPS/n-TiO, composites.

3.2. Tensile properties

Table 2. Tensile properties of PLA/TPS/n-TiO, composites.

Sample Tensi(ll\e;I T)t;«)angth Elongati(?)z)at break

PLA 42.62 + 3.55 3.89+£0.42

PT 91 27.66 + 2.33 4.36 £ 0.59

PT 82 26.06 £ 3.31 227+£0.21

PT 73 20.47+£1.33 1.32+0.16

PT 64 19.96 £ 3.34 159+0.24
PTT 911 29.86 + 1.82 2.22+£0.45
PTT 912 28.28 £ 1.94 1.94+0.32
PTT 821 26.68 + 2.21 1.20 + 0.09
PTT 822 22.07+1.62 2.20+£0.17

Table 2 shows the tensile strength and elongation at break of the PLA/TPS/n-TiO,
composites. It can be seen that the tensile strength of the PLA/TPS blends (PT samples) tends to
decrease with increasing the weight fraction of TPS up to 40 wt.%, such as decreasing from
27.66 MPa to 19.96 MPa corresponding to increasing the TPS content from 10 to 40 wt.%. The
decrease in tensile properties of the PLA/TPS blends is due to the fact that TPS has a much
lower tensile strength than the neat PLA. Table 2 also shows that the tensile strength is improved
in the presence of TiO, nanoparticles, for example the tensile strength is increased from 27.66 to
29.86 MPa (PTT 911). This proves that the components interact well, and the adhesion between
the surfaces of n-TiO, particles is improved. However, the tensile strength of the composites
slightly is decreased with increasing TiO, content up to 2 wt.% due to phase separation.

Similarly, the elongation at break of the PT samples gradually is decreased from 4.36 to
1.59 % when TPS content is increased from 10 to 40 wt.%. In particular, the PT 73 sample (with

104



Study on the characteristics, properties of composite ....

a TPS content of 30 wt.%) reaches the lowest point of 1.32 %. From Table 2, it is clearly seen
that the elongation at break of all samples are low, and reaches the maximum value of 4.36 %
for the sample PT 91. This is because both PLA and TPS are brittle in nature. In addition, the
elongation at break of PLA/TPS/n-TiO, composites tends to decrease upon the addition of n-
TiO,. For example, it is reduced from 4.36 to 2.22 % (PTT 911) and from 2.27 to 1.20 % (PTT
821). This can be explained by the fact that n-TiO, particles are phase separated and agglomerate
to form defects in composite leading to a reduction in the tensile properties of the PLA/TPS/n-
TiO, composites.

3.3. DSC analysis and crystallization behavior
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Figure 2. DSC curves of PLA/TPS and PLA/TPS/n-TiO, composites.

Figure 2 shows the DSC curves of PLA/TP/n-TiO, composites (PT 91, PT 82, PTT 911,
PTT 912, PTT 821 and PTT 822), observing a dependence of the glass transition temperature
(Tg) of PLA on the composition of the blends. The T, increases slightly from 57.5 to 60.3 °C
when TPS content increases from 10 to 20 wt.%. Similarly, the Tg also is increased slightly with
increasing n-TiO, content, which indicates an extended compatibility between the components
of the composites. Table 3 presents all the DSC data and the degree of crystallinity (x.) of the
PLA-based composites. It can be seen that by adding n-TiO, to the PLA/TPS blends, the
crystallization temperature (T.) of the blends is changed. The peak temperature T, of the PT
blend is 89.2 °C, while that of the PTT 911 composite is 92 °C. Besides, the melting temperature
(T of the PLA/TPS/n-TiO, composite also shifts to a high temperature due to the addition of n-
TiO, particles to the PLA/TPS blend. The peak temperature T, of the PLA/TPS blends is about
168 °C, while that of the PTT composite is 171 °C. Table 3 also indicates that the degree of
crystallinity (y.) of the PLA/TPS blends tends to decrease as the TPS content increases. For
examples, the . of the PLA/TPS blends decreases from 40.11 % (PT 91) to 35.48 % (PT 82). On
the other hand, the y. of the PLA/TPS/n-TiO, composites is increased when adding n-TiO,
particles to the PLA/TPS matrix. This may be attributed to the better dispersion and interfacial
effect of n-TiO, particles with the PLA/TPS matrix, which improves the y. of the composite.
However, when the content of n-TiO, particles increases from 1 wt.% to 2 wt.%, the . of the
PLA/TPS/n-TiO, composites is decreased, for example, the y. decreases from 59.67 % (PTT
911) t0 51.63 % (PTT 912) and from 35.76 % (PTT 821) to 32.59 % (PTT 822). This is due to
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the fact that the n-TiO, particles are disrupted regularly in the structure of the PLA chains,
increasing the spacing between the chains.

Table 3. DSC data of PLA/TPS and PLA/TPS/n-TiO, composites.

Glass transition | Crystallization Melting Melting Crystallization | Degree of

Sample temperature temperature | temperature enthalpy enthalpy crystallinity

T,(°C) T.(°C) Tw (°C) AH, (J/g) AH. (J/g) 1 (%)
PLA 58 - 153 29.4 4.98 26.22
TPS 68.2 - 132.3 42.14 - 28.90*
PT 91 57.5 89.2 168.3 36.39 6.514 40.11
PT 82 60.3 89.6 169.4 27.95 2.185 35.48
PTT 911 58.8 92.2 171.0 51.16 1.715 59.67
PTT 912 62.2 92.6 168.6 43.26 2.349 51.63
PTT 821 58.9 89.3 167.7 35.21 5.913 35.76
PTT 822 59.2 89.6 168.1 31.04 7.071 32.59

" Degree of crystallinity of TPS was determined using XRD diffraction [21, 22].

3.4. Thermal gravity analysis (TGA)
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Figure 3. TGA curves of PLA/TPS and

PLA/TPS/n-TiO, composites.
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Figure 4. Differential thermogravimetric (DTG)
curves of PLA/TPS/n-TiO, composites.

Figure 3 presents the TGA curves of PLA/TPS (PT 91 and PT 82) and PLA/TPS/n-TiO;
(PTT 911, PTT 912, PTT 821 and PTT 822) composites. All samples show negligible weight
loss in the temperature range from ambient temperature to 300 °C, they are then continuously
decomposed at higher temperatures and completely decomposed at about 500 °C. The onset
decomposition temperature (T,,) of PLA composites is about 177 °C. The TG data and the
weight percentage of the residue at different temperatures are reported for all samples in Table 4.
The highest decomposition temperature (T.) Of the PLA/TPS/n-TiO, composites is reduced
when adding TiO, particles to the PLA/TPS matrix, for example, T.x decreases from 375 °C
(PT 91) to 372 °C (PTT 911) and from 374 °C (PT 82) to 367 °C (PTT 821). Besides, the T Of
the PLA/TPS/n-TiO, composites with a PLA:TPS ratio of 8:2 decreases more than that of the
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composites with a PLA:TPS ratio of 9:1. This indicates a reduction in compatibility between the
components in the composites. However, the T, of the PLA/TPS/n-TiO, composites increases
slightly with increasing n-TiO, particle content up to 2 wt.%. The results in Table 4 also show
that the weight loss of the PLA/TPS/n-TiO, composites (PTT samples) at different heating
temperatures is lower than that of the PLA/TPS blends (PT samples), indicating an improvement
of the thermal properties of the PLA/TPS/n-TiO, composites. The remaining weight percentage
of the PLA/TPS/n-TiO, composites (with a PLA:TPS ratio of 9:1) increases from 4.08 to 4.70 %
when loading n-TiO, particles from 1 to 2 wt.%. This enhancement of the char formation of the
PLA/TPS/n-TiO, composites is explained by the high heat resistance produced by titania itself.

The DTG curves of PLA/TPS/n-TiO, composites are presented in Figure 4. First, weight
loss takes place in the temperature range from 65 to 180 °C, corresponding to the water loss from
moisture. After that, there is a significant weight loss of the PLA/TPS/n-TiO, composites
between 280 - 400 °C due to the decomposition of PLA.

Table 4. TG data of PLA/TPS and PLA/TPS/n-TiO, composites.

Remaining weight percentage (%)
Sample Ton (°C) Trmax (°C) 300 °C 400 °C 500 °C 600 °C
PT 91 179 375 96.46 6.38 3.34 2.67
PT 82 177 374 93.36 9.38 3.42 291
PTT 911 176 372 95.53 8.62 4.88 4.08
PTT 912 178 373 95.0 7.87 5.26 4.70
PTT 821 176 367 93.59 12.21 4.86 4.32
PTT 822 176 369 93.97 12.24 5.92 5.23

3.5. XRD analysis
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Figure 5. XRD curves (a) and the magnified XRD curves (b) of PLA/TPS and
PLA/TPS/n-TiO, composites.

Figure 5 shows the X-ray diffraction (XRD) curves of PLA/TPS blends and PLA/TPS/n-

TiO, composites loaded with n-TiO, particles with various contents. As observed in Figure 5, the
peaks at approximately 16.5° and 18.9° have wide spreads, corresponding to the (200)/(110) and
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(203) plane reflections of the orthorhombic or pseudo-orthorhombic of crystalline PLA,
respectively. The XRD patterns of PLA/TPS/n-TiO, composites indicate that the crystalline
structure of PLA/TPS is unchanged after combining with n-TiO, particles. In Figure 5b,
comparing the XRD pattern of PLA/TPS/n-TiO, (PTT) composites with that of the PLA/TPS
blends (PT 91), some new peaks at approximately 14.7°, 22.3° and 27.4° in the XRD patterns of
PLA/TPS/n-TiO, (PTT) composites can be observed. The appearance of these peaks may be
attributed to the Ti,O; phase of the titania network and the anatase or rutile phase of the
crystalline structure of n-TiO, particles [23].

3.5. SEM images
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Figure 6. SEM images of PLA-based blends with TPS and TiO,: PT 91 (a), PT 82 (b), PTT 911 (c),
PTT 912 (d) and PTT 821.

Figure 6 shows the SEM morphology of PLA-based blends with different contents of TPS
and n-TiO, particles. From Figures 6a and 6b, it can be found that the samples have homogenous
structures in a continuous phase. As seen in Figures 6¢, 6d and 6e, the PLA/TPS/ n-TiO,
composite structure includes two phases: matrix phase (PLA/TPS) and dispersion phase (n-TiO,
particles). Most of n-TiO, particles (100 - 500 nm in size) are well dispersed in the polymer
PLA/TPS matrix but with a tendency toward aggregation. The size of the agglomerates is
smaller than 2 um. The SEM image of PTT 821 indicates that n-TiO, particles are agglomerated
into clusters in the PLA/TPS matrix (Figure 6e). For sample PTT 911 with a PLA:TPS ratio of
9:1, the n-TiO, particles are finely dispersed in the polymer matrix, leading to the less
agglomeration of n-TiO, particles in the composites. The agglomeration of particles can be
explained by the fact that the oxide particles are not surface treated.

4. CONCLUSIONS

In this work, the composites based on PLA/TPS blends and n-TiO, particles were prepared
and evaluated for its characteristics. The effects of the component of the composite on the
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structural, thermal behavior and tensile properties were investigated. The FTIR spectra
confirmed the formation of hydrogen bond within the polymeric matrix (Ti-O-C bonds formed
in the PLA/TPS matrix). The tensile properties of PLA/TPS/n-TiO, composites were strongly
influenced by TPS and n-TiO, particles content. On the other hand, the results of DSC and XRD
analysis showed that the simultaneous introduction of n-TiO, particles obviously increased the
crystallinity of the composites (as DSC results: 40.11 % and 59.67 % corresponding to PT 91
and PTT 911, respectively). The thermal stability of PLA/TPS/n-TiO, composites was also
improved due to the better dispersion and interfacial effect of n-TiO, particles with PLA/TPS
matrix as shown in TGA results. The SEM images showed that n-TiO, particles were well
dispersed with the matrix at a TiO, content of 1 %. However, increasing the content of TPS and
n-TiO, particles leads to agglomeration, thus reducing the properties of the composite. To sum
up, the properties of the PTT 911 samples are the best among all samples.
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