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Poly lactic acid (PLA) is a useful alternative to petrochemical commodity material used 
in food packaging, due to its low thermal stability and poor crystallization behaviour, it 
needs to improve its properties in namely terms of thermal and mechanical 
performance. Neat PLA was reinforced nanofiller TiO2 (titania) to improve its 
characteristics. Thus, the film of neat PLA and PLA nanocomposites were prepared 
using solvent casting and hot press methods. Diverse techniques characterized As-
prepared films. To enhance the PLA miscibility, TiO2 nanoparticles were 
homogeneously dispersed in the PLA matrix to attain a low degree of agglomeration 
as explained by Field Emission Scanning Electron Microscopy (FESEM). Both XRD and 
differential scanning calorimetry (DSC) analyses of the reinforced nanocomposites 
disclosed an improvement in their crystallinity increased from 17.52 to 30.91. The 
dynamic mechanical analysis (DMA) indicated that the storage modulus was improved 
with increased TiO2 content, increased from 3.13 GPa to 3.26 GPa. Thermogravimetric 
analysis (TGA) results show that the addition of nanofiller improved thermal stability 
of the PLA nanocomposites was modified. On the other hand, the reinforced PLA 
nanocomposites with improved biodegradable behavior were shown to be the 
potential substitute of conventional petrochemical-based polymers widespread in the 
food packaging industries.  
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1. Introduction 
 

Traditionally, the plastics produced from petroleum derivatives have been applied extensively in 
the different packaging industry because of their low price, softness, lightness, wide accessibility and 
their favorable features such as transparency, brightness, and plasticity, However, these plastics 
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derived from fossil fuel resources due to their very low biodegradability remained the major 
environmental concern [1,2]. 

The release gases from the thermal degradation of these plastics cause the greenhouse effect 
and global warming. Furthermore, this low biodegradability related waste accumulation can cause 
great damage to living organisms, severe ecological imbalance, and health hazards. Due to the 
unsuccessful recycling of mixed plastics including waste burial and burning large quantities of waste 
plastics [3-5]. With the escalating consumer's demand for resilient products, research issues related 
to the development of biocompatible materials with functional properties became worth examining. 
It has been realized that using edible, active, and biodegradable films, the quality of the qualities and 
nutritional values of the food products can be improved [6-8]. 

Through the microorganisms, enzymatic action biodegradable polymers are decomposed into 
simple molecules such as carbon dioxide (CO2), methane (CH3), water (H2O), several inorganic 
compounds, and biomass [9]. Currently, some biodegradable materials obtained from green 
resources such as polylactic acid (PLA) are categorized as bioplastics [10]. Besides biocompatibility 
and biodegradability attributes PLA has interesting physical properties. This linear aliphatic 
thermoplastic polyester is derived entirely (100%) from renewable resources such as sugar, corn, 
potatoes, and beet. The most common route for industrial production of high molecular weight PLA 
is the ring-opening polymerization (ROP) of the lactide monomer formed from lactic acid. It is 
produced by the fermentation of renewable agricultural resources[10-12]. Industrial PLA is mostly 
polymerized from L-lactide and D, L-lactide, where the L-isomer is the main fraction. PLA is an 
emergent candidate for consumer products such as packaging due to its transparency, degradability, 
low toxicity, and environmentally benign characteristics. In addition, PLA has better thermal 
processability than other biopolymers and requires between 20-25% less production energy than 
polymers derived from petroleum. Nevertheless, some shortcomings, including high brittleness, poor 
crystallization, and weak barrier characteristics of PLA that limit its current users need to be 
overcome [13-15]. 

In recent times, nanocomposites materials became promising due to their customized properties 
where emergent properties are focused on sundry applications. To improve the dynamic properties 
of PLA, inorganic nanoparticles were added and nanocomposites were achieved. The development 
of various new properties in the blended product from individual components were attributed to the 
specific interactions between the nanoparticles and the polymer matrix [12,16]. Therefore, the 
nanoparticles inclusion in PLA is regarded as an effective strategy to modify its properties and control 
the degradation behaviour in different media [17]. Several interesting properties of TiO2 such as 
strong antibacterial activity against diverse microorganisms (including algae, viruses, fungi, and 
bacteria), photocatalytic activity, high stability, good mechanical properties, non-flammable, 
resistance to corrosion, intense UV absorption, low cost, and nontoxicity make it beneficial for many 
applications [1,18-20]. 

TiO2 nanoparticles are included into the bio-plastics because of dual reasons: (i) the absorption 
of most of the UV radiation, thereby preventing the polymer degradation from environmental aging 
of the plastics due to UV light exposure; (ii) presence of titania nanoparticles can inhibit the bacterial 
growth to certain extent; (iii) resistant to thermal degradation and may prevent the formation of 
harmful biofilms [21]. Due to these notable attributes, TiO2 nanoparticles have been used extensively 
for diverse purposes. TiO2 exists in three crystalline polymorphs, including namely rutile, anatase, 
and brookite. Rutile is the most stable phase, whereas anatase and brookite are the metastable 
phases at all temperatures. Both these phases can transform into rutile one upon heating, and the 
anatase phase is the chemically most reactive [22]. Besides, embedment of nanofillers into new 
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generation food packaging materials can improve some of their key properties such as flexibility and 
strength, the barrier to gases, thermal stability, and higher resistance to heat and cold [23]. 

In this present study, considering the promising bio-plasticity of PLA towards food-packaging, we 
determined the improved thermomechanical properties of TiO2 nanofillers reinforced PLA 
synthesized by unified solvent casting and hot press method. Detail data analyses of as-prepared TiO2 
nanofillers embedded PLA matrix revealed significant improvements in its storage modulus and 
thermal stability. It was argued that the nanoscale dispersion of TiO2 could produce a large surface 
area and high aspect ratio, wherein the reinforcement efficiency of the composites was significantly 
enhanced. 
 
2. Experimental  
2.1 Materials 
 

High purity analytical grade PLA 2002D was obtained in pellet form from Natureworks Co., 
Minnetonka, USA. TiO2 nanoparticles with a mean particle size below 100 nm (purity 99.5%) were 
purchased from Sigma Aldrich (USA).  

 
2.2 Preparation of PLA/TiO2 Nanocomposites 
 

To prepare the PLA–TiO2 nanocomposites film, first, the PLA pellets were oven- dried by heating 
at 60 °C for a day to eliminate the moisture contents. The amount of PLA was estimated using the 
requisite ratio of PLA to TiO2. Next, PLA was dissolved in a beaker that contained the THF solvent of 
volume 50 mL. The solution was constantly stirred before being placed in a magnetic hotplate at 60 
°C for 6 h. Later, the desired nanofillers (TiO2 of 0.5% w/w) were included in the PLA solution and 
stirred continuously for 1 h. The mechanical stirrer and ultrasonicator were used to disperse the TiO2 
in the mixture for about 1 h and 30 min. After that, the mixture was casted onto a Petri dish and then 
kept back for a day at room temperature for complete evaporation of the solvent forming a thin film 
of modified PLA with nanofillers of different thicknesses. The sample was dried in an oven (60 °C) for 
a day to ensure complete solvent removal. The same procedures were followed to prepare other 
modified PLA films with different content of TiO2 (2.0, 3.5, 5.0, and 7.5% w/w). Finally, the obtained 
samples were pressed in a hot compression machine to divide them in equal size and thickness by 
avoiding the formation of the bubbles. Table 1 summarizes the details of PLA–TiO2 nanocomposites. 

 
Table 1 
Identification of abbreviations for PLA-TiO2 nanocomposites 
Composites PLA (wt·%) Nanoparticle (wt·%) 

PLA 100 0 
PLATi0.5 99.5 0.5 
PLATi2.0 98.0 2.0 
PLATi3.5 96.5 3.5 
PLATi5.0 95.0 5.0 
PLATi7.5 92.5 7.5 

  

2.3 Characterizations of PLA/TiO2 Nanocomposites 
 

The surface morphologies of the prepared nanocomposites were analyzed by FESEM (Hitachi 
SU8020 and JEOL JSM-7600F and a 15 kV (QUANTA FEG 450). The system was set at a high vacuum 
condition with two different accelerating voltages, each of 5 kV. Before the morphology analyses. 
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Dynamic mechanical analysis (DMA) was conducted on a TA instrument (DMA Q 800). The sample 
of dimension (30 mm × 8 mm × 0.5 mm) was heated from 25 to 160 °C at the scanning rate of 2 °C 
per min with regulated sinusoidal strain. The DMA measurement was to provide storage modulus 
(E′), loss modulus (Eʺ), and damping factor (tan δ) data. Differential scanning calorimetric (DSC) tests 
were performed using a TA Instruments (DSC Q20 series). In every test, about 4 to 7 mg of each 
PLA/TiO2 nanocomposites was encapsulated in an aluminum pan, and an empty sample pan served 
as a reference. First, the thermal history of the sample was removed by heating it from 30 °C to 180 
°C at scanning a rate of 10 °C/min. Then, the sample was held at 180 °C for 10 min followed by cooling 
at 30 °C at scanning a rate of 2 °C/min. Next, the thermal performance of the sample was recorded 
by reheating it from 30 °C to 180 °C at scanning a rate of 2 °C/min. The glass transition temperature 
(Tg), cold crystallization temperature (Tcc), melting temperature (Tm) and melting enthalpy (∆Hm) were 
determined from the second heating scan. The degree of crystallinity (𝑋𝑐) was calculated using Eq. 
(1) [24]. 
 

𝑋𝑐 =  
∆𝐻𝑚−∆𝐻𝑐𝑐

∆𝐻𝑚
∗ × 100             (1) 

 
where ∆Hcc (in J/g) and ∆Hm (in J/g) are the respective enthalpies of the crystallization and the fusion 
of the PLA nanocomposites, ∆𝐻𝑚

∗  (93.1 J/g) is the heat of fusion of 100% PLA [24]. 
Thermogravimetric analysis (TGA) of the as-prepared nanocomposites was carried out using a TA 

instruments (Q-500). About 5 to 10 mg of each composite was separately placed onto the sample 
holder containing a clean platinum pan. Next, it was carried to the beam balance and the oven was 
closed before being heated at the rate of 10 °C/min from room temperature to 600 °C in the nitrogen 
atmosphere. 
 
3. Results and Discussion 
3.1 Cross Section Morphology of PLA Nanocomposites 
 

The FESEM cross - section morphology of the PLA nanocomposites (Figure 1) was carried out to 
evaluate the dispersion and distribution of TiO2 nanoparticles inside the biodegradable polymer 
matrix. Furthermore, qualitative analyses on phase dispersion, polycrystalline morphologies, and 
interfacial strength were performed. The images of nanocomposites were taken in areas where the 
films were earlier in cryogenically fractured surfaces under liquid nitrogen. The morphology of the 
neat PLA film was observed to be flat without any trace of matrix tearing, the formation of holes and 
cavities, wherein TiO2 nanoparticle was entirely embedded into the PLA matrix. Moreover, the 
incorporated TiO2 nanoparticle was dispersed well and distributed quite uniformly and 
homogeneously inside the PLA matrix without any considerable agglomeration for TiO2 content up 
to 3.5 wt%. This indicated excellent dispersion of TiO2 nanoparticle at its lower wt%. Moreover, at 
higher contents up to 5 wt% and above these nanofillers revealed an enhanced agglomeration 
tendency. 

This agglomeration trend of the nanocomposites at higher TiO2 contents was majorly ascribed to 
the absence of any surface treatment on the used TiO2, where interaction among Ti and OH groups 
on the surface became significant. 
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Fig. 1. FESEM images at 5000 magnifications for (a) neat 
PLA, (b) PLATi0.5, (c) PLATi2.0 and (d) PLATi3.5, (e) 
PLATi5.0, (f) PLATi7.5 

 
Additionally, the influence of van der Waals forces played a major role in the synthesis of TiO2/PLA 

nanocomposites via solvent casting solution through direct dispersion of TiO2 into the PLA matrix. 
Such dispersion of TiO2 into the PLA matrix could have a direct effect on the physical traits of the 
nanocomposites, wherein the role of TiO2 at the individual level becomes significant. 
 
3.2 XRD Scatting Angle of PLA Nanocomposites 
 

Figure 2 illustrates the XRD pattern of prepared PLA and PLA/TiO2 nanocomposites which clearly 
showed the influence of TiO2 incorporation into the PLA matrix in terms of various crystalline peaks. 
The characteristic crystalline peaks of PLA and PLA/TiO2 nanocomposites were observed, wherein 
neat PLA and all nanocomposites revealed a broad peak around 2Ɵ = 16.5° allocated to the semi-
crystalline structure. The occurrence of crystalline peaks in the prepared nanocomposites were 
allotted to the diffraction from (110) and (200) lattice planes of the α-crystalline phase of PLA [25]. 
Furthermore, neat PLA films did not show any sharp crystalline peak. With the increase of TiO2 
contents as filler in the PLA polymer matrix, the crystalline peaks belonging to the TiO2 became more 
prominent. The appearance of these sharp diffraction peaks centered at 2θ value of 27.5°, 36°, 41.2°, 
and 54.3°, were assigned to the rutile phase of TiO2 which was consistent with other reported values 
[26,27]. 
 

 
Fig. 2. XRD pattern (a) neat PLA, (b) PLATi0.5, (c) 
PLATi2.0, (d) PLATi3.5, (e) PLATi5.0, and (f) PLATi7.5 
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3.3 Dynamic Mechanical Properties of Nanocomposites 
 

Storage modulus or elastic modulus (E') is a measure of the stiffness of the materials. Figure 3 
shows the variation of E′ as a function of temperature for the nanocomposites with and without TiO2 
embedment. This provides a clear view of the molecular mobilities alteration in PLA/TiO2 
nanocomposites compared to neat PLA. The value of E′ provided the information related to the 
storage of maximum energy in the nanocomposites during one oscillation cycle. It also described the 
mechanical stiffness and the load-bearing ability of the nanocomposites as a function of temperature 
and frequency. Usually, the E′ and Young modulus are related to each other through materials’ 
stiffness [28]. 

In the low temperatures domain (30 to 50 °C) the nanocomposites revealed the glassy phase with 
brittle and rigid characters. In the mid temperature’s region (59.63° C to 61.22°C) all the 
nanocomposites disclosed a usual semi-crystalline polymeric nature with an outsized reduction in 
the E′ value, which corresponded to the glass transition temperature (Tg) region, wherein the peaks 
in the loss modulus and damping factor appeared. Furthermore, these nanocomposites changed 
their behavior from brittle and rigid to soft and ductile types. The high-temperature region (above 
60 °C) corresponded to the rubbery state where the stiffness was very low, and the nanocomposites 
could retain its softness and elastic character. 

The increase in the E′ values for the nanocomposites with the increase in TiO2 (nanofiller 
embedment) loading was consistent with other findings [4,29]. However, it was argued that the 
nanofillers content should be below a certain limit so that the value of E′ must not drop notably. The 
observed reduction in the E′ values can be ascribed to the agglomeration tendency of TiO2 and 
imperfect dispersion, which led to the ineffective transfer of stress at the interfacial regions of the 
PLA matrix and inter-phases. The FESEM morphologies (Figure 1) of the nanocomposites supported 
this observation. The agglomerated TiO2 were connected to each other and arrested the molecular 
movement at the point of contact inside the inter-phases, thus enhancing the moduli and stiffness 
of the resultant nanocomposites. 

 

 
Fig. 3. Temperature-Dependent Variation in the Storage Modulus of neat 
PLA Various PLA Nanocomposites 
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The PLA/TiO2 nanocomposites also showed a decrease in the E′ values with an increase in 
temperature. In the lower temperature region, the polymer chains were fairly stiff however, with 
increasing temperature, they became more flexible. The movement of polymer chains was rapid 
because of the higher mobility of the segments, thus leading to lesser stiffness and a decrease in the 
E′ values as expected. Nevertheless, the observed increasing trend in the E′ around 100 °C was 
attributed to the onset of cold crystallization of PLA and subsequent growth of tiny spheroidal mass 
of crystals (spherulites) in the nanocomposites [30]. 

The values of loss modulus (Eʺ) measure the materials’ viscosity in terms of the energy loss in the 
form of heat in the presence of stress or deformation cycle. Figure 4 illustrates the variation of Eʺ as 
a function of temperature for the nanocomposite’s films without and with TiO2 embedment. A higher 
value of Eʺ signifies higher viscosity, marking higher damping characteristics. Both below and above 
Tg (maximum of Eʺ), the Eʺ value for pristine PLA film was more compared to TiO2 embedded PLA 
film. These lower peak values of Eʺ for the prepared nanocomposites were ascribed to the TiO2 
incorporation facilitated an increase in the number of chain segments within the free volume of the 
PLA matrix. The inclusion of TiO2 could have hindered the relaxation process of polymeric chains 
within complex networks. Furthermore, the addition of TiO2 as nanofiller led to a reduction in the 
nanocomposite’s viscosity compared to neat PLA matrix. Conversely, the E′ values started increasing 
at around 100 °C because of the cold crystallization process of PLA and the formation of spherulites 
in the synthesized bio composites [30,31]. 
 

 
Fig. 4. Temperature -Dependent Variation in the Loss Modulus of neat PLA 
Various PLA Nanocomposites 

 
Figure 5 shows the temperature dependent variation in the damping factor (tan δ) of various 

PLA/TiO2 nanocomposites with and without TiO2 incorporation. Irrespective of the TiO2 contents, the 
peak values of tan δ for the PLA/TiO2 nanocomposites were reduced compared to neat PLA. This 
lowering in the tan δ values for the nanocomposites because of TiO2 (nanofillers) embedment is 
useful for thermo-mechanical applications.  
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Fig. 5. Temperature -Dependent Variation in the Damping Factor of neat PLA 
Various PLA Nanocomposites 

 
The value of tan δ for all nanocomposites first reached a maximum around Tg and then decreased 

rapidly, indicating the softening tendency of the PLA/TiO2 nanocomposites. The values of both tan δ 
and Tg were greatly sensitive to the entrenchment of nanofillers volume fraction in the polymeric 
matrix. Table 2 enlists the measured dynamic mechanical attributes of various PLA/TiO2 

nanocomposites with and without TiO2 embedment. Clearly, neat PLA film showed the maximum 
value of tan δ (1.97), implying the highest molecular movement. 
 

Table 2 
Dynamic mechanical characteristics of various PLA 
nanocomposites with and without TiO2 
Samples E′ (GPa) Eʺ (GPa) Tg (°C) tan δ 

PLA 3.13 0.080 59.9 1.97 
PLATi0.5 3.21 0.081 60.69 1.38 
PLATi2.0 3.23 0.115 61.22 1.61 
PLATi3.5 3.26 0.092 59.63 1.20 
PLATi5.0 3.20 0.077 60.65 1.64 
PLATi7.5 3.24 0.074 60.82 1.58 

 

3.4 Thermal Behavior of PLA Nanocomposites 
 

It is established that nanoparticles substantially influence the growth and nucleation processes 
of materials. In the present case, the incorporated TiO2 nanoparticles so-called nanofillers acted as 
nucleating agents in the PLA polymer, thereby produced improved properties. PLA is a semi-
crystalline polymer, its mechanical properties could depend significantly on the degree of 
crystallization. Consequently, the effect of polymer crystallization on the improvement of the 
mechanical properties of PLA/TiO2 nanocomposites was evaluated. Figure 6 displays the DSC curves 
of nanocomposites containing various amounts of TiO2 compared to neat PLA (without TiO2). It also 
shows the important parameters: glass transition temperature (Tg), melting temperature (Tm) and 
crystallization temperature (Tc). The first and second DSC heating cycle was performed with the 
scanning rate of 10 °C/min and 2 °C/min respectively. 
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Fig. 6. DSC Curves of PLA Nanocomposites Compared to Neat PLA in the 
First Cycle of Heating 

 
Neat PLA revealed a Tg and Tm value of 53 ° C and 153.0 °C, respectively, as reported earlier [32]. 

Furthermore, the location of Tg, Tcc, and Tm were shifted with the change in TiO2 contents (0.5, 2, 3.5, 
5, and 7.5 wt%). Figure 7 shows the DSC curves of all the prepared nanocomposites compared to neat 
PLA. The crystallization processes of nanocomposites became prominent during heating (cold 
crystallization), and a peak was developed. The value of Tm of the nanocomposites was close to 154 
°C, wherein various transition temperatures were not significantly affected due to the embedment 
of TiO2 in the PLA matrix.  
 

 
Fig. 7. DSC Curves of all the PLA Nanocomposites Compared to Neat PLA in 
the Second Cycle of Heating 

 
Neat PLA and TiO2 embedded PLA both disclosed two melting peaks with the dominant one at 

the higher temperature. These results are in good agreement with other reported data in the 
literature on PLA and its nanocomposites [31,32]. Usually, neat PLA shows two melting peaks. At a 
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low rate of scanning, tiny and irregular crystallites have enough time for the melting and 
recrystallization process, which can majorly be explained by melt-recrystallization model [30]. 

Table 3 summarizes the thermal parameters of various PLA/TiO2 nanocomposites with and 
without TiO2 (nanofillers) embedment. The crystallinity percentage in the nanocomposites can be 
obtained from the DSC data analyses (Eq. (1)). The enthalpy of fusion for crystalline PLA (100% 
crystallinity) was found to be 93.1 J/g. Furthermore, the crystallinity degree of nanocomposites was 
improved with an increase in the TiO2 contents. This TiO2 concentration dependent enhanced 
crystallinity amount in the nanocomposites was ascribed to the accelerated nucleation effects. The 
PLA nanocomposites containing 2.0 and 3.5 wt·% of TiO2 revealed the optimum crystallinity; 
however, the crystallinity of the composites decreased at high content of TiO2. The occurrence of 
reduced crystallinity with the increase of TiO2 content beyond 3.5 wt·% was attributed to the 
aggregation of TiO2, where highly uniform dispersion of TiO2 could form stronger interaction among 
them in the PLA matrix, thereby inducing accelerated nucleation and growth. The observed 
discrepancy in the Tg values obtained from DSC and DMA is primarily due to the use of different 
solicitation modes, which are not comparable. The value of Tg obtained from DMA was shifted toward 
higher temperatures than those attained by DSC analyses which were ascribed to the frequency 
dependent factor. 
  

Table 3 
Thermal parameters of various PLA nanocomposites with and without TiO2 

Samples Tg (°C) Tc (°C) Tcc (°C) ∆Hcc (J/g) Tm1 (°C) Tm2 (°C)  ∆Hm (J/g) χc (%) 

PLA 53.00 92.10 94.20 18.80 141.90 153.00 37.72 17.52 
PLATi0.5 54.00 92.35 95.50 12.30 140.00 153.20 30.10 21.22 
PLATi2.0 55.69 95.50 93.10 1.27 142.80 153.70 32.30 30.91 
PLATi3.5 55.15 95.00 93.20 7.39 140.70 154.10 34.90 29.52 
PLATi5.0 56.00 92.50 93.60 8.40 140.80 153.95 34.50 25.47 
PLATi7.5 55.90 92.00 94.00 9.00 141.00 153.70 34.10 26.23 

 
3.5 Thermal Stability of PLA Nanocomposites 
 

Figure 8 and Figure 9 present the TGA and DTG curves of various PLA/TiO2 nanocomposites with 
and without TiO2 (nanofillers) embedment. The thermal degradation of the different samples was 
evaluated in one step, apart from a slight weight loss below 100 °C, which can be attributed to the 
evaporation of adsorbed water. The appearance of the plateau starting from 285 °C was due to the 
decomposition of nanocomposites. After that, a significant mass loss is observed, which corresponds 
to the decomposition of the PLA. Two indicators, such as the onset degradation temperature (Tonset) 
and destabilization temperature at weight loss of 50% (T50%) were used to characterize the onset 
and the structural decomposition of the nanocomposites.  
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Fig. 8. TGA Curves of Various PLA Nanocomposites with and Without TiO2 

 

 
Fig. 9. DTG Curves of Various PLA Nanocomposites with and Without TiO2 

 

Table 4 enlists the (Tend) referred to end decomposition and the values of maximum derivative 
weight (Tmax) obtained from a derivative mass loss curve and the mass residue of the samples (char 
residue) at 525 °C. The weight loss of T5% was defined as the initial decomposition temperature. 
Primarily, TiO2 might have acted as a barrier of heat in the early phases of thermal decomposition 
and reduced the molecular movements of PLA molecules adjacent to the TiO2. 
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Table 4 
Thermal properties of various PLA/TiO2 nanocomposites with and without TiO2  

Composites Tonset (°C) T50% (°C) Tend (°C) Tmax (°C) Char Residue 
(%) 

PLA 288.7 353.8 378.5 360.2 1.44 
PLATi0.5 291.1 353.4 376.0 360.5 1.87 
PLATi2.0 291.3 355.0 376.4 361.1 2.80 
PLATi3.5 307.4 357.2 377.1 362.2 5.21 
PLATi5.0 310.0 360.0 379.0 366.5 6.30 
PLATi7.5 305.2 358.1 378.1 364.3 8.62 

 
It is obvious to note that the onset degradation temperature of nanocomposites shifts to a higher 

temperature with the increase for neat PLA, the value of Tonset was about 288.7 °C and the complete 
degradation occurred around 378.5 °C, which was lower compared to PLA/TiO2 nanocomposites 
(Figure 9). Both Tonset and Tend for the nanocomposites were shifted to a higher value compared with 
the neat PLA where the residue of the neat PLA film (1.44%) was lower. The residue for these 
nanocomposites was ranged from 1.87% to 8.62% when TiO2 contents in the PLA matrix were varied 
from 0.5 wt% to 7.5 wt%, respectively. This indicated constant mass retention of the nanocomposites 
at the end of each TGA scan (Table 4) wherein the observed values were close to the theoretical 
estimates. TGA being an analytical technique is highly sensitive to the actual contents of TiO2; thus, 
the differences were consistent with the amount of TiO2 added into the PLA matrix. This observation 
suggested an excellent dispersion of TiO2 within the PLA matrix and tallied well with other reports 
[31,33]. The thermal stability of the nanocomposites was improved. This modification in the thermal 
stability of nanocomposites due to TiO2 embedment can be ascribed to varieties of chemical and 
physical processes. 
 
4. Conclusions 
 

This work attempted to improve some drawbacks related to the thermomechanical properties of 
biodegradable PLA biopolymer. To achieve this, nanofiller TiO2 was incorporated into PLA and 
PLA/TiO2 nanocomposites were synthesized using solvent casting united hot press methods. These 
TiO2 nanoparticles reinforced PLA revealed improved biodegradable qualities. The homogeneous 
dispersion of TiO2 in the polymer matrix could produce a very low degree of agglomeration, thus 
enhanced biodegradable attributes. The mechanical, morphological structural, and thermal 
characterizations of the as-prepared nanocomposites were made. FESEM analyses disclosed good 
incorporation of nanofillers with homogeneous surface morphology. The XRD analyses of 
nanocomposites showed crystallization without any inhibition. The DMA of nanocomposites 
displayed enhancement in the thermo-mechanical properties, wherein the addition of TiO2 caused 
an increase in the storage modulus (stiffness) and a decrease in the (tan δ) values. The DSC 
measurement verified insignificant effects of TiO2 on the Tm, but had a prominent effect on the Tcc 
and Xc. The TGA analysis of nanocomposites exhibited an increase in the final residue with the 
increase in TiO2 content, confirming its excellent dispersion. The observed enhancement in the 
thermal stability, the modulus, and elastic limit of the PLA was ascribed to the TiO2 reinforcement 
mediated effects. It was concluded that materials with low fill percentage can be effective to get 
excellent distribution and orientation of the particles in the polymeric matrix. It was established that 
the nanocomposites with excellent biodegradability and thermo-mechanical traits are potential for 
industrial applications, especially in food packaging. 
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