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Abstract: In this report, Polylactide/Nanoclay/TiO2 nanocomposite films with two different weight 

percentages (2wt% and 5wt %) of clay and TiO2 nanoparticles were prepared by a cost-effective 

approach. A solvent casting process with the help of a cost-effective film applicator was used to prepare 

nanocomposite films. The surface morphology investigations revealed the agglomeration of fillers at 

higher weight percentages and uniform mixing of fillers at lower weight percentages. The crystallinity 

of the prepared films did not alter much with the nanofiller addition. Nanofillers with a 2wt% 

concentration in the PLA matrix enhanced thermal and mechanical properties significantly. The PLA 

nanocomposite films have exhibited an intense broad emission band in violet color with a wavelength 

of ≈420 nm. In addition, the antibacterial activity of polylactic acid nanocomposite films was 

investigated against Gram-positive S. aureus and Gram-negative E. coli bacteria. The enhanced 

antibacterial activity is observed for a 5wt% concentration of nanofillers. The results showed that the 

antibacterial activity increases with nanofiller concentration. This study presents a simple and cost-

effective approach to preparing nanocomposite films with tuneable properties of mechanical, thermal, 

and antibacterial activity.  
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1. Introduction 

Polylactic acid (PLA) is the most promising biodegradable thermoplastic polymer. The 

PLA is derived from renewable sources such as corn starch, sugarcane, etc. Now a day's plastic 

industry is using petroleum-based non-biodegradable polymers, posing a great threat to the 

environment. Due to the depletion of petroleum resources, environmental pollution, and 

toxicity, the biodegradable polymer PLA is one of the best alternative solutions. According to 

their application, the nanofillers incorporation in the PLA enhances the properties [1,2]. TiO2 

has been widely used among different metal oxide nanofillers because it is non-toxic, 

environment friendly, has high chemical stability, and is easy to synthesize. Titanium dioxide 

is a commonly used antibacterial material for food packaging applications. The smaller size 

TiO2 particles (<100nm) can exhibit better antibacterial efficacy compared to the larger 

particles [3,4]. The surface-modified nanoclays such as montmorillonite, saponite, and 

hectorite showed improvements to the PLA polymer matrix in mechanical, thermal, optical, 

and antibacterial properties at lower concentration levels. PLA/nanoclay nanocomposite films 
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show a strong antibacterial function against gram-positive and gram-negative bacteria. In this 

quaternary, ammonium groups of nanoclays influence the antimicrobial function [5,6]. 

There are different techniques to prepare PLA/TiO2 nanocomposite films in the 

literature. Shoaib Mallick et al. used spin coating and studied the properties of structural, 

thermal, and electrical [7]. Haichen Zhang et al. prepared PLA/TiO2  nanocomposite using Van 

extruder equipment, and thermal and mechanical properties were studied [8]. Hai Chi et al. 

studied the barrier, structural and thermal properties using the solvent evaporation method [9]. 

A high-pressure treatment was used by Zhenya Tang et al. to prepare composite films, and 

structural, DSC, water vapor permeability, and oxygen transmission were measured and 

analyzed [10]. J.P. Mofokeng et al. used the melt blending technique, and nanocomposite 

morphologies and degradation studies were investigated [11]. Among these, cost-effective and 

low energy consuming processes need to be chosen to prepare the films, and the results should 

be applicable to commercial packaging film applications. The mechanical properties of the 

films in this work were tested according to the ASTM D882 standard to compare with 

petroleum-based packaging films. The metal oxide nanofillers were incorporated into the PLA 

and studied the influence of different nanofillers in the polymer [12]. To study and enhance the 

properties of PLA/nanoclay composite films, the other nanofillers were incorporated, which 

are copper [13], zinc [14], silver [15], zinc oxide, and titanium dioxide [16]. Here, surface-

modified nanoclay is incorporated with TiO2 nanoparticles to improve properties. Surface-

modified nanoclay has a hydrophilic surface. It is miscible with only hydrophilic polymers like 

polylactic acid and polyvinyl alcohol. Due to its high surface area with a large aspect ratio, it 

has compatibility with thermoplastics. And also, it has great attention in the packaging area. 

Certain montmorillonite (MMT) clays showed strong antibacterial activity against Gram-

positive and Gram-negative bacteria. This could be attributed to the quaternary ammonium 

groups from surface modifiers. So, PLA composite film's antibacterial activity inhibitory effect 

can be enhanced by incorporating higher hydrophilic nanoclay [17]. 

To enhance the properties of PLA, titanium dioxide (TiO2) nanoparticles and surface-

modified clay nanofillers were used in the present work. The main objective of the current 

work is to investigate the performance of TiO2 and clay nanofillers incorporation in the PLA 

with a low-cost, simple solvent casting method. The films were prepared at room temperature 

using a low energy consuming film applicator. From our investigation, the small amounts of 

nanofillers in the PLA showed proper dispersion and improved thermal properties. The large 

amounts of nanofiller create aggregation in the PLA matrix. These are confirmed with SEM 

and mechanical analysis. Furthermore, the large amounts of nanofillers films have shown 

improved antibacterial properties due to the availability of nanofillers interaction with bacteria. 

2. Materials and Methods 

The poly (lactic acid) used in the synthesis process is Ingeo 3052D, a commercial grade 

was purchased from the Natur-Tec India Pvt Ltd. Titanium dioxide, sigma-634662, a mixture 

of rutile and anatase nanopowder, <100nm particle size. Nanoclay surface-modified, 

montmorillonite clay, sigma-682640. The solvent chloroform (CHCl3) from FINAR was used 

to prepare the films. 
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2.1. Preparation of PLA nanocomposite films. 

PLA nanocomposite films were prepared with two different weight percentages 2wt% 

and 5wt%, by incorporating TiO2 nanoparticles and nanoclay in the PLA. First, the PLA 

granules were dissolved uniformly in chloroform at 10(W/V %). The nanofillers were 

separately sonicated in the chloroform for 15min to avoid miscibility. Next, the sonicated 

solutions were poured slowly into the PLA solution. After 4 hours of stirring, the nanofillers 

uniformly dispersed in the PLA solution. This homogenous solution was used to prepare 

PLA/Clay/TiO2 films using an automatic film applicator (SM 102) with 30% motor power at 

30 mm per second speed. After drying at room temperature, the films were cut in the ASTM 

D882 standard (25.4 mm X 152.4 mm) for the tensile test [18]. 10mm diameter circular film is 

taken for antibacterial analysis. The film's thickness was measured using a Precise- CTG 803 

F/NF thickness gauge meter. The average thickness of the film is observed as 200µm. The 

prepared films are shown below (Figure 1). 

 
Figure 1. Shows the prepared films: (a) PLA; (b) PT2; (c) PT5; (d) PCT 2; (e) PCT5; (f) thickness. 

2.2. Characterization of the films. 

The scanning electron microscopy (SEM) imaging was performed to observe the 

morphology of the surface of PLA nanocomposite films using a ZEISS scanning electron 

microscope. The structure of nanocomposite films was characterized by an X-ray 

diffractometer (Bruker diffractometer Xpert pro goniometer -PW3050/60), the X-ray source in 

this experiment is Cu Kɑ (k = 1.54 Å) radiation. The thermal properties of the PLA 

nanocomposites films were analyzed using a PerkinElmer simultaneous Thermal Analyzer-

STA 6000 under a nitrogen atmosphere. The samples were analyzed at room temperature with 

a temperature of 10 °C per minute in an inert atmosphere. Tensile tests of PLA nanocomposite 

films were analyzed at room temperature from a Universal testing Machine (AE-30KN). The 

specimen was tested according to ASTM D882. The data reported here were calculated in an 

average of three specimen tests. 1KN load was applied to carry out the tensile test at 5 mm per 
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minute speed for every specimen. The specimen gauge length was taken as 110 mm to test the 

specimen. The film thickness was less than 1mm according to the standard specimen. The 

antibacterial test was carried out with pure strains: Escherichia coli (MTCC-433) gram-

negative bacteria and Staphylococcus aureus (MTCC-1430) gram-positive bacteria. The agar 

medium was poured into Petri plates, and strains were swabbed on medium plates. The PLA 

nanocomposite films were placed on a medium and incubated for 24 hours at 37°C. The 

bacteria plates were shown the zone of inhibition after the incubation period of 24 hours. 

3. Results and Discussion 

3.1. Structural and elemental analysis. 

To understand the incorporation of two different weight percentages of nanofillers in 

the PLA matrix, the surface morphology of films was observed by scanning electron 

microscopy (SEM). The elements present in the prepared films were confirmed from EDS 

(Figure. 2). The surface morphology evidenced that nanoparticles are uniformly dispersed in 

the PLA matrix when the TiO2 and clay nanoparticles' weight is 2wt%, as shown in Figure 2(c, 

g). However, when TiO2 and clay nanoparticles' weight percentage increased to 5wt%, created 

agglomeration in the PLA matrix is shown in Figure. 2(e, i). By comparing two images (c, g) 

and (e, i) in Figure 2 at a 2µm scale, it can be found that the microscopic morphology of low 

weight percentage (2 wt%) nanocomposite films is smooth. However, after incorporating 5wt% 

nanofiller, the microscopic surface showed uneven morphology. This creates more 

agglomeration on the film when compared to 2wt%. These agglomerations of nanofillers 

influence the antibacterial efficacy of films [7,8]. 

Figure 2. Surface morphology of: (a) Pure PLA; (b) PLA/TiO2 at 2wt%; (c) PLA/TiO2 at 5wt% ; (d) PLA/clay/ 

TiO2 at 2wt% ; (e) PLA/clay/TiO2 at 5wt%. 
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3.2. XRD analysis. 

 The structural characterization of the PLA nanocomposite films was analyzed by X-

Ray diffraction (Figure 3). The major diffraction peaks at 16.68° and 19.06° were related to the 

pure PLA peaks and assigned to (200)/(110) and (203) reflections. In this, the crystalline 

structures of Titanium dioxide are anatase and rutile. The anatase peak was observed at 25.32° 

indexed as (101/011). Rutile diffraction peak observed at 24.45°, this peak visible at 5wt% of 

PT film. The reason for not detecting rutile peaks for other films is due to a very small amount 

of rutile, and XRD is unable to detect them. At 5wt%, PLA semi-crystalline peak intensity 

decreased due to many nanofillers in the film-created agglomeration. This was confirmed with 

SEM, as shown in Figure 3. The XRD spectra of TiO2 nanoparticles in the PLA composite 

showed the diffraction peaks of both polymorphs of TiO2 anatase and rutile with JCPDS 89-

4921 and JCPDS 89-4920, respectively [19,20].  

Figure 3. X-ray diffraction pattern of PLA nanocomposite films. 

3.3. Thermal analysis. 

The thermal analysis of pure PLA and PLA/clay/ TiO2 nanocomposites was realized by 

differential scanning Calorimetry (DSC), Thermogravimetry (TG), and derivative thermogram 

(DTG), as shown in Figures 4 and 5, respectively. The values of glass transition (Tg), 

crystallization (Tc), and melting temperature (Tm) were mentioned (Table 1). The values note 

down at the point where the curve deviates from the linearity of the sample baseline. The slight 

decrease in the thermal properties of PLA/TiO2 nanocomposite at 5Wt% is because many 

nanoparticles disrupt the regularity of the PLA chain structure and increase the spacing between 

the chains [7,8,21]. When the incorporation of TiO2 nanoparticles at 2wt% and 5wt% in the 

PLA/clay composite has no considerable difference in the thermal properties, this confirms that 

the incorporation of nanoparticles does not play an active role in heterogeneous nucleation for 
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PLA nanocomposite matrix. There is no peak area to find the enthalpy of crystallization in 

PLA, PLA/TiO2 nanocomposite. 

 

Figure 4. DSC thermograms of Pure PLA and PLA nanocomposite films. 

Table 1. Thermal events of PLA nanocomposite films. 

Sample Tg(°C) TC(°C) Tm(°C) ΔH m (j/g) 

Pure PLA 60 118 156 33.94 

PT (2wt %) 63 119 158 30.89 

PT (5wt %) 58 113 154 30.85 

PCT (2wt %) 64 121 158 26.76 

PCT (5wt %) 62 117 155 23.65 

 

 Figure 5. Thermogravimetry (TG) curves (a) with corresponding derivative thermogram(DTG)(b) of 

PLA nanocomposite films. 

 The TGA curve shows the thermal weight loss of the pure PLA, PLA nanocomposite 

films (Figure 5a). The TGA of the PLA nanocomposite films decomposed in a single-step 
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process. At 2wt% PLA/clay/TiO2 nanocomposite film, initial degradation temperatures are 

shifted to higher values than Pure PLA. This indicates that the addition of 2Wt% of nanofiller 

could create a strong bond with surface modified nanoclay and PLA [22,23]. 

3.4. Photoluminescence. 

Photoluminescence spectra of the prepared films were excited at 390nm at room 

temperature, and the emission graphs of the films are shown in Figure 6. The PLA film has not 

shown a significant emission band. However, the PT2 has exhibited an intense broad emission 

band in violet color with a wavelength of ≈ 420 nm. By incorporating 5wt% of titanium dioxide 

nanofiller, there is a gradual increase in the intensity of the emission band with the same 

wavelength. Later, with the effect of incorporating the nanoclay into the composition, we can 

observe that the samples PCT2 and PCT5 films have shown a blue shift in the emission maxima 

with the gradual increase of the intensity. The blue shift is due to the enlargement of the optical 

bandgap of the samples [24]. Here the optical bandgap depends on the amount of nanofiller 

incorporation. The gradual increase of nanofiller in the PLA matrix leads to agglomeration of 

the film. Surface-modified nanoclay is responsible for shifting the emission band towards a 

shorter wavelength. Among all the PLA nanocomposite films, PCT5 has shown the highest 

band intensity with an emission peak in violet color. There are no reports available on the 

emission properties of these samples. 

Figure 6. Photoluminescence: (a) Excitation graph; (b) Emission graph of PLA nanocomposite films. 

3.5. Mechanical Analysis. 

Figure 7a depicts typical stress-strain curves of Pure PLA and PLA nanocomposite 

films with different weight percentages. The tensile properties of young's modulus, yield 

strength, the Pure PLA tensile strength, and PLA nanocomposite films were measured from 

stress-strain curves. The yield strength was measured with a 0.2% offset line. At 2wt%, all 

tensile properties were shifted to a higher value when compared to Pure PLA, as shown in 

Figure 7. At 5wt%, the tensile strength of PLA nanocomposite films showed lower than pure 

PLA. This indicates that an appropriate weight percentage of TiO2/clay incorporation, to some 

extent, can improve the tensile properties compared to Pure PLA [8]. The amount of 

nanoparticles increases a large number of clusters so that the contact area between the 

nanoparticles and the PLA matrix is reduced, leading to a decrease in the mechanical properties 

of the films[18,25]. 
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Figure 7. (a) Stress-strain graph; (b) Young's Modulus; (c) Yield strength; (d) Tensile strength of the Pure PLA 

and PLA nanocomposite films. 

3.6. Antibacterial performance. 

 The antibacterial properties of PLA nanocomposites on E. coli and S. aureus have been 

studied. The results of the zone of inhibition bar graph showed in Figure 8. The initial 

conclusion is that all these films decrease bacterial growth, as confirmed by Figure 8. The 

nanoparticles present in the PLA nanocomposite film directly interact with the bacterial 

metabolism. The TiO2 nanoparticles generate electron-hole pairs and trigger redox reactions in 

the process of killing bacterial growth [3,12]. The zone of inhibition is enhanced with nanoclay 

incorporation because the nanoclay contains quaternary ammonium groups. The zone of 

inhibition values at 2wt% of PT and PCT nanocomposite films were observed for E. coli as 

11±0.22 mm, 14±0.28mm, and for S. aureus as 10.5±0.21mm, 13±0.26mm, respectively. By 

increasing TiO2 nanoparticles and Nanoclay concentration in the PLA matrix, nanocomposites 

show better behavior in killing bacteria [17,26,27]. At 5wt% of PT and PCT nanocomposite 

films were observed for E. coli as 19±0.38 mm, 22±0.44mm and for S. aureus as 20±0.4mm, 

23±0.46mm, respectively. The zone of inhibition depends on the availability of nanoparticles. 

If more nanoparticles content is available, the zone of inhibition will increase. The inhibition 

distance is more for more amount of nanoparticles incorporated in the film. This might be due 

to the direct contact of nanofillers reactive sites with the bacterial cell wall [3]. 
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Figure 8. Zone of inhibition and their error Bar Graph of PLA nanocomposite films. 

4. Conclusions 

The effects of two different weight percentages of nanoparticles on the structural, 

Morphology, thermal, mechanical, optical, and antibacterial properties have been studied. The 

dispersion of nanoparticles in the PLA matrix is the primal cause to incite the properties of the 

polylactide nanocomposite films. The photoluminescence properties were analyzed for PLA 

nanocomposite films, and PL spectra exhibited an emission band at ≈420nm. A homogeneous 

dispersion of nanoparticles in the polylactide matrix constitutes strong interfacial interactions 

between nanoparticles and the polylactide matrix. This will significantly enhance the properties 

of the nanocomposite films. PLA nanocomposite with 2wt% concentration was enhanced the 

thermal, mechanical properties, and 5wt% nanocomposite has increased the zone of inhibition 

in the antibacterial analysis. 
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