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Abstract: The synergistic effect of organoclay (OC) and zinc oxide (ZnO) nanoparticles on the crucial properties of poly(lactic acid) (PLA) nanocomposite films was systematically investigated herein. After their incorporation into PLA via the solvent casting technique, the water vapor barrier property of the PLA/OC/ZnO film improved by a maximum of 86% compared to the neat PLA film without the deterioration of Young’s modulus or the tensile strength. Moreover, the film’s self-antibacterial activity against foodborne pathogens, including gram-negative (Escherichia coli, E. coli) and gram-positive (Staphylococcus aureus, S. aureus) bacteria, was enhanced by a maximum of approximately 98–99% compared to the neat PLA film. Furthermore, SEM images revealed the homogeneous dispersion of both nano-fillers in the PLA matrix. However, the thermal stability of the film decreased slightly after the addition of the OC and ZnO. The film exhibited notable light barrier properties in the UV-Vis range. Moreover, the incorporation of a suitable biodegradable plasticizer significantly decreased the Tg and notably enhanced the flexibility of the nanocomposite film by increasing the elongation at break approximately 1.5-fold compared to that of the neat PLA film. This contributes to its feasibility as an active food packaging material.
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1  Introduction

Sustainable food packaging is taking on an increasingly important role in retarding the deterioration of packaged food products and ensuring food safety. Such packaging involves less energy and material input; fewer negative social, economic, and environmental impacts; and minimized municipal solid waste generation [1]. The selection of renewable environmentally friendly polymers as food contact materials is one of the potential factors contributing to more sustainable packaging in the food supply chain [2].

Poly(lactic acid) (PLA) is considered a promising and growing alternative to conventional petroleum-based polymers for packaging and is presently widely used in this regard. Briefly, PLA is a linear aliphatic thermoplastic polyester primarily synthesized from renewable agricultural resources, such as sugar beet, corn, soy protein, potato, and biomass waste. It exhibits biocompatibility and biodegradability and possesses unique features, such as low toxicity, high transparency, and environmentally benign characteristics. Additionally, PLA is classified as “generally recognized as safe” (GRAS) for use as a food contact polymer by the U.S. Food and Drug Administration (FDA). However, its drawbacks, such as intrinsic chain rigidity (resulting in high brittleness), low gas barrier properties, and poor crystallization behavior, need to be addressed to increase its applicability, specifically in the food packaging industry [3].

Nanotechnological advances, specifically in the polymer nanocomposite field, have led to the use of low nano-filler contents compared with the case for neat and conventional polymer composites. As such, these advances have the potential to enhance the properties of polymers and provide new functionalities [4]. Due to their abundance, low costs, high cation exchange capacity, high aspect ratio, high strength and stiffness, and thermal stability, nanoclays can act as nano-fillers to improve the functional (e.g., thermomechanical, optical, rheological, and barrier) properties of polymers [5]. They can function as a nucleating agent, facilitating the crystallization process and improving the mechanical and physical properties of crystalline polymers [6–8]. Furthermore, nanocomposite dispersion can be improved by enhancing the affinity between the nanoclay layers and the organophilic polymer via simple organic modifications. Cloisite 30B, a natural montmorillonite organoclay (OC) mineral consisting of an organic diol in the inter-galleries, promotes favorable intermolecular interactions with the carbonyl functional group of PLA, resulting in significant intercalation of the PLA chains into the interlayer spaces of OC [1]. According to Kalendova et al., incorporating OCs into PLA increases the barrier property of the film [9]. Moreover, Rhim and coworkers have reported that OC exhibits antimicrobial activity against Listeria monocytogenes in the PLA/OC composite film, with a slight decrease in the water vapor permeability [10].

Additionally, zinc oxide (ZnO), generally recognized as a safe (GRAS) material by the FDA, is a notably promising nano-filler material and of great interest as an antimicrobial compound. It is applied as a food packaging material due to its nontoxic nature (at the optimal amounts used), broad range of antimicrobial efficacy, UV absorption properties, simple synthesis, and widespread availability and affordability [11]. Marra et al. reported that the addition of ZnO to PLA notably reduces the growth of E. coli by 99.99%, though the nanocomposite film slightly increases the water vapor permeability [12]. In another study, although displaying high inhibitory efficacy against E. coli, S. aureus, and Klebsiella pneumoniae, PLA/ZnO nanocomposite films exhibit inferior mechanical properties due to poor molecular interactions between ZnO and PLA [13]. Recently, an alternative, simpler approach has been documented by incorporating ZnO-deposited nano-fillers, such as ZnO-deposited halloysite nanotubes [14] and cellulose nanocrystals [15,16], into PLA. Moreover, hybrid structures of OCs and metal oxides have been previously reported for different polymer matrices. Rodolfo and coworkers developed poly(vinyl chloride) in the presence of OCs and metal oxides (CuO/MoO3/ZnO) [17], and in a recent study, Muiz et al. reported on a silver-ZnO-OC-reinforced chitosan nanocomposite [18]. These studies have revealed the excellent comprehensive properties of nanocomposites resulting from the synergistic action of nano-fillers. Not only do the nano-fillers enhance the mechanical properties–specifically, Young’s modulus and the tensile strength–of the composites, but they also improve their antimicrobial ability and UV-shielding performance. However, the elongation at break of these nanocomposite films was decreased, limiting their applicability.

To the best of our knowledge, the incorporation of OC/ZnO into PLA has not been previously reported. Thus, this study focused on developing flexible hybrid PLA/OC/ZnO nanocomposite films and investigating the synergistic effect of OC/ZnO on their mechanical, thermal, and barrier properties. In addition, the antibacterial activity of the films was compared to that of PLA/OC and neat PLA films. The brittleness and rigidity of the PLA nanocomposite films were overcome by adding an appropriate amount of a selected bio-based plasticizer derived from renewable sources, triacetin (TA), contributing to the applicability of the films in food packaging. TA, also known as glyceryl triacetate, is classified as a GRAS human food ingredient by the FDA [19]. It can be synthesized via acetylation reaction of crude glycerol, a by-product of biodiesel, with acetic acid in the aiding of appropriate catalysts. TA is also a common additive used in the cosmetics, pharmaceutical and food products [20].

2  Materials and Methods

2.1 Materials

PLA (4032D, Mn = 88,500 g/mol and Mw/Mn = 1.8) was procured from Nature Work Co., Ltd. (Blair, NE, USA). Nano-ZnO powder (with an average particle size of 25–50 nm) was provided by the College of Nanotechnology (King Mongkut’s Institute of Technology Ladkrabang, Thailand). The OC, Cloisite 30B, with a cation exchange capacity (CEC) of 90 meq/100 g of clay and a density of 0.2283 g/cm3, was supplied by BYK Additives, Inc. (USA). The OC had an average particle size of 7 µm, as reported by the supplier. The substituted cation of Cloisite 30B is known as bis-(2-hydroxyethyl) methyl (hydrogenated tallow alkyl) quaternary ammonium. Reagent-grade chloroform, glutaraldehyde solution, ethanol, and TA (C9H14O6) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Luria–Bertani (LB) agar and phosphate-buffered saline (PBS) were acquired from HiMedia Laboratories Pvt., Ltd. (India). All materials were used as received without further modification.

2.2 Microorganisms

The common foodborne pathogenic bacteria used in this study were E. coli, AGM-BE, and S. aureus, AGM-BS3. All strains were obtained from the Faculty of Agro-Industry, Prince of Songkla University, Thailand.

2.3 Preparation of PLA and PLA Nanocomposite Films

PLA film was prepared via the solvent casting technique modified from the study by Rhim et al. [10]. Briefly, 5% (w/v) PLA was dissolved in chloroform while stirring continuously at room temperature. The resulting solution was then applied onto a glass plate and dried at room temperature. The film was peeled and further dried overnight at 60°C in a vacuum oven to remove the remaining solvent to prevent the plasticization effect. In preparing the PLA/OC nanocomposite film, a predetermined amount of 5 wt% OC was dispersed in chloroform by vigorous stirring for 1 h at room temperature, followed by sonication for 15 min. The OC suspension was then mixed with the prepared PLA solution, sonicated for 15 min, casted onto the glass plate, and left to dry at room temperature. The PLA/OC/ZnO films were prepared by adding ZnO at 1, 3, and 5 wt% to the OC suspension and then combining this mixture with the prepared PLA solution.

The films with the TA plasticizer were prepared by mixing the prepared PLA/OC5/ZnO5 suspension (containing 5 wt% of both the OC and ZnO) with solutions containing TA contents of 10 and 20 wt% [19]. Table 1 presents the compositions and associated designations of the neat PLA and PLA nanocomposites.
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2.4 Mechanical Properties

The mechanical properties of the films were quantified by stress–strain measurements at room temperature using a universal testing machine (Tinius Olsen, H10KS, USA) in accordance with ASTM Method D 882-88. The specimens were conditioned at 25°C and 50% relative humidity (RH) in an environmental chamber for 48 h before testing. The initial grip separation was set to 50 mm. Young’s modulus, the tensile strength, and the elongation at break were then measured at the crosshead speed of 50 mm/min. Five specimens of each sample were used to obtain average values.

2.5 Water Vapor Permeability (WVP)

The water vapor permeability (WVP) was measured using a slightly modified version of the ASTM E96-92 test methods. Aluminum permeation cups were filled with dried silica gel (0% RH) and sealed with the films using silicone vacuum grease. The cups were placed in a desiccator at 30°C containing distilled water, and the weight gain of the cups was determined every hour for a total of 8 h. The WVP of the films was calculated as per Eq. (1):


WVP(gm−1s−1Pa−1)=wlA−1t−1(P2−P1)−1,
(1)

where w is the weight gain of the cup (g), l is the film thickness (m), A is the exposed area of the film (m2), t is the time of weight gain (s), and (P2 – P1) is the vapor pressure difference across the film (Pa). Three film samples were used for WVP testing.

2.6 Antibacterial Activity

The antibacterial activities of the films were investigated against S. aureus and E. coli using the shake flask method according to previously published work [15]. First, the sterilized film (0.1 g) was immersed into 5 mL of the bacterial suspension (106 CFU/mL) and incubated at 37°C at 200 rpm for 48 h. After that, the solution was diluted successively, and LB agar was inoculated with 100 μL of each dilution using the spread plate method. The glass plates were incubated at 37°C for 24 h, and photographs were taken with a digital camera. For the quantitative analysis, the bacterial growth inhibition was calculated at 0, 12, 24, and 48 h using Eq. (2):


Growth inhibition (%) =A0−AA0×100,
(2)

where 
A0
and 
A
represent the number of colonies for the PLA control and the nanocomposite sample, respectively. Three replicates were carried out for each sample.

2.7 Bacterial Morphology

Bacterial adhesion was carried out by sedimentation, using the procedure described by Kammoun et al. with some modifications [21]. The film samples and a glass slide were immersed in a bacterial solution (106 CFU/mL) and incubated at 37°C for 12 h to allow for bacterial adhesion. Thereafter, the bacterial suspension was removed with a pipette. Next, 2.5% glutaraldehyde was added to fix the adherent bacteria at a temperature of 4°C for 2 h. Dehydration with an increasing gradient of ethanol (25%, 50%, 80%, 90%, and 100% v/v) was performed separately after removing the glutaraldehyde solution. The critical point drying (CPD) technique was used to dry the bacterial cells, and the samples were sputter-coated with gold. Morphological changes of the bacteria were observed using scanning electron microscopy (SEM) (Hitachi, SU3900, Japan), and bacteria with no sample treatment were used as a control.

2.8 Color and Light Transmission

The color parameters–lightness (L*, light/dark), redness (a*, red/green), and yellowness (b*, yellow/blue)–of PLA and its nanocomposite films were measured via the CIE L*a*b* system using a colorimeter (Hunterlab, Reston, VA, USA). The index of the total color difference (ΔE*) was calculated according to Eq. (3). The results were averaged over at least five replications.


ΔE∗ = (ΔL∗)2+(Δa∗)2+(Δb∗)2,
(3)

where ΔL*, Δa*, and Δb* are the differences between the corresponding color parameter of the sample and the white standard (L* = 92.83, a* = −1.32, and b* = 0.56).

A UV-Vis spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) was used to characterize the light transmittance of five replicates for each film sample over a scan range of 200 to 800 nm.

2.9 Film Morphology

The surface and cross-sectional morphology of the selected film samples were visualized using SEM (Hitachi, SU3900, Japan). For cross-sectional visualization, the samples were fractured using liquid nitrogen. The samples were mounted on a bronze stub, sputtered with gold particles (Sputter Coater SPI-Module, PA, USA) for conductivity purposes, and characterized at the acceleration voltage of 20 kV.

2.10 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) analysis was carried out using a Mettler-Toledo DSC3+ under a nitrogen atmosphere. The samples (3–10 mg) were first heated from 25°C to 200°C at a heating rate of 10°C/min. To eliminate the anterior thermal history of the samples, an isothermal process was conducted at this temperature for 3 min. Subsequently, the samples were cooled to 25°C. A second heating scan from 25 to 200°C at 10°C/min was then used to characterize the glass transition temperature (Tg), cold crystallization temperature (Tcc), melting temperature (Tm), and the degree of crystallinity (Xc) of the samples. Xc was calculated according to Eq. (4) as follows:


Xc(%)= ΔHm−ΔHccΔHm0×(1−x)×100,
(4)

where 
ΔHm
is the enthalpy of melting (J/g), 
ΔHcc
is the enthalpy of cold crystallization (J/g), 
ΔHm0
is the theoretical enthalpy of melting of the full crystallization of PLA (93.7 J/g) [22], and 
x
is the weight fraction of the filler.

2.11 Thermal Gravimetric Analysis (TGA)

The thermal stability of PLA and selected nanocomposite films (PLA/OC5/ZnO5 and PLA/OC5/ZnO5/TA10) was characterized by thermal gravimetric analysis (TGA; TGA8000, Perkin Elmer, USA). The temperature ranged from 30°C to 800°C, and a heating rate of 10°C/min was employed under a nitrogen atmosphere.

2.12 Statistical Analysis

All analyzed data were presented as the mean ± standard deviation. The significance of the differences between the data was determined using a one-way analysis of variance (ANOVA). The values of the significant difference and mean were obtained by performing Duncan’s test at a confidence level of p < 0.05.

3  Results and Discussion

3.1 Mechanical Properties

Fig. 1 shows the mechanical properties of the PLA nanocomposite films compared with the neat PLA film (control). The addition of OC and ZnO led to a pronounced improvement in the stiffness of the PLA film. The incorporation of 5 wt% of OC increased the Young’s modulus (YM) of the PLA film from 1228 to 1562 MPa (Fig. 1a). Furthermore, a greater enhancement was observed for PLA/OC/ZnO, with the YM value increasing twofold (p < 0.05; PLA/OC5/ZnO3 and PLA/OC5/ZnO5) compared to the neat PLA film. These YM values were higher than that of the low-density polyethylene (LDPE) film (approximately 300 MPa) presented by Giannakas et al. [23]. The increase in YM was expected and corroborates published results: the high rigidity induced by the incorporation of the OC and ZnO nano-fillers resulted in the suppression of chain movement [24].
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Figure 1: Mechanical properties of PLA and its nanocomposites: (a) Young’s modulus (YM), (b) tensile strength (TS), and (c) elongation at break (EB). Different lowercase letters indicate the significant difference (p < 0.05)

The tensile strength (TS) did not change significantly when both the OC and ZnO were added (Fig. 1b). Strong interactions between the nano-fillers and the PLA matrix ultimately led to homogeneous dispersion and might play a key role in controlling the mechanical strength [25]. Specifically, the diols in the organic surfactant present in the OC exhibited a favorable enthalpic interaction with the C=O bonds in PLA, leading to the uniform dispersion of the OC layer [26,27]. After the addition of ZnO, particles of ZnO were deposited onto the OC via the binding of ZnO in the Si-O-Al region on the clay particle edges. This avoids a high degree of aggregation, a factor that led to the phase separation of PLA and ZnO, as documented in previous findings [14,28]. Therefore, the stress was effectively transferred, and the TS remained unchanged. The TS values range from 42–44 MPa and were comparable to those of conventional thermoplastic films, such as low-density polyethylene (LDPE), high-density polyethylene (HDPE), polypropylene (PP), and polystyrene (PS), ranging from 12–83 MPa [10,23].

The elongation at break (EB) values displayed a downward trend and an apparent correlation with the addition of OC and OC/ZnO (Fig. 1c). The lowest EB was observed for the PLA/OC5/ZnO5 film, approximately 50% lower (p < 0.05) compared with that of PLA. However, there was no statistically significant difference among the various ZnO compositions (1, 3, and 5 wt%). This declining tendency of the EB might be due to lower PLA chain mobility resulting from the reinforcing and/or restricting effect of the nano-fillers [14]. To improve the EB with regard to further applications, the plasticizer TA was added to the PLA/OC5/ZnO5 nanocomposite film to optimize the water vapor barrier and antibacterial activity.

TA reduced both the YM and TS of the PLA/OC5/ZnO5 film while greatly enhancing its EB (Fig. 1). Nevertheless, the EB of the plasticized PLA/OC5/ZnO5 film was still lower (by approximately 50%) than that of a previously reported LDPE film [23]. The addition of 10 wt% TA reduced the YM and TS by approximately 50% and 46%, respectively, compared with the PLA/OC5/ZnO5 film. At a higher content of TA (20 wt%), both the YM and TS decreased slightly. Furthermore, after the addition of TA, the EB values showed significant improvement by up to 270% compared with the PLA/OC5/ZnO5 film, regardless of the amount of TA added. This result agrees with the outcomes of a previous report suggesting that the TS and modulus values decreased while the EB increased due to the plasticizing effect of TA. The presence of TA could weaken the interaction between the PLA molecular chains and hinder polymer inter-chain interactions, facilitating the movement of the molecular chains [19]. This might be attributed to the interactions between the hydroxyl groups from TA and the carboxyl groups of the PLA. This would, therefore, led to a significant decrease in the YM and TS of the films.

3.2 Water Vapor Permeability (WVP)

PLA showed the highest WVP value of 1.57 × 10−11 gm−1 s−1 Pa−1. Here, after incorporating OC (5 wt%) into the PLA, the water vapor barrier property significantly improved by 53% (p < 0.05; Fig. 2). Moreover, by incorporating and increasing the amount of ZnO, the WVP continuously decreased. The greatest improvement in the barrier property occurred at the highest amount of ZnO (5 wt%) in the PLA/OC5/ZnO5 sample, which exhibited a WVP reduction of 86% compared to the neat PLA film. The OC layer and ZnO dispersion increased the diffusion pathway length in the PLA matrix, increasing the difficulty for traveling water vapor molecules to diffuse through the PLA film [10,13,29]. In addition, Darie et al. reported that OC incorporation could increase the hydrophobicity of the PLA matrix, which was confirmed by increase in the contact angle value. Rhim et al. also reported similar findings. These factors consequently led to a reduction in the WVP [10,30]. The TA content affected the WVP of the PLA/OC5/ZnO5 film, which decreased slightly after the addition of 10 wt% TA while increasing after adding 20 wt% TA. This might be due to the good compatibility achieved after adding a small amount of TA. However, all nanocomposite films exhibited a lower WVP than the neat PLA film. This enhancement in the water vapor barrier property was important in food packaging films because their RH could significantly influence microbial growth, reducing the shelf life of the packed food products [13].
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Figure 2: WVP of PLA and its nanocomposite films. Different lowercase letters indicate the significant difference (p < 0.05)

3.3 Antibacterial Activity

The antibacterial activity against both gram-negative (E. coli) and gram-positive (S. aureus) bacteria was investigated via colony counting; the results were quantified as the percentage of inhibition, as shown in Figs. 3 and 4. After 48 h of bacterial contact with the PLA and nanocomposite films, the neat PLA film did not inhibit the growth of the tested bacteria, while the PLA/OC5 film reduced the growth by approximately 16% (p < 0.05) for both S. aureus and E. coli. This might result from the presence of a quaternary ammonium cationic surfactant—methyl, tallow, bis-2-hydroxyethyl quaternary ammonium chloride (MT2EtOH)—in the OC, inhibiting bacterial growth [31]. This result agrees with findings reported in the literature [10]. Interestingly, the incorporation of both OC and ZnO led to synergistic performance. As expected, the antibacterial efficiency increased with increasing ZnO loadings due to the greater availability of active species on the nanocomposite. The PLA/OC5/ZnO5 film thus had the most prominent antibacterial effect, reducing the growth by 98% and 99% (p < 0.05) for S. aureus and E. coli, respectively, compared to the neat PLA film [32]. TA addition did not affect the antibacterial activity of the nanocomposite film. The proposed antimicrobial performance of ZnO might be due to (i) the generation of reactive oxygen species (ROS) resulting from photocatalytic activity, (ii) the formation of Zn2+ antimicrobial ions, and (iii) electrostatic interactions [14]. These mechanisms possibly inactivated vital proteins, disable DNA replication, and ultimately destroyed the bacterial cells by affecting their metabolic activity [11,33,34].
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Figure 3: Formation of bacterial colonies; and antibacterial activity against S. aureus and E. coli for neat PLA, PLA/OC5, PLA/OC5/ZnO1, PLA/OC5/ZnO3, PLA/OC5/ZnO5, and PLA/OC5/ZnO5/TA10
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Figure 4: Inhibition of (a) S. aureus and (b) E. coli in contact with neat PLA, PLA/OC5, PLA/OC5/ZnO1, PLA/OC5/ZnO3, PLA/OC5/ZnO5, and PLA/OC5/ZnO5/TA10 for 12, 24, and 48 h

The bacterial cell morphology of S. aureus was investigated via SEM, indicating that the original S. aureus species was round-shaped, as depicted in Fig. 5a. After treatment with PLA/OC5/ZnO5, the cell wall and membrane rupture, and the subsequent leakage of cell contents resulted in bacterial surface damage and a distorted cell structure (red arrow), as shown in Fig. 5b. Therefore, one could state that the synergistic effect of OC and ZnO on the bacterial cells accounted for the remarkable antimicrobial efficacy of the PLA/OC5/ZnO5 film.
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Figure 5: SEM images of the cell morphology of S. aureus (a) before and (b) after treatment with PLA/OC5/ZnO5

3.4 Color and Light Transmission

The appearance of the films, notably their color, was an important factor in food packaging materials because it affected their overall acceptability by consumers [35,36]. The color parameters (L*, a*, b*, and ΔE*) of the films are presented in Table 2. The incorporation of OC did not significantly change the L* value (lightness), while the further addition of ZnO increased the lightness of the nanocomposite films compared to neat PLA. Furthermore, the addition of TA did not affect the L* value in comparison to the PLA/OC5/ZnO5 film. The color of the nanocomposite films shifted toward green with increases in the a* value. Moreover, TA slightly increased the a* value compared to the PLA/OC5/ZnO5 film. The OC markedly increased the yellowish color of the PLA film, while the further addition of ZnO had a slight effect in this regard compared to the initial incorporation of OC into the film. However, the greatest intensity could be observed in the nanocomposite film with TA (PLA/OC5/ZnO5/TA10). The total color difference (ΔE*) increased when OC was added to the PLA film. The greatest ΔE* value occurred in the PLA/OC5 film, while the lowest value found in PLA/OC5/ZnO5.
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The ultraviolet and visible (UV-Vis) light barrier property was a significant parameter with regard to food packaging film applications: it represented the appearance of food products and/or protects UV-sensitive products from nutrient loss or discoloration and light deterioration. Spectrophotometric measurements in the UV (200–400 nm) and visible light (400–750 nm) regions were carried out to verify if the OC and ZnO nanoparticles affected the light barrier property of the nanocomposite films. The spectrophotometric curves in the UV-Vis range for the neat PLA and nanocomposite film samples are presented in Fig. 6a. Specifically, the transmittance values at 600 nm (T600) and 280 nm (T280) were used to analyze the transparency and UV blocking capacity of the films, respectively (Table 2). The curves confirmed that the highest light transmittance occurred for the neat PLA film, with all other curves shifting to lower values after the addition of OC. The PLA/OC5/ZnO5 film exhibited the lowest transmittance, while the addition of TA slightly altered its light transmission. This effect might arise from the nanoparticle distribution hindering the passage of light [15]. The neat PLA film exhibited the highest light transmittance for both visible and UV light, with T600 = 86% and T280 = 63% (p < 0.05), respectively. PLA/OC5/ZnO5/TA10 displayed almost complete visible and UV light shielding; this was a desirable property in food packaging applications, specifically for protecting light-sensitive food products [37]. ZnO acted as an efficient UV radiation absorber because its electronic structure presented a wide optical band gap in the UV region (3.37 eV) [38,39], consistent with results reported in the literature [16]. This finding also corresponded to the visual observations (Fig. 6b), revealing the greater transparency of the PLA film compared to the nanocomposite film samples.
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Figure 6: (a) UV-Vis spectra and (b) photographs of PLA and its nanocomposite films

3.5 Film Morphology

SEM was used to investigate the surface and cross-sectional morphology of PLA and its nanocomposite films (PLA/OC5, PLA/OC5/ZnO5, and PLA/OC5/ZnO5/TA10). According to the representative SEM micrographs in Fig. 7, a smooth and relatively flat surface without cracks or voids was observed for the neat PLA film. This morphology could be explained by the typical brittleness of PLA. The rough and heterogeneous surface structure observed in the nanocomposite films indicated that the OC and OC/ZnO particles were reasonably well dispersed in the PLA matrix. This led to an enhanced YM and water vapor barrier property, while the TS of the films was maintained compared to neat PLA. However, PLA/OC5 showed larger OC particles compared with the OC dispersed in the PLA/OC5/ZnO5 sample. The ZnO particles were evenly distributed in the PLA matrix, resulting in the formation of homogeneous nanocomposite films. The addition of TA slightly changed the film morphology compared to PLA/OC5/ZnO5. Such a compatibilization effect revealed the homogeneous dispersion and fine morphology of both the OC and ZnO in the TA-plasticized PLA film.
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Figure 7: SEM images of the PLA film and its nanocomposites

3.6 Differential Scanning Calorimetry (DSC)

From the DSC second heating scans and data presented in Fig. 8 and Table 3, PLA crystallization on heating was reduced for all nanocomposite films, as observed in the cold crystallization. The increase in Tcc and decrease in ΔHcc indicated that the OC and ZnO particles did not act as nucleating agents to promote the rearrangement of the PLA chains during crystallization. Our finding was contrary to the results of some previous studies [6,40], while this behavior has been observed in other published works [7,41]. This could be explained by considering two opposing behaviors: the nano-fillers acted as nucleating sites, facilitating crystallization, while high miscibility between the organic modifier in the OC and the PLA matrix simultaneously obstructed the flow during crystallization [7]. High miscibility between the OC or OC/ZnO and the PLA chains plausibly hindered the chain-folding and interchain interactions for crystal nuclei formation in both the plasticized and unplasticized samples.
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Figure 8: DSC thermograms of PLA and its nanocomposites

[image: images]

The Tm1 value of PLA did not show a marked change in the unplasticized nanocomposite films, though it decreased significantly in PLA/OC5/ZnO5/TA10. This suggested that the presence of TA molecules between the PLA chains resulted in the formation of a less perfect crystalline structure. The second peak of Tm2 occurred at a lower temperature and represented the formation of a disordered crystalline form of PLA, as reported by Zhang et al. [42]. The Χc values of the PLA/OC5 and PLA/OC5/ZnO5 nanocomposites were lower than that of neat PLA, similarly observed by Atayev et al. [43]. These authors suggested that the reduction in Χc was due to the nano-fillers restricting crystalline growth, thereby slowing down the crystallization rate. Additionally, PLA/OC5/ZnO5/TA10 exhibited the lowest Xc; this arose from the plasticizing effect of TA, which increased the free volume and reduced the ability of the PLA chains to rearrange themselves and form crystallites [20]. According to the WVP results, the barrier property was enhanced regardless of the decreased crystallinity. This indicated that an extended tortuous path length, arising from the homogeneously dispersed OC or OC/ZnO, dominated the permeability coefficient instead of the crystallinity of PLA [43].

The incorporation of OC or OC/ZnO exhibited no relevant influence on the Tg of PLA, while a noticeable reduction occurred for PLA/OC5/ZnO5/TA10 due to the free volume increase arising from the TA plasticizing effect. Moreover, one Tg was observed, suggesting the miscibility of PLA with TA.

3.7 Thermal Gravimetric Analysis (TGA)

The thermal stability of films at elevated temperatures is commonly assessed by TGA. Td,onset was the initial weight loss temperature, and the maximum decomposition temperature (Td) was determined from the temperature at the maximum peak in the first derivative mass loss (DTG) curve [44], as shown in Fig. 9 and Table 4. An initial weight loss at approximately 100°C corresponded to the loss of bound water in all film samples. A second major weight loss (Td,onset) at around 333.56°C, 259.89°C, and 250.32°C and Td values of approximately 357.78°C, 289.52°C, and 271.08°C were observed for PLA, PLA/OC5/ZnO5, and PLA/OC5/ZnO5/TA10, respectively. The addition of ZnO could lead to stabilizing or degradation effects, as reported elsewhere [13]. However, the current experimental findings indicated that the incorporated ZnO reduced the thermal stability of PLA, in agreement with previously published works [15,39,45]. This decrease in thermal stability resulted from the fact that during the heating process, ZnO catalyzed PLA depolymerization, generating unzipping depolymerization and intermolecular transesterification reactions. Although the flexibility of the PLA/OC5/ZnO5/TA10 film improved markedly with the aid of TA as a plasticizer, its thermal stability was reduced owing to the increase in the free volume in the PLA chains [46].
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Figure 9: (a) TGA and (b) DTG thermograms of PLA and its nanocomposites
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4  Conclusion

Novel sustainable eco-friendly PLA/OC/ZnO nanocomposite films notably suited to food packaging applications were successfully prepared, exhibiting good OC and ZnO dispersion. The synergism of OC and ZnO promoted a prominent improvement in both the UV-Vis light barrier and water vapor barrier properties of the films (with no deterioration in the YM and TS values) compared with the neat PLA and PLA/OC films. Moreover, the combination of OC and ZnO in PLA/OC5/ZnO5 led to the highest antibacterial activity against both the selected gram-positive and gram-negative foodborne bacteria; additionally, the antibacterial performance was time dependent. The flexibility of the film was effectively enhanced by adding the TA plasticizer. Considering their multifunctional properties (anti-UV-Vis, antibacterial, mechanical, water vapor permeability, etc.), such nanocomposite films could prove notably beneficial in the production of food packaging materials.
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Table 1: Compositions and designations of the PLA and PLA nanocomposite films

Designation OC (wt%) Zn0O (wt%) TA (wt%)
PLA 0 0 0
PLA/OC5 5 0 0
PLA/OC5/Zn0O1 5 1 0
PLA/OC5/Zn0O3 5 3 0
PLA/OCS5/Zn0O5 5 5 0
PLA/OC5/ZnO5/TA10 5 5 10
PLA/OC5/ZnO5/TA20 5 5 20
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Table 3: DSC data of PLA and its nanocomposites

Sample T CC) AH,. (J/g) T CC) Ty CC) AHn (J/g) X (o) T, (CO)
PLA 119.17  19.87 151.17 - 24.10 455  59.02
PLA/OCS5 128.00  2.81 153.50 - 5.33 2.85  58.82
PLA/OC5/Zn0O5 123.83  16.64 151.50 - 19.13 297 5695

PLA/OCS5/ZnOS5/TA10  119.00  7.18 148.17 143.00 8.55 1.84 42.76
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Table 4: Thermal characteristics of PLA and its nanocomposites

Samples Td,onset (OC) Ty (OC)
PLA 333.56 357.78
PLA/OC5/Zn0O5 259.89 289.52

PLA/OCS5/ZnO5/TA10 250.32 271.08
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Table 2: Apparent color and transmittance of PLA and its nanocomposite films

Sample L* a* b* AE* T600 nm T>20 nm

PLA 89.15 £ 0.14° —1.30 £ 0.01* 1.06 +0.04° 3.76 + 0.09° 86.37 +0.39* 63.42 +0.21°
PLA/OC5 88.46 + 0.07° —1.38 £0.03° 1.52£0.01° 4.51 +£0.02* 51.32 +0.39° 16.31 +0.21°
PLA/OC5/Zn05 92.53 +0.22* —1.80 +£0.02° 1.57 £ 0.05° 1.26 +0.03¢ 2.35+0.07° 1.19+0.10°

PLA/OC5/ZnO5/TA10 92.31 £0.08* —1.88 £0.01° 3.87 £0.02% 3.27 £0.06° 1.34 +0.04% 0.03 £0.01¢

Note: Different sunerscrint letters in the same column indicate significant differences (p < 0.05).
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