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Abstract: Fuller earth (FE) nanoclay is a naturally occurring mineral with a high surface area, is highly abundant, and has a low purchasing cost, making it an excellent candidate for nanocomposite production. The study highlights the novelty of using FE nanoclay in combination with polyvinyl alcohol (PVA) to create a bio-nanocomposite that meets the need for sustainable packaging solutions, underscoring its potential to reduce environmental impact while maintaining product quality in food packaging applications. The solvent casting process, a reliable way to evenly disperse nanofillers in polymer matrices, has been employed in this work to incorporate FE into the polyvinyl alcohol (PVA) matrix to develop PVA/FE bio-nanocomposites. The high-resolution transmission electron microscopy study reveals that the FE nanoclay particles are uniformly dispersed throughout the PVA matrix. The incorporation of 4 wt% of FE into the PVA matrix increases the tensile strength and elongation at break values by 45% and 147%, respectively, which is due to the hydrogen bonding between the hydroxyl groups of PVA and the oxygen atoms present in the FE nanoclay. Incorporation of FE into the PVA matrix has improved the thermal behaviour of the bio-nanocomposites, which is due to the better interfacial interaction between FE and PVA that hinders the early degradation process. The biodegradation study has proved that the bio-nanocomposite film is environmentally friendly, and the coating study results on tomatoes are remarkable, which could be a promising indication of usage in biodegradable packaging and other environmental applications.
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1  Introduction

Polymer nanocomposites have been seen to provide unique mechanical, dynamic mechanical, rheological, and thermal properties often at very low nanofiller weight fractions. Thus, considerable efforts are being directed to evolve newer materials using nanoparticles for the preparation of polymer inorganic hybrids, both with the aim of property enhancement and development of applications [1]. Polymers such as polyamide, polycarbonate, polyolefins, polyvinyl chloride, polystyrene, and others have been widely used for various products from automotive parts and electronics to commodities due to their specific properties suitable for each specific application. They have been filled up with inorganic particles to improve the stiffness and toughness of the materials and enhance their barrier properties [2–4]. Researchers from Toyota discovered the possibility of synthesizing polymer nanocomposites based on nylon-6/organophilic montmorillonite clay that showed dramatic improvements in mechanical and physical properties and heat distortion temperature at very low content of layered silicate [5].

Fuller’s earth (FE) is a naturally occurring clay mineral composed mainly of hydrated aluminium silicates. It is abundantly available and composed of kaolinite, montmorillonite, bentonite, and palygorskite [6,7]. It consists of different types of hydrous aluminium silicates with a layered structure that contains ions like Mg2+, Ca2+, K+, NH4+, H+, PO43−, SO42−, Cl−, NO33−, and others [8]. This nanoclay has desirable properties such as high adsorption capacity and low purchasing cost [9]. Its applications include carriers for insecticides, pesticides, and fertilisers used in agriculture and absorbers of oil and water spills on the floors of machine shops, factories, service stations, and other manufacturing plants for safety purposes [10–13].

Polymer and FE nanocomposites have been prepared using different methods such as solution casting, melt mixing, and electrospinning. Bae et al. prepared fully exfoliated nanocomposites by incorporating clay into a polypyrrole graft copolymer [14]. Lim et al. fabricated organic/inorganic hybrid nanocomposites based on poly(styrene–butadiene–styrene) copolymer and clay by melt intercalation [15]. Sancha et al. also synthesized polymer clay nanocomposites using PVA–poly(2-acryl amido-2-methyl-1-propane sulfonic acid) (PAMPS) and FE nanoclay. These nanocomposites show improved thermal and mechanical properties when combined [12].

The consumer demand for biodegradable packaging films is steadily growing as more industries and businesses seek sustainable packaging solutions to reduce the environmental impact caused by the use of non-biodegradable plastics [16]. Many conventional packaging materials provide lack adequate mechanical strength, thermal stability, and barrier properties, leading to food spoilage and reduced shelf life, which is a major concern for consumers and manufacturers. The challenges associated with the use of synthetic materials are proper disposal and biodegradability, which cause serious environmental problems [17–19]. Polyvinyl alcohol (PVA) is a water-soluble synthetic polymer known for its excellent film-forming, adhesive, and biodegradable properties, making it an attractive option for environmentally friendly packaging solutions. Incorporation of FE nanoclay into PVA can significantly enhance the mechanical, thermal, and barrier properties of the resulting nanocomposite material. PVA/FE nanoclay bio-nanocomposite is a promising biodegradable packaging film with several advantages such as improved mechanical properties and thermal stability, making it a viable option for sustainable packaging in food, agriculture, and medicine.

As a result, this research aims to create highly biodegradable polymeric films with enhanced mechanical and thermal properties that can be used in packaging applications whilst being environmentally friendly. In this study, PVA/FE nanocomposite films were prepared using solution casting, a simple and low-cost method. Various characterization methods such as X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), high resolution transmission electron microscopy (HRTEM) and universal testing machine have been used to examine the effectiveness and properties of the nanocomposite. The objective of the research on PVA/FE bio-nanocomposite is to improve the characteristics features of PVA films by integrating FE nanoclay to enhance the mechanical strength, thermal stability, biodegradability, and moisture barrier performance, along with the estimation of their all possible applications in sustainable packaging solutions.

2  Experimental

2.1 Materials Used

Polyvinyl alcohol (PVA) (87%–90% hydrolyzed) having an average molecular weight of 30,000–70,000 was purchased from Sigma-Aldrich Chemical Science Company, Saint Louis, MO, USA. FE is sedimentary nanoclay. Commercially available FE nanoclay (hydrated silicate of K, Al, Fe, Na, Mg) was used as a nanofiller.

2.2 Sample Preparation

2.2.1 Preparation of Pristine PVA Film

Pristine PVA was prepared by solution casting method, where 1 g of PVA was dissolved in 30 mL of distilled water at 80°C on a magnetic stirrer at 500 rpm. The solution was left under stirring for 1.5 h and water was added when necessary, till a viscous solution was formed. The viscous solution was then cast on a petri dish and allowed to dry in an oven at 60°C for 12 h until there was no weight change. The average thickness of the film was 0.5 ± 0.05 mm. The composition of the pristine PVA film prepared using the solvent casting method is reported in Table 1.
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2.2.2 Preparation of PVA/FE Bio-Nanocomposite Films

To prepare PVA/FE bio-nanocomposites film desired amount of FE nanoclay (1, 2, 3, 4, 5, 6, 7 and 8 wt% with respect to the wt% of PVA) was dried in the oven for 2 h at 80°C to remove the moisture and then sonicated for 1 h in 10 mL of distilled water. Simultaneously, 1 g of PVA was dissolved in 30 mL of distilled water at 80°C on a magnetic stirrer at 500 rpm for 30 min. FE nanoclay solution was then added to the PVA solution and left under stirring for 1.5 h adding distilled water when necessary. The viscous solution was then cast on a petri dish and allowed to dry at 60°C for 12 h until there was no weight change. The average thickness of the film was 0.5 ± 0.05 mm. The steps involved in the preparation of PVA/FE bio-nanocomposite samples are shown in Fig. 1. The designation of the PVA/FE bio-nanocomposite samples is represented in Table 1.
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Figure 1: Schematic representation of the preparation of PVA/FE bio-nanocomposite film

2.3 Characterization

2.3.1 Characterization of Pristine FE Nanoclay

Field Emission Scanning Electron Microscopy (FESEM) with Energy Dispersive Analysis of X-Rays (EDAX)

The sonicated FE nanoclay was observed in JSM-7610F plus, JEOL, Tokyo, Japan field emission scanning electron microscope at 5 kV. The elemental composition of the clay was analyzed with the help of JEOL JSM-7610F plus FESEM equipped with Energy Dispersive X-ray analyzer for elemental analysis.

Fourier Transform Infrared Spectroscopy

The characterization functional groups of pristine FE nanoclay were recorded using Fourier transform infrared spectroscopy (FTIR, IRAffinity-1S, Shimadzu, Kyoto, Japan) using the KBr pellet method. The pelleted samples were then scanned over wave number range from 4000 to 500 cm−1. All spectra were reported after an average of 32 scans.

Thermogravimetric Analysis

Thermal stability of FE nanoclay was studied using a thermogravimetric analyzer (TGA, SDT650, TA Instruments, New Castle, DE, USA) in the temperature range of 50°C to 700°C under a high-purity nitrogen flow (at a gas flow rate of 100 mL/min) at a heating rate of 20°C/min.

X-Ray Diffraction

The FE nanoclay was characterized by the X-ray diffraction (XRD) method. For the analysis of the basal spacing of clay, the FE nanoclay powder was mounted on a sample holder with a large cavity, and a smooth surface was obtained by pressing the powder with a glass plate. Powder XRD analysis was performed using a Rigaku MiniFlex diffractometer (Japan) in the range of 10° to 60° using a Cu target (λ = 0.154 nm) at a scanning rate of 2°/min.

2.4 Characterization of PVA+FE Bio-Nanocomposite Films

2.4.1 Mechanical Properties

Tensile properties of PVA film and PVA+FE bio-nanocomposite films were evaluated with the universal testing machine (UTM) (Model-Z010, Zwick-Roell, Ulm, Germany) at a crosshead speed of 100 mm/min at 25°C with a specimen test length of 40 mm, width of 10 mm, and thickness around 0.5 mm.

2.4.2 Fourier Transform Infrared Spectroscopy

The FTIR spectra analyses of the PVA film and PVA+FE bio-nanocomposite films were recorded using FTIR-ATR spectroscopy (IRAffinity-1S, Shimadzu, Kyoto, Japan) operated at a resolution of 4 cm−1. PVA film and PVA+FE bio-nanocomposite film samples were directly placed on the ray-exposing stage. The spectrum was recorded at a wavenumber of 500–4000 cm−1. All spectra were reported after an average of 32 scans.

2.4.3 Thermogravimetric Analysis

Thermogravimetric analysis of the PVA film and PVA+FE bio-nanocomposite films was carried out using a thermogravimetric analyzer (TGA SDT650, TA Instruments, New Castle, DE, USA) in the temperature range of 50°C to 700°C under a high-purity nitrogen flow (at a gas flow rate of 100 mL/min) at a heating rate of 20°C/min.

2.4.4 High-Resolution Transmission Electron Microscopy (HRTEM)

HRTEM studies of PVA+FE bio-nanocomposite films were performed on thin cryosections of the samples using a JEOL-2100 electron microscope (Tokyo, Japan) with a LaB6 filament. The accelerating voltage was 200 kV. The cryosections of the PVA+FE bio-nanocomposite films were prepared by ultracryomicrotomy by using Leica Ultracut UCT, Leica Microsystems, (Vienna, Austria). Cryosections of 300 nm thickness were achieved by using a Glass knife having a cutting edge of 6°–9°. The sample temperature while performing ultra-cryo-microtomy was kept at −50°C (which was well below the glass transition temperature of the PVA film). The cryosections were cast directly over the copper grids of 300 mesh size.

2.4.5 Biodegradability Study

Small holes were made in a plastic container that was then filled with garden soil. The initial weight of the film samples was weighed and recorded. The samples were completely buried in the soil, and sprinkled with water to keep the soil moist and maintain humidity. The containers were stored at 30°C–35°C. The degradation of the samples was monitored for 3 weeks and weighed at regular intervals of time by removing the samples carefully from the soil and washing them gently with distilled water to remove soil adhering to the surface. They were then dried at 60°C in the oven until constant weight was obtained. The weight loss of the pristine PVA and PVA/FE bio-nanocomposite film was recorded with respect to time.

The biodegradability analysis was calculated by measuring weight loss:

% weight loss={(Initial weight at the beginning-final weight after 3 weeks)/Initial weight atthe beginning}∗100

2.4.6 Moisture Content Analysis

For moisture content analysis, the pristine PVA and PVA/FE bio-nanocomposite films were first cut into the required sizes. The initial weight of the samples was measured and then the samples were placed inside an oven at 80°C for 12 h. Later, the weight of the films after heat treatment was again measured, and it was ensured that the moisture content of the films was completely eliminated by observing no change in mass with further heating. The moisture content of the films was then determined using the equation:

Moisture Content (%) = ((Wi – Wf)/Wi) × 100

Wi–Initial weight before drying, Wf–Final weight after drying.

2.4.7 Coating Study of Pristine PVA and PVA/FE Bio-Nanocomposites on Tomatoes

Fresh tomatoes of similar size, shape, color and texture were purchased from the local market. Those were first washed using normal water and then distilled water and dried. The cleaned tomatoes were then dip-coated once with pristine PVA and PVA+4FE bio-nanocomposite solution for ten minutes inside a beaker. Then, the coated tomatoes were taken out from the beaker and the excessive coatings were separated. Then the uncoated and coated tomatoes were placed in petri dish plates in two batches, i.e., at room temperature (~27°C) and inside the refrigerator (~4°C–5°C). The changes were observed and the digital images of each tomato sample were taken between 0 and 21 days using a camera on a daily basis for visual evaluation.

3  Results and Discussion

3.1 Characterization of Pristine FE Nanoclay

The FESEM micrograph of pristine FE nanoclay (Fig. 2a) clearly shows the nano rod-like structure which it possesses. The elemental composition of the pristine FE nanoclay has been analyzed using FESEM equipped with EDX shown in Fig. 2b.
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Figure 2: (a) FESEM micrograph of pristine FE nanoclay, (b) Composition of pristine FE nanoclay from FESEM–EDX analysis, (c) XRD spectrum of pristine FE nanoclay, (d) TGA curve of pristine FE nanoclay and (e) FTIR spectrum of pristine FE nanoclay

Fig. 2c represents the XRD spectrum for pristine FE nanoclay. A sharp peak for pristine FE nanoclay has been seen at 2θ = 8.46° having an interlayer spacing of 1.064 nm (Fig. 2c).

Fig. 2d represents the TGA curve for pristine FE nanoclay. From the curve, it is clearly observed that the initial weight loss of 8.2%, which is also the major decomposition region of the FE nanoclay; is due to the physisorbed water present in the FE nanoclay. This is due to the physisorbed and interlayer water molecules being mobile and not significantly bound to the surface of the FE nanoclay. This is why these water molecules can be extracted through heat treatment during the process (i.e., below 200°C). The gradual weight loss between 200°C–600°C may be due to the dehydration and dihydroxylation of FE nanoclay [20].

Fig. 2e represents the FTIR spectra for pristine FE nanoclay. In the case of pristine FE, a single sharp peak at 983 cm−1 is corresponding to the Si-O vibration (Fig. 2e). The absorption band at 1650 cm−1 is attributed to the adsorbed water presence in clay. The corresponding peak at 2362 cm−1 present may be due to the atmospheric CO2 (Fig. 2e). A corresponding peak at 3693 cm−1 is assigned to the -OH stretching vibration of the FE nanoclay [21–23].

3.2 Characterization of PVA/FE Bio-Nanocomposites

3.2.1 Mechanical Properties

The tensile-strain study of the PVA/FE bio-nanocomposite films (Fig. 3 and Table 2) has indicated that the tensile strength of PVA nanocomposite increases with the addition of FE nanoclay up to 4 wt% and beyond which it starts to decrease. The PVA+4FE bio-nanocomposite has shown the highest tensile strength among all (Fig. 3). The tensile strength value of PVA+4FE bio-nanocomposite is 45% higher when compared to that of pristine PVA. The increase in tensile strength could be attributed to the improved interfacial bond strength achieved by better dispersion of nanoclay particles in the PVA matrix at lower FE nanoclay loading along with the better interaction of FE nanoclay with PVA and formation of hydrogen bonds. On the contrary, the drop in the tensile strength at greater FE nanoclay loading (Table 2) is likely due to the formation of agglomerates or tactoids, which might have functioned as defects or flaws and crack initiation sites lowering the tensile strength rather than acting as an effective means of dissipating mechanical energy [24–26].
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Figure 3: Mechanical properties of pristine PVA and PVA/FE bio-nanocomposites
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Similarly, elongation at break value is also increased up to 3 wt% of FE nanoclay and then the value gradually decreases up to 8 wt% of FE nanoclay (Fig. 3 and Table 2). The elongation at the break value of PVA+4FE bio-nanocomposite is 225% higher when compared to that of pristine PVA. Such an increase may be attributed to the least agglomerations and well dispersion of FE nanoclay in the polymer matrix. Therefore, instead of acting as sites of stress concentration, this is making a contribution towards toughening of the polymer matrix. The significant decrease in elongation at break values with increasing FE nanoclay loadings may be due to the rigidity of clay clusters that might have limited the plastic deformation of the polymer matrix [24,25]. Although the elongation of break value is highest in the case of PVA+3FE bio-nanocomposite, overall, the best tensile strength and comparable elongation at break in the case of PVA+4FE bio-nanocomposite is distinguishably high and hence it is the optimum concentration for PVA/FE bio-nanocomposite which is then taken for further investigations.

3.2.2 FTIR Studies

Here for PVA, an absorbance at 3402 cm−1 is assigned to the -OH stretching vibrations. The bands observed at 2927 and 2850 cm−1 are attributed to CH2 and C-H asymmetric stretching vibration as shown in Fig. 4. Peaks at 1720 and 1070 cm−1 are attributed to the -C=O and C-O stretching vibrations (Fig. 4). In the PVA+4FE bio-nanocomposite (Fig. 4), the peak for Si-O is diminished due to the very low percentage of FE. The curve in the region of 3700–3000 cm−1 is also observed in the bio-nanocomposite i.e., for -OH stretching [27–29]. The intermolecular interaction of PVA and FE nanoclay involves a hydrogen bond between hydroxyl groups of PVA and the oxygen atoms present in the clay which is observed with the shifting of -OH stretch in the spectra. There are shifting of other corresponding peaks also observed with respect to PVA due to the interaction of PVA and FE nanoclay and also the spectra of bio-nanocomposite are mostly dominated by PVA. As compared to the spectra of pristine PVA and pristine FE nanoclay, the combined peak of C-O and Si-O stretching in the wavelength of 1077 and 1037 cm−1 has shifted in the case of PVA+4FE bio-nanocomposite which supports the formation of polymeric nanocomposite and interaction via hydrogen bonding.
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Figure 4: FTIR spectra of pristine PVA, FE nanoclay and PVA+4FE bio-nanocomposite film

3.2.3 Thermogravimetric Analysis (TGA)

TGA and DTG have been carried out to study the effect of FE nanoclay on the thermal stability of PVA (Table 3). From the TGA curve (Fig. 5a) of PVA and PVA+FE bio-nanocomposite, three-phase weight degradation is observed. The first phase degradation before 250°C is due to the evaporation of absorbed free water molecules present in the nanocomposite films. A sharp decrease in the second phase from 250°C–400°C is attributed to the degradation of PVA, i.e., loss of hydroxyl groups as water, aldehydes and methyl ketones. Above 400°C, third phase decomposition takes place and carbon and hydrocarbons are produced as decomposition products by the degradation of polyene structures [30–32]. The onset degradation temperature (Ti) of PVA+FE bio-nanocomposites shifts to higher temperature with the addition of FE nanoclay up to 4 wt% and beyond that the Ti value decreases. The Ti of PVA+4FE bio-nanocomposite has the maximum value among all (310°C) which is 10°C higher than that of pristine PVA. This improved Ti in the case of PVA+4FE bio-nanocomposite may be due to better dispersion of the nanoclay particles in the PVA matrix hence providing a heat barrier effect. Nevertheless, the decrease in Ti value of PVA+8FE could be due to aggregation of FE nanoclay within the PVA matrix thus less efficient.
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Figure 5: (a) TGA curves of pristine PVA and PVA/FE bio-nanocomposites and (b) DTG curves of pristine PVA and PVA+FE bio-nanocomposites

The rate of degradation of PVA+FE bio-nanocomposites has decreased with the addition of FE nanoclay, i.e., the thermal degradation rate of PVA+FE bio-nanocomposites is comparably lower than that of pristine PVA. This is due to the increased weight % of inorganic FE nanoclay within the nanocomposite. In addition, the higher % residue value trend with the incorporation of FE nanoclay could be due to better interaction of the FE nanoclay with PVA. Insertion of FE nanofiller into the PVA matrix has resulted in improved interfacial interaction between nanofiller and polymer which hinders the degradation process. PVA+8FE results show no remarkable increase compared to that of PVA+4FE. Maximum degradation temperature (Tmax) increases with the increase of FE nanoclay loading as shown in the curve (Fig. 5b). The Tmax PVA+FE bio-nanocomposites are comparably higher than that of pristine PVA (Fig. 5b). This may be attributed to the better heat barrier effect of inorganic FE nanoclay within the nanocomposite and thereby improving the heat dissipation for which a continuous increase in Tmax value has been observed (Table 3).

3.2.4 Morphological Studies Using HRTEM

The distribution of FE nanoclay in the PVA matrix has been studied using HRTEM micrographs of the PVA+FE bio-nanocomposites. The homogeneous dispersion of FE nanoclay particles in the PVA matrix is confirmed by the HRTEM micrograph of the PVA+4FE bio-nanocomposite (Fig. 6a). In the PVA+4FE bio-nanocomposite sample, there is no proof that bulk clay aggregation is present (Fig. 6a). In the end, this improves the physico-mechanical properties of PVA/FE bio-nanocomposites (as mentioned in the earlier sections). The degree of FE nanoclay aggregation increases as the concentration of FE in the PVA matrix rises from 4 to 8 wt% (Fig. 6b), which may be due to the filler-filler interaction. At greater FE nanoclay concentrations (i.e., >4 wt%), this, in turn, decreases the overall physico-mechanical properties of the PVA+FE bio-nanocomposites [33–35].
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Figure 6: HRTEM micrograph of (a) PVA+4FE and (b) PVA+8FE

3.2.5 Biodegradability Study

The biodegradability study of PVA+FE bio-nanocomposite and pristine PVA has been conducted for 21 days as shown in Table 4 below and % weight loss has been calculated for the whole duration [36]. The degradation studies are important for their application as the environmentally friendly nature and further, these can be accepted as bio-nanocomposites. As shown in the table, weight loss of PVA+FE bio-nanocomposite film and pristine PVA film has been recorded with respect to time. Both the films showed significant % weight loss of more than 3% after 7 days and the weight decreased gradually with an increase in time after 21 days the average % weight loss for PVA+FE bio-nanocomposite film was 36.5% and 26.4% for pristine PVA film. The results obtained revealed that although PVA film is highly degradable, incorporation of FE nanoclay increases the biodegradation rate, making it a suitable nanocomposite for packaging as it will not cause detrimental environmental impact.
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3.2.6 Moisture Content Analysis

The moisture content analysis of the neat PVA film and PVA+FE bio-nanocomposite films has been performed according to the reported literature [37] and the results are shown in Table 5. It is clear from the table that neat PVA film possesses the highest amount of moisture as compared to the PVA+FE bio-nanocomposites. In the case of PVA+4FE, the lowest value of moisture content is observed and an overall 44.63% less than that of neat PVA. This may be due to the proper dispersion and distribution of FE nanoclay within the PVA matrix which in result creates a barrier that restricts water penetration into the polymeric film [37]. As it can clearly observe from the HRTEM analysis and mechanical study, PVA+4FE has the better dispersion and proper distribution of FE nanoclay within the PVA matrix and above that combination (i.e., from PVA+5FE to PVA+8FE) aggregation of FE nanoclay is observed within the nanocomposite and highest moisture content is observed with the neat PVA film as expected. Also considering the thickness factor of the nanocomposite, the thicker the nanocomposite film, the lesser the moisture content due to the increased diffusion path that the water molecules need to traverse to penetrate the nanocomposite film.
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3.2.7 Coating Study of Neat PVA and PVA+FE Nanocomposites on Tomatoes

Due to its high nutritional content and health-promoting components, tomatoes are one of the most commercialized fruits. However, plastic packaging materials are employed to reduce perishability since tomatoes have a limited shelf life. Therefore, here we have deployed an alternate packaging option to fulfil the need for eco-friendly packaging in the place of traditional plastics; taking PVA+FE bio-nanocomposites as a coating agent [38–41]. The complete dip-coating experimental process is shown schematically in Fig. 7a. From the taken digital images, it can be clearly observed that the PVA+FE bio-nanocomposite coated tomatoes have maintained better shape, firmness and shelf-life as compared to neat PVA and without coating. In the case of tomatoes kept at room temperature, no remarkable mold or rottenness was observed at the end of the 9th day in the PVA+FE bio-nanocomposite coated tomatoes when compared to neat PVA coating and without coating (Fig. 7b). At the end of the 18th day, larger mold was observed in the case of non-coated tomatoes indicating complete rottenness whereas in PVA+FE bio-nanocomposite coated tomatoes didn’t show any mold or rottenness, only deformation was observed. Similarly, for tomatoes kept inside the refrigerator, there was no mold and deformation till the 12th day and minimal deformation at the end of the 18th day has been observed with the PVA+FE bio-nanocomposite coated tomatoes (Fig. 7c). The shape and the firmness were maintained properly. But tomatoes that were not coated, had shape deformation and ultimately rotted and those coated with neat PVA didn’t maintain firmness and shape, and the formation of little bubbles inside the coating was observed. This may be due to the effective barrier properties of PVA+4FE bio-nanocomposite coatings in which FE nanoclay has maximum distribution and proper dispersion inside the nanocomposite which also upholds the inner moisture of tomatoes and thus maintains its natural hydration. The findings demonstrated that these PVA+FE bio-nanocomposite coatings collectively prevent mold formation, contamination, potential spoiling, and moisture loss during storage and can maintain the proper shape and firmness of the tomatoes. Compared to traditional coatings, our PVA+FE bio-nanocomposite coating can preserve tomato quality and extend the duration of storage.
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Figure 7: (a) Tomato coating using neat PVA and PVA+FE bio-nanocomposite by dip-coating method is shown schematically. Captured digital images of non-coated and coated tomatoes with neat PVA and PVA+FE bio-nanocomposites at (b) Room temperature, and (c) Inside refrigerator

4  Conclusions

In the present study, PVA is incorporated with FE nanoclay to modify its properties for packaging applications. With regards to mechanical properties, PVA+4FE has shown a significant increase of up to 45% in tensile strength and up to 147% increase in elongation at break compared to that of pristine PVA making it the optimum concentration value for the PVA+FE bio-nanocomposite. The study has also shown that the addition of FE nanoclay can improve the thermal stability of PVA films, making them more resistant to high temperatures. The onset degradation temperature has been revealed to be highest when PVA is loaded with 4 wt% of FE beyond which it decreases due to aggregation of FE nanoclay within the PVA matrix along with a lesser rate of degradation as compared to pristine PVA. PVA+4FE bio-nanocomposite also has the least moisture content among all the nanocomposite combinations and has 44.63% less moisture content than that of neat PVA film. The biodegradability study investigated by soil burial method has also shown that the addition of FE nanoclay increases the biodegradability of the nanocomposite compared to pristine PVA which is found to be 10% more than that of pristine PVA. The most promising application as a coating agent is also validated through the coating of tomatoes with PVA+4FE bio-nanocomposite and better shelf-life, firmness, shape and no rottenness were achieved when compared to uncoated samples. In general, the use of FE nanoclay as a filler in PVA films has the potential to improve the performance and versatility of these polymeric materials in a variety of applications, including packaging, food processing, and biomedical devices. However, further research is needed to fully understand the properties, chemical behavior and potential applications of these promising bio-nanocomposites.
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Table 1: Different sample of PVA/FE bio-nanocomposite films synthesized

SI. No. Sample designation PVA (wt%) FE nanoclay (wt%)
1 PVA 100 0
2 PVA+I1FE 100 1
3 PVA+2FE 100 2
4 PVA+3FE 100 3
5 PVA+4FE 100 4
6 PVA+S5FE 100 5
7 PVA+6FE 100 6
8 PVA+7FE 100 7
9 PVA+S8FE 100 8
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Table 3: Effect of FE nanoclay on the thermal stability of PVA

SI. No. Sample Onset of degradation Maximum degradation Rate of degradation % residue

temperature (T;) (°C) temperature (T,,,) (°C) (wt%/min) at 700°C
1. PVA 300 319 27.3 0.8
2. PVA+2FE 303 322 20.7 5.1
3. PVA+4FE 310 332 20.1 10.5
4, PVA+8FE 304 335 18.5 11.3






OEBPS/Images/JPM_56470-fig-1.png
Stirring at 80 °C

d +

Stirring at 80 °C
—

for 30 minutes 500 rpm, 1 hour

PVA Water

PVA solution

Adding

‘Z + Somcatlon for dispersed FE
l'or 1 hour fo VA
solution

Water
nanocla)

Sonicator

PVA/FE
nanocomposite film

PVA-FE solution

Solution
casting

Oven drying
at 60 °C

—=






OEBPS/Images/table-4.png
Table 4: Biodegradability analysis of PVA and PVA+FE bio-nanocomposites

SI. No. Sample Initial weight Weight after ~ Weight after ~ Weight after % weight
(mg) 7 days (mg) 14 days (mg) 21 days (mg) loss after
21 days
1. PVA 160.6 155.9 138.5 118.2 26.4
2. PVA+4FE  155.1 144.9 135.1 98.5 36.5
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Table 2: Tensile strength and elongation at break (%) values of pristine PVA and PVA+FE bio-
nanocomposites

SI. No. Sample Tensile strength (MPa) Elongation at break (%)
1. PVA 28.1+2 180 £+ 15
2. PVA+I1FE 292+2 295+ 12
3. PVA+2FE 364+ 3 470 + 20
4, PVA+3FE 385+3 585+ 15
5. PVA+4FE 40.7+2 445 £ 18
6. PVA+S5SFE 37.8+2 420 £+ 14
7. PVA+6FE 35242 400 £ 15
8. PVA+7FE 26.5+2 235+ 15
9. PVA+8FE 21.7+2 175 £ 10
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Table 5: Moisture content analysis of PVA and PVA+FE bio-nanocomposites

SI. No. Sample Initial weight (W;) (in mg) Final weight (W;) (in mg) Moisture content (%)

1. neat PVA  53.1 48.1 9.41%
2. PVA+1FE 25.8 239 7.36%
3. PVA+2FE 47.3 43.7 7.61%
4. PVA+3FE 27.6 25.7 6.88%
5. PVA+4FE 32.6 30.9 5.21%
6. PVA+5FE  29.7 27.6 7.07%
7. PVA+6FE 24.8 23.0 7.25%
8. PVA+7FE 28.8 26.8 6.94%
9. PVA+S8FE 41.3 39.0 5.56%
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