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Abstract: The current work explores the potential use of commercial Chinese bayberry tannin (BT) to develop antioxidant PVA-based films using solvent casting process for packaging applications. The effect of BT concentration on opacity, water resistance and antioxidant capacity of resulting films was investigated. Properties like tensile strength, thermal behavior, and morphological aspects were also characterized. The experimental results showed that PVA/BT films formed with uniformly brown color and generally good transparency, offering good antioxidant ability. The PVA film containing BT presented slightly higher water resistance according to the results of moisture content and water vapor permeability, especially at low BT content (<10 wt%). The PVA can be compounded with up to 10 wt% BT without any obvious deterioration in the tensile strength. The PVA/BT films exhibited better thermal degradation behavior compared with PVA alone because of the chemical bonds of PVA-BT and the formation of char at high temperature. Based on the results, PVA incorporated with Chinese bayberry tannin may provide broader formulation options for packaging materials with antioxidant action.
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1  Introduction

Conventional packaging made from fossil resources has been widely used in various applications, the over-consumption of such nondegradable and non-recyclable packaging has caused serious environmental problems. Therefore, there is an increasing demand for green packaging made from bio-based resources to substitute petroleum-based packaging materials [1,2]. Nowadays, the main trend for packaging innovations is the development of active packaging having antioxidant, anti-UV, and antimicrobial activities, especially for food and biomedical applications for the purpose of effective protection of manufactured products from deterioration during transportation, storage and display steps [3,4].

Polyvinyl alcohol (PVA) is a water-soluble, nontoxic, biocompatible, and biodegradable linear synthetic polymer. The excellent film-forming character, acceptable mechanical and thermal properties make PVA quite suitable to design sustainable active packaging materials [1,2]. The incorporation of PVA with natural active ingredients, such as chitosan [4–6], essential oils [7], tomato by-products extract [8], and lignin [9,10], were frequently reported recently for developing PVA-based films containing antioxidant and/or antimicrobial functions. Compared with synthetic active agents, the use of natural active ingredients limited the risk of potential toxicity by migration especially in the field of food packaging and biomedical applications.

Tannins are important secondary metabolites and are widely presented in plants. They are famous for their bio-physicochemical properties, including antioxidant, anti-ultraviolet (UV), antifungal and antimicrobial capacity [11]. Generally, the word “tannin” represents two classes of phenolic compounds based on their chemical natures: hydrolysable tannins and condensed tannins [12]. In recent years, tannins have been proved to reduce the impact of thermo-oxidative and UV degradation, extending the shelf life of polymeric materials [13–16], including PVA-based materials [17]. On this basis, tannins can be used to design PVA-based active packaging films. Tea extracts [6,18,19], gallic acid [20], quercetin [20], tannin acid [21], and tannins from wood or wood bark [17,22] were reported to incorporate with PVA, displaying good anti-oxidant and antimicrobial activity of the resulting films by releasing antioxidant agents when in use. Among the above mentioned tannins, condensed tannins are more attractive to develop active packaging materials because of the high availability (more than 90% of the worldwide production of commercial tannins) and a relative low price (especially for those extracted from wood barks) [12]. Since last century, the main applications of condensed tannins were dedicated for the adhesives industry as a source of phenolics and conventional uses like leather tanning [23]. However, they have not been commonly used in the preparation of active packaging materials.

In this work, various concentrations of condensed tannin extracted from Chinese bayberry (Myrica rubra Sieb. et Zucc.), which is an important economic plant widely grown in Southern China [24,25], was used to develop PVA-based packaging film with antioxidant capacity. PVA-Chinese bayberry tannin (BT) film was prepared by a simple casting method. The relevant important characteristics for packaging like optical properties, moisture content, water solubility, water vapor permeability, and antioxidant capacity were fully characterized. The mechanical, morphological, thermal, and chemical structure of the resulting films were also identified.

2  Materials and Methods

2.1 Materials

PVA, glutaraldehyde (50% vol/vol) and ethanol were purchased from Sinopharm chemical reagent Co., Ltd., Shanghai, China. The PVA has a hydrolysis degree of 98%–99% and a degree of polymerization around 1750 ± 50. 1,1-diphenyl-2-picrylhydrazyl (DPPH, 96%) was bought from Shanghai Macklin Biochemical Co., Ltd., China. Condensed tannins extracted from Chinese bayberry, mainly consisted of prodelphinidins structures [26], were donated by Guangxi Wuming Company, Nanning, China, with 72% purification. The average molecular weight of commercial Chinese bayberry tannin (BT) is 2292 Da [25]. All other materials were analytical reagents and used without purification.

2.2 Film Preparation

5 wt% PVA solution was prepared at 95°C under magnetic stirring for more than 4 h to ensure complete dissolution. PVA and BT were mixed in weight ratios of 100:0, 95:5, 90:10, 85:15,80:20 and 75:25, respectively. All mixtures were incorporated with 5% of glutaraldehyde as a crosslinker (based on the weight of PVA and BT), and constantly stirred for 10 min at room temperature until complete dissolution. Subsequently, the resulting homogeneous solutions were heated in a water bath at 80°C under magnetic stirring. After 30 min, the obtained film forming solutions (80 mL) were casted on a self-made glass plate (21 cm × 21 cm) and air-dried at room temperature (15–20°C) under a relative moisture of 45–50%. After 72 h, the films were peeled off for further use. The resulting films were termed PVA, P5T, P10T, P15T, P20T, P25T based on BT content.

2.3 Characterizations

2.3.1 Thickness

The thickness of each film was determined using a micrometer with a resolution of 0.001 mm (Everte, Shenzhen, China). The thickness of each specimen was measured at 10 random positions and average thickness was calculated.

2.3.2 Opacity Characteristics

The opacity of films was determined by measuring the absorbance at a wavelength of 600 nm using UV spectrometer according to the method of Wen et al. [19]. Each specimen was cut into a rectangular strip with 4 cm × 1 cm dimension and placed in a spectrophotometer cell. The opacity was evaluated using Eq. (1):


Opacity=Abs600x
(1)

where, A is the absorption of film at 600 nm, x is the thickness of the film.

2.3.3 Moisture Content

Specimen sections of 2 cm × 2 cm were prepared for moisture content test. All samples were pre-weighted (M0) and dried in an oven at 105°C to a constant weight (M1). The moisture content (MC) of the films was calculated using Eq. (2). Three replicates were performed for each measurement.


MC(%)=M0−M1M0×100
(2)

2.3.4 Water Solubility

Each film was cut into 2 cm × 2 cm sections and weighed (M0). The specimens were placed in distilled water at room temperature for 24 h. Then, the films were removed and dried to a constant weight at 105°C (M1). At least three replicates were performed for each measurement. The water solubility (WS) was calculated based on Eq. (3):


WS(%)=M0−M1M0×100
(3)

2.3.5 Water Vapor Permeability

The water vapor permeability (WVP) was determined after the method described by Peng et al. [6] and Wen et al. [19] with same modifications. The films were cut into round pieces with 80 mm diameter and sealed into beakers (inner diameter: 50 mm, height: 70 mm) filled with 3 g granular anhydrous calcium chloride. Then, the covered bakers were placed in a desiccator containing 1 L distilled water, providing RH gradients of 100%. The covered beakers were weighed every 12 h for 3 consecutive days. The WVP was calculated using Eq. (4):


WVP=W×xA×ΔP×t
(4)

where, W is the weight increment of the covered beaker (g), x is the thickness of film (mm), t is the duration (s) of the increased weight of the covered beaker, A is the permeation area of the film sample (m2), and ∆P is the partial vapor pressure (18°C, 2063.79 Pa).

2.3.6 Antioxidant Activity

The antioxidant activity of the films was evaluated by DPPH radical scavenging activity (RSA) according to a previously reported method [18]. Each sample (0.1 g) was soaked into 30 mL distilled water under magnetic stirring for 30 min. The obtained solution (1 mL) was withdrawn and mixed with 4 mL of DPPH· methanol solution (150 µmol/L). The mixture was kept in dark for 30 min. Then, the absorbance of the mixture was measured at 517 nm using a WFZUV-8802S ultraviolet spectrophotometer (Unico Shanghai Instrument Co., Ltd., Shanghai, China). Each assay was performed in triplicate. The DPPH radical scavenging activity was determined according to Eq. (5):


RSA(%)[1−AsampleAcontrol]×100
(5)

where, Acontrol is the absorbances of the control using 1 mL distilled water replacing the sample solution. Asample is the absorbances of the tested sample.

2.3.7 Releasing Tannin Content

Each sample (0.1 g) was soaked into 30 mL distilled water under magnetic stirring for 30 min. The absorbance of obtained solution was measured at 275 nm using WFZUV-8802S ultraviolet spectrophotometer (Unico Shanghai Instrument Co., Ltd., Shanghai, China). Three repetitions were tested for each sample. The average of absorbances at 275 nm (ABS, λ = 275 nm) were calculated.

2.3.8 Tensile Test

The specimens for tensile testing were cut into rectangles of 160 mm in length and 20 mm in wide. The tensile test was performed at room temperature (27oC) and a relative humidity of 46% on SUST universal testing machine (model 5569, China), operated according to GB/T 1040.3–2006. The cross-head speed was set at 50 mm/min. Five repetitions were tested for each sample.

2.3.9 Morphology

The cross-sectional micrographs of films were observed using scanning electron microscopy (SEM) (Zeiss Sigma 300, Germany) operated with an accelerating voltage of 20 kV. The samples were previously frozen in liquid nitrogen and fractured. The cross-sections were gold coated before observation.

2.3.10 Thermal Stability

The thermal behavior of the films was performed using a thermogravimetric analyzer (TGA) (TG209F1, Germany). The tested samples (5–10 mg) were heated from 30 to 700°C under nitrogen protection with a constant heating rate of 10°C/min.

2.3.11 Infrared Spectroscopy

All films were characterized using a Thermo scientific Nicolet IS50 FT-IR spectrometer (China) in an attenuated total reflection mode, in the range from 4000 to 600 cm−1 at 4 cm−1 resolution for a total of 32 scans.

3  Results and Discussion

3.1 Physical Appearance and Opacity

Physical appearance and opacity of films are critical properties for packaging applications. The surface images and opacity of resulting films were presented in Fig. 1. The physical appearance (including color and transparency) of films can be directly observed from the surface images. All PVA/BT films showed uniform brown color with generally good transparency. However, their transparency decreased with the increase of BT content. Opacity value corresponds to a higher visible light absorbance of a sample at a given thickness and associates with the appearance and color of films [19]. As can be seen from Fig. 1, the opacity values of PVA/BT films are higher than that of the pure PVA film except P5T, indicating that high content of BT (>5 wt%) can decrease the transparency of films.
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Figure 1: Opacity and digital images of PVA and PVA/BT films

3.2 Thickness, Moisture Content, Water Solubility and Water Vapor Permeability

The basic film properties, including thickness, moisture content (MC), water solubility (WS) and water vapor permeability (WVP) are presented in Tab. 1. The thickness of PVA/BT films slightly increased compared with PVA since the addition of BT slightly increased the concentration of film-forming solution. The MC represents the water resistance of films, especially in humid environment. The MC of films decreased with the addition of BT, which can be explained by reduction of hydroxyl groups that attract water to the surface of films, caused by crosslinking reactions in presence of glutaraldehyde together with developed hydrogen bonds between BT and PVA [22]. The PVA/BT films presented higher WS compared with PVA due to the release of less strongly bound BT when immersed in water. This can be confirmed by the typical UV absorbance value of BT at 275 nm [27] as shown in Fig. 2. The WVP values of PVA/BT films (except P10T) generally increased with the addition of BT. This result could be related to the increase of free volume and chain mobility in the film network, enhancing the passage of water molecules across the film. One possible reason is the crosslinked structure makes the organization of PVA in crystalline lattice difficult [28]. Another possible reason could be the existing pores in the films containing high concentrations of the bulky BT, which can be observed below in the micrographs taken by electron microscopy.
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3.3 Antioxidant Activity

The antioxidant activity of the PVA/BT films was evaluated through DPPH assay, which is considered one of the most standardized methods for antioxidant capacity evaluation [29]. The antioxidant capacity of PVA/BT films depends on the release of BT in solution, consuming the DPPH free radicals. The release of BT in solution was determined by the typical UV absorbance value of BT at 275 nm [27].

As can be found in Fig. 2, the PVA film without BT presented slightly DPPH radical scavenging activity (~6%) as reported by Luo [30], owing to the presence of hydrogen on the carbon atoms with hydroxyl groups. With the addition of BT, the DPPH scavenging activity sharply increased from 6% to 60%, and nearly to 70% in the case of P5T and P25T. This behavior associates with the release of BT from PVA matrix as confirmed by UV absorbance at 275 nm (Fig. 2). The main mechanism was that the resulting films swelled as water molecules penetrate the inner structure of polymer chains, loosening the network structure of the films. With the decrease of constraining force of the PVA matrix, free BT will be easily extracted into the solution, thereby increasing the DPPH radical scavenging capacity. According to the study of Luzi et al. [20], the release of antioxidant agents from PVA can be correlated with their concentrations in the films in the same period as can be observed an increasing trend of DPPH radical scavenging activity from PVA/BT films. The unexpected high value from P5T might be explained by the relatively low hydrogen and/or covalent bonds between PVA and BT at this relatively low concentration of tannin and glutaraldehyde. The DPPH radical scavenging activity did not increase by multiple as the concentration of BT increasing from 5 wt% to 25 wt%, which is in agreement with the study of Luzi et al [20]. One possible reason is the presence of intensive hydrogen and/or covalent bonds between PVA and BT, decreasing the release rate of BT from PVA. Therefore, resulting PVA/BT films bearing slow-releasing capacity. In general, BT can therefore be an active agent for packaging materials preparation.
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Figure 2: DPPH radical scavenging activity (column) and UV absorbance at 275 nm (line)

3.4 Tensile Properties

Typical strain-stress curves of PVA and PVA/BT films are exhibited in Fig. 3 and their related data are included in Tab. 2. BT has great contribution to the Young’s modulus of films, in agreement with PVA incorporated with rigid polyphenols [20]. The PVA-based films containing BT at low concentration have a limited influence on tensile strength and elongation at break. However, such properties were substantially reduced when compared with PVA. As the films were formed under mild conditions, the crosslinking bonds induced by glutaraldehyde in PVA-PVA and/or PVA-BT of obtained films were limited. Therefore, the excessive BT present in PVA matrix decreased the interaction force of PVA molecular chains, reducing tensile strength and elongation at break. Besides, excessive amount of BT might enhance their self-interaction during the film preparation, producing discontinuing film structure. This can be proved by the presented dots and pores in P20T (Fig. 4).
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Figure 3: Stress-strain curves of PVA and PVA/BT films
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3.5 Morphology

The morphology of PVA incorporated with different BT contents was investigated using SEM imaging. cross-sectional micro-structures of PVA, P10T, and P20T fractured surfaces at two different magnifications are shown in Fig. 4. In case of PVA, it reveals a homogeneous, smooth and uniform fractured surface. This phenomenon highlights the homogeneity of PVA during solvent casting process [20,31]. On the other hand, the morphology of P10T and P20T revealed less smooth compared with PVA. Further, slight coarse domains were easily found in the fractured surface (marked with white circles), especially when increasing the concentration of BT to 20 wt%. This illustrates that the addition of the rigid BT reduced the ductility of the films, especially after the crosslinking and hydrogen bonding [32]. It should be noted that the fractured surface of P20T also presented some dots and pores probably caused by the agglomeration of BT during the solvent casting process, producing discontinuing film structure. This result was also observed in PVA incorporated with high concentration of tea polyphenol [33].
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Figure 4: SEM micrographs of fractured cross-sections for selected films at two magnifications

3.6 Thermal Stability

For investigating the effect of BT loading on the thermal degradation behavior of PVA-based films, thermal analysis was performed and TG curves were recorded in Fig. 5. All samples presented three consecutive degradation steps. The first stage (40 to 200°C) is mainly related to the release of water and volatile content, the main intermolecular hydrogen bonding cleavage of PVA and the decomposition of linkages between BT units [34]. The second stage (200 to 350°C) is corresponding to the breakage of the main chains. The third step (350 to 600°C) illustrates the cleavage of the C-C backbone of the PVA and the production of carbon molecules and hydrocarbons [28]. As can be seen from Fig. 5, the main difference in thermal behaviors between PVA and PVA/BT films is the last two stages. The residual mass and the initial decomposing temperature of PVA/BT films in the second stage are higher with respect to that of PVA, indicating BT postponed the decomposition of the main polymer chains in PVA [35] because of the hydrogen and/or covalent bonds between PVA and BT. In the final step, the residual weight of samples increases with increasing BT content due to the high char forming capacity of BT. This result is generally typical in polymeric composites containing phenolic compounds [10,36].
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Figure 5: Thermal degradation traces of PVA and PVA/BT films

3.7 FTIR Analysis

The chemical interactions in the resulting films were investigated using FTIR spectroscopy Fig. 6 demonstrates FT-IR spectra of BT, PVA, P10T, and P20T. In case of BT, a broad band centered at 3400 cm−1 is ascribed to -OH stretching vibrations. The peaks at 1610 cm-1 and 1450 cm−1 are related to C=C stretching and C-H bending, respectively. The peak at 1340 cm−1 is attributed to -OH stretching of phenolic hydroxyl while that at 1050 cm−1 referred to C-O-C stretching of ether groups [18,37]. The PVA shows typical intense peaks: a broad band centered at 3210 cm−1 is attributed to the hydroxyl group stretching, and peak at 1090 cm−1 is associated to C-O stretching of the PVA backbone. As compared with the spectrum of PVA without glutaraldehyde (supporting information), the change of band at 2920 cm−1 is ascribed to the asymmetric stretching of CH2 because of the introduction of -O-CH2-O- in the crosslinked structure [38]. Based on the given FT-IR spectra, a peak corresponding to BT (P20T, marked with arrow) appeared with increasing BT content 1610 cm−1. This one together with the multiplicity found in the C-O region confirm the insertion of tannin into the backbone of PVA, implying that the linkage happened mainly to PVA because of its high molecular weight [28], which can be more evidenced by the preservation of the OH region unchanged in shape or position.
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Figure 6: FTIR spectra of BT, PVA, and PVA/BT films

4  Conclusion

Condensed BT extracted from Chinese barberry can be introduced to PVA at various concentrations to develop antioxidant PVA-based films using a simple casting method. The DPPH free radical scavenging assays showed that PVA/BT films can present good antioxidant ability. The formed PVA/BT films can show uniform brown color and generally good transparency, especially when loaded with low BT content. The PVA films containing BT acquired relatively good water resistance according to moisture content and water vapor permeability, especially at low BT content, which additionally reveals the hydrophobicity of BT and the potential use of these materials for packaging applications. The addition of BT did not cause obvious changes in the mechanical properties when PVA is incorporated at low BT content (<10 wt%). The SEM images revealed a homogeneous and uniform fractured surface of PVA/BT films indicating a good compatibility of PVA-BT, especially in PVA films bearing low BT content. The BT postponed the thermal degradation of PVA, due to the emerged chemical bonds of PVA-BT and the formation of char at higher temperatures. The interaction of PVA and BT in presence of tiny glutaraldehyde amount is limited most likely due to the high molecular weight of PVA thus the crosslinking occurred mainly within PVA polymer chains as revealed by FT-IR.
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Table 1: Thickness, moisture content, water solubility and water vapor permeability of PVA/BT films

Samples Thickness (mm) MC (%) WS (%) WVP x 1077 (g/m's-Pa)
PVA 0.08 £ 0.01 11.38 £ 0.19 13.42 +1.33 1.12 £0.06
P5T 0.11 +£0.03 10.43 £ 0.60 16.94 + 1.69 1.19 £0.08
P10T 0.09 £ 0.01 10.87 £ 0.86 17.20 £0.32 1.00 £ 0.15
P15T 0.10 £ 0.00 10.72 £ 0.73 17.85 £ 0.43 1.57 £0.02
P20T 0.09 £ 0.01 10.07 £ 0.54 21.12 +£0.54 1.40 £0.02
P25T 0.10 £ 0.00 10.81 £ 0.35 21.58 £0.27 1.28 £0.10
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Table 2: Mechanical parameters of PVA and PVA/BT films

Samples Young’s modulus (MPa) Tensile strength (MPa) Elongation at break (%)
PVA 17.5+3.7 39.0+£5.2 353.5 £ 38.22

P5T 69.4 £16.3 40.0 £3.7 327.0 £42.9

P10T 64.7 £20.6 38.7 £ 2.1 282.8 £18.7

PIST 282.8 +£40.8 30.7+£2.2 153.5 £24.4

P20T 503.8 £ 65.3 30.7+ 1.0 1345+9.9

P25T 570.2 +£42.9 27.0+2.2 123.1 £43.3
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