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Corn starch var. Paragon from Indonesia and carboxymethyl cellulose (CMC) were used to develop bionanocomposite film containing different types of plasticizers [glycerol (G) or sorbitol (S)] incorporated with zinc oxide (ZnO) nanoparticles (NPs) (0, 3, 5 wt.%) via casting method. The main objective of this study was to improve the properties of the bionanocomposite film with incorporated different types of plasticizers and ZnO NPs. The physicochemical properties of the film were systematically characterized. The results showed that the incorporation of sorbitol could significantly enhance the value of tensile strength, elongation, and Young's modulus than glycerol. In general, a higher concentration of ZnO NPs in the film could increase the tensile strength, reduce the water vapor permeability, decrease the water solubility, and influence the morphology, crystallinity, functional groups, and thermal stability of the films. The data showed that corn starch bionanocomposite film containing sorbitol with 5 wt% ZnO NPs was the most optimal film as compared to other formulations as the solubility and water vapor transmission rate (WVTR) value significantly reduced, and also it increased the value of tensile strength, elongation, and Young's modulus. It can be concluded that the incorporation of glycerol or sorbitol plasticizers reinforced by ZnO NPs plays an important role in improving the properties of bionanocomposite film, hence the film has the potency to be used as sustainable and environmental friendly packaging.
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INTRODUCTION

Among the biopolymers, corn starch contains hydrocolloid components that can be utilized to form a nanocomposite film matrix. In general, corn starch has high amylose content, about 25% (w/w), allowing it to produce a strong film (Tavares et al., 2019). The utilization of corn starch var. Paragon has the potential to be used as a film matrix polymer. However, this corn starch-based biodegradable film has several drawbacks: rigidity, brittleness, and high hygroscopic properties resulting in poor physical and mechanical properties (Isotton et al., 2015). In addition, starch-based films have low moisture barrier properties (de Melo et al., 2011). These limitations can be overcome by incorporating nanofillers into the polymer matrix and controlling the mechanical properties and film permeability (Montero et al., 2017; Hu et al., 2019). The results of previous research reported that bionanocomposite films can significantly improve the mechanical properties, resistance to water vapor and gasses, and stable dimensions compared to polymers without nanofillers (Sadegh-Hassani and Mohammadi Nafchi, 2014; Babaei-Ghazvini et al., 2018; Vaezi et al., 2019).

Zinc oxide (ZnO) is one of the oxide group compounds that is widely used as a source of nanoparticles. Generally, ZnO nanoparticles (ZnO NPs) have been widely used in various applications, such as packaging, cosmetics, pharmaceuticals, dye degradation, optical devices, and biosensors (Liu et al., 2019). In recent years, the use of ZnO NPs as filler nanocomposite in bioplastic films has been growing because of its strong ability to interact with the polymer matrix to produce nanocomposite films with better physical, mechanical, chemical, and biological properties than the bulk form (Vaezi et al., 2019). ZnO is currently one of the five zinc compounds listed as a generally recognized safe (GRAS) material.

Despite its excellent properties, Arifin et al. (2022) reported that nanocomposite films made from starch–CMC with the addition of ZnO nanoparticles still have a rigid and brittle film quality, so it is necessary to add additives that act as plasticizers to increase the plastic properties of the film. Plasticizers are often used to improve elasticity and reduce the barrier film properties of starch (Gontard et al., 1993). Some of the plasticizers that can be used are glycerol and sorbitol. Febrianto Mulyadi et al. (2016) stated that glycerol could reduce intermolecular strength and increase flexibility and extensibility of the film to produce a good mechanical quality film. Meanwhile, according to Astuti (2011), sorbitol could reduce internal hydrogen bonds in intermolecular bonds of the film so that it could inhibit the evaporation of water from the product which was packaged (instant noodle seasoning). It can enter each polymer chain so that it will facilitate the movement of polymer molecules in film products. Recent reports have shown that the application of ZnO NPs to biopolymers could reduce the hydrophilic properties, as well as improve the mechanical properties and film permeability (Mohammadi Nafchi et al., 2014; Marvizadeh et al., 2017; Hu et al., 2019). To the best of our knowledge, there are no reports of ZnO NPs in biopolymer systems combined with various plasticizers, so this work aims to evaluate the properties of nanocomposite films incorporated with ZnO NPs containing plasticizers (glycerol or sorbitol) with corn starch as polymer base.



MATERIALS AND METHODS


Materials

A local farmer supplied the corn kernel var. Paragon (Indonesia). ZnO NPs (202.9 nm) were milled with ball milling performed at PRINT-G Unpad. The materials of glycerol, sorbitol, carboxymethyl cellulose (CMC) (Blanose France brand), filter paper (Whatman no. 40), PP plastic (Bangkuang brand), and silica gel (Wonder Natural brand) were purchased from Bratachem, Indonesia.



Corn Starch Extraction

Corn starch was extracted according to Marta et al. (2019) with slight modifications. A total of 500 g of corn kernels were milled in a blender with 500 ml of water. The corn starch slurry was filtered and squeezed several times while aquadest was added, then the corn dregs were removed and the starch suspension was precipitated for 24 h. The clear filtrate was discarded and the starch precipitate with a little aquadest was centrifuged at 4,000 rpm for 15 min to separate the wet starch from the filtrate. Wet starch had been dried in an oven at 50°C for 12 h. A grinder was used to crush the dried starch. To obtain homogeneous and fine-grained starch, sieving was done with an 80-mesh sieve.



Bionanocomposite Film Preparation

The bionanocomposite film preparation method was prepared according to Arifin et al. (2022) with minor modifications. A total of 7 g of corn starch was mixed with 200 ml of distilled water to produce a 3.5% (w/v) corn starch solution. Meanwhile, ZnO NPs were dispersed in distilled water. After that, CMC (0.5% w/v) was added to the corn solution while stirring constantly. After the CMC dissolved, the dispersed ZnO NPs (0, 3, or 5 wt. %) were added. The mixture was then stirred in a beaker glass fitted with a magnetic bar and heated on a hot plate stirrer. After reaching the temperature of corn starch gelatinization (62°C), 2% (v/v) plasticizer glycerol or sorbitol plasticizer was added. Then, the film solution was heated to 70°C and continuously stirred. The solution was then cooled to around 40°C. The formation of films was conducted by pouring 160 ml film solution into a 20 cm x 20 cm mold. The film plate was dried at 50°C for 24 h.



Film Color

Spectrophotometer CM 5 (Konica Minolta Co., Osaka, Japan) with Spectra Magic software was used to measure the color. L* (lightness, 0 = black/100 = white), a* (+a* = redness/–a* = greenness), b* (+b* = yellowness/–a* = blueness), and hue are all part of the color measurement. Calibration was carried out using a zero-calibration plate (CM-A124) and a white calibration plate (CM-A120) with a large target mask (CM-A203). The film was placed on the transmittance specimen holder, and the rays were shot at two different parts (Schanda, 2007).



Film Thickness

The thickness was measured using a micrometer screw. The film was measured in all four corners and the center. For each sample, the average of five measurements was calculated (Kanmani and Rhim, 2014). The thickness was specified in millimeters, and the micrometer screw used has an accuracy of 0.01 mm.



Moisture Content

The moisture content of bionanocomposite films was measured using a thermogravimetric method described by AOAC (2005). The principle of this method was based on the evaporation of water present in the material by heating and then weighed to a constant weight. The weight reduction that occurs is the water content contained in the ingredients.



Water Solubility

Water solubility was assessed by a procedure described by Kotharangannagari and Krishnan (2016). In distilled water, rectangular (a) and filter paper (b) cut samples were immersed. The samples were filtered through filter paper after 24 h of agitation (250 rpm) in 50 mL distilled water at 25°C. The filter paper was then dried at 105°C for 24 h to obtain the final dry weight (c), and the film solubility (percent) was determined using the equation:
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where a = initial sample weight (g), b = filter paper weight (g), c = dry weight of filter paper and samples (g).



Water Vapor Transmission Rate

The water vapor transmission rate was calculated according to ASTM E96 (ASTM, 2005). The film sample to be tested was sealed in a cup containing 10 g of silica gel (RH = 0%). The cups were then placed at 25°C in a jar containing 40% (w/v) saturated NaCl salt solution (RH = 75%). For 8 h, the weight of the cups was measured every hour, and the weight loss from each cup was calculated. The water vapor transmission rate (WVTR) was calculated using the slopes (linear) of the steady-state portion of the cup's weight loss vs. the time curve. As a result, the linear line's slope was calculated as water vapor absorption per hour (g/h). The following formula was used to calculate WVTR:
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where WVTR = water vapor transmission rate (g/m2.h), slope = absorption of moisture every hour (g/h), A = film area (m2).



Mechanical Properties

Mechanical properties testing was performed in accordance with ASTM (ASTM, 2002). The Universal Testing Machine Brand SHIMADZU AG IS, Japan used a tool with a load cell of 1 kN and a speed of 10 mm/min. The films were conditioned for more than 40 h before testing in a room at 23°C and 50 % RH. Tensile strength was determined by the maximum load applied when the film was torn, whereas the proportion of elongation was determined by the increase in film length at the break. Meanwhile, Young's modulus was determined by dividing the tensile strength by the percentage elongation.



Scanning Electron Microscope

The morphology film was examined with a JEOL JSM-6360LA Scanning Electron Microscope (Japan). A thin film was frozen in liquid nitrogen before being fractured, mounted in a special holder, gold-coated, and examined. The sample was folded at 90° for inspection while being analyzed in cross-section (Vaezi et al., 2019).



X-Ray Diffraction

The X-ray diffraction pattern of the film was measured using a MiniFlex XRD system delivery speed and sensitivity through innovative technology advances, including the HyPix-400 MF 2D hybrid pixel array detector (HPAD) together with an available 600 W X-ray source and new 8-position automatic sample changer. The diffraction angle scanning ranged from 3 to 90° with a scan speed of 10 deg/min and a step width of 0.02° (Marta et al., 2019). A thin film was placed on the surface of the plate holder for measuring the diffraction angle.



Fourier Transform Infrared

The FTIR spectrophotometer (Thermo Scientific® Nicolet iS5 with detector DGTS (Deuterated Triglycine Sulfate), ZnSe iD3 ATR Holder) was used to record the film spectrum in reflection mode (total attenuated reflection). The wave absorption was measured after a thin film was placed on the surface of the FTIR holder (Marvizadeh et al., 2017).



Thermogravimetric Analysis/Derivative Thermogravimetric

The thermal stability of the film was determined using a TGA 4000 (Perkin Elmer, United States). The amount sample was heated from room temperature to 600°C at a rate of 10°C min−1 under a nitrogen flow atmosphere (50 ml/min). The derivative thermogravimetric (DTG) curve was expressed as the mass variation as a function of temperature (Nurhadi et al., 2021).



Statistical Analysis

The data were analyzed using univariate analysis of variance (ANOVA) in SPSS 19.0 statistical software program to compare plasticizers type and ZnO NPs concentrations in nanocomposite film, and the least significant difference (LSD) comparison test was used to determine the significant difference between treatments at a significance level of 5% (P.05).




RESULTS


Mechanical Properties

The tensile strength of the film ranged from 0.74 to 6.07 MPa (Table 1), and this complied with the JIS (1975) where the minimum value was 0.392 MPa. The value of the tensile strength of sorbitol-plasticized film was significantly higher than glycerol-plasticized film regardless of any concentration of ZnO NPs used. No significant difference in the value of tensile strength was observed when different concentrations of ZnO NPs were incorporated into glycerol-plasticized film. Furthermore, in the sorbitol-plasticized film, the addition of 3 and 5% ZnO NPs was significantly higher than 0% ZnO NPs.


Table 1. The tensile strength, elongation at break, and Young's modulus of bionanocomposite films.

[image: Table 1]

The elongation at the break value of the film samples was around 29.74–117.92% (Table 1). Almost all treatments fit the Japanese Industrial Standard (1975), namely elongation values above 50% were considered to have good properties, except for the glycerol-plasticized film without ZnO NPs. The elongation at the break value of the sorbitol-plasticized film was significantly higher than the glycerol-plasticized film, regardless of the concentration of the ZnO NPs added.

The value of Young's modulus of films ranged from 0.10 to 0.57 MPa (Table 1). In general, the young modulus of the glycerol-plasticized film was significantly lower than the sorbitol-plasticized film regardless of any ZnO NPs concentrations used. Results showed that the value of the young modulus in the glycerol-plasticized film with the incorporation of 3 and 5% ZnO NPs was significantly lower than without the addition of ZnO NPs. Meanwhile, in the sorbitol-plasticized film, the addition of 3 and 5% ZnO NPs was significantly higher than the film without ZnO NPs on Young's modulus of films.



Permeability of Films

The results showed that the WVTR value of the film ranged from 2.85 to 9.64 g/m2 h (Table 2). This WVTR value complied with the standard determined by the Japanese Industrial Standard (1975) which was <10 g/m2 h. In general, the WVTR values of sorbitol-plasticized films were significantly lower than those of glycerol-plasticized films, both at concentrations of 3% and 5% ZnO NPs. Meanwhile, the glycerol-plasticized film of 3 and 5% ZnO NPs were not significantly different, but the two treatments were significantly lower than the film without the addition of ZnO NPs. Furthermore, the WVTR value of sorbitol-plasticized film with the incorporation of 3 and 5% ZnO NPs was significantly lower than the control film (without the addition of ZnO NPs).


Table 2. The thickness, water-solubility, WVTR, and moisture content of bionanocomposite films.
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Physical Properties

The solubility of nanocomposite films in water ranged from 31.69 to 36.84% (Table 2). In general, films with the addition of ZnO NPs showed a significant decrease in solubility than the glycerol-plasticized films without the addition of ZnO NPs.

The thickness of glycerol-plasticized film was significantly higher than sorbitol-plasticized film regardless of any concentration of ZnO NPs used (Table 2). In general, the thickness for both of the plasticized films (glycerol or sorbitol) significantly increased with the increase of ZnO NPs, except for glycerol with 5% ZnO NPs.

In general, the moisture content for both of the plasticized films (glycerol or sorbitol) significantly decreased with the increase of ZnO NPs. The moisture content of the glycerol-plasticized film with 0 and 3% ZnO NPs was significantly higher than the others (Table 2). Meanwhile, the moisture content of glycerol-plasticized film with 5% ZnO NPs was significantly different from sorbitol-plasticized film with 3 and 5% ZnO NPs and not significantly different from sorbitol-plasticized film with 0% ZnO NPs.

Based on Table 3, the L* value of both glycerol or sorbitol-plasticized film without the presence of ZnO NPs was not significantly different; however, it was significantly higher than other film treatments containing ZnO NPs (3% or 5%). The results showed that a* values ranged from 0.30 to 0.76, and this indicated that the color of the nanocomposite films tended to be redder. The color of a* values of glycerol- or sorbitol-plasticized films without ZnO NPs were significantly different from 3 and 5% ZnO NPs. Meanwhile, the glycerol-/sorbitol-plasticized film with 5% ZnO NPs was significantly higher than the other treatments. The +b* color value obtained ranges from 3.54 to 12.30, indicating that the color tended to be yellower. The yellowish color of the bionanocomposite films can be seen as a photograph in Figure 1. The b* value of glycerol-/sorbitol-plasticized film with 5% ZnO NPs was significantly higher than the other treatments.


Table 3. The L*, a*, and b* value of bionanocomposite films.
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FIGURE 1. Photographs of the bionanocomposite films.




SEM, XRD, FTIR, and TGA of Films

The cross-section morphology of the films was observed with SEM microscopy and presented in Figure 2. In general, sorbitol-plasticized films appeared to be more compact and denser than glycerol-plasticized films. The film without the incorporation of ZnO NPs showed a rough structure and there were gaps in some parts of the film, while the addition of 3% ZnO NPs showed a fibrous and uneven film morphology, especially at the bottom of the film. However, the micrograph of the sorbitol-plasticized film reinforced by 5% ZnO NPs showed the film structure was even, homogeneous, and without pores and cracks.


[image: Figure 2]
FIGURE 2. SEM micrographs of bionanocomposite films.


The X-ray diffraction pattern (XRD) of the film is presented in Figure 3. The sorbitol-plasticized film without the addition of ZnO NPs did not show any diffraction peaks on the XRD. However, the sorbitol-plasticized film reinforced by 3% and 5% ZnO NPs and the glycerol-plasticized film reinforced by 5% ZnO NPs showed some diffraction peaks. The sorbitol-plasticized films with 3% ZnO NPs showed diffraction peaks at 2θ = 34.87, 55.35, 61.45, 66, 58. The sorbitol-plasticized films with 5% ZnO NPs showed diffraction peaks at 2θ = 30.43, 33.11, 34.91, 46.23, 55.33, 61.59, 66.76. Beside, glycerol-plasticized films with 5% ZnO NPs showed diffraction peaks at 2θ = 31.74, 34.42, 36.23, 47.50, 56.51, 62.85, and 67.94.


[image: Figure 3]
FIGURE 3. X-ray diffraction (XRD) of bionanocomposite films.


Figure 4 showed that the spectrum of the film was in the range of 3,462.93 to 567.41 cm−1. A typical broad absorption band with wavenumbers from 3,429.85 to 3,462.93 cm−1 was present in all the observed films. The glycerol-plasticized film with 3% ZnO NPs had a wavenumber of 2,921.80. Meanwhile, in the plasticized film of glycerol and sorbitol with 5% ZnO NPs, new absorption bands were found in the 2,310.45 cm−1 and 2,355.34 cm−1 regions. In addition, the absorption band was found in the region 2,145.27 to 2,166.43 cm−1. Furthermore, the absorption band was found in the region of 1,629.14 to 1,635.08 cm−1. In addition, in the glycerol-plasticized film with 5% ZnO NPs and the sorbitol-plasticized film with 3% ZnO NPs, absorption bands appeared in the 1,094.14 and 1,099.49 cm−1 regions.


[image: Figure 4]
FIGURE 4. Fourier Transform Infrared (FTIR) spectra of the bionanocomposite films.


The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of the films are shown in Figure 5. All of the films exhibit the same degradation trend. The TGA and DTG curves clearly showed the onset degradation temperature (T0) and the maximum decomposition temperature (Tmax) of the film. In the first phase, all films began to degrade at temperatures between 37.52 and 172.80°C. The sorbitol-plasticized film without the addition of ZnO NPs showed a T0 of 243.40°C, while the sorbitol-plasticized film with the addition of 5% ZnO NPs showed a T0 of 249.91°C. Furthermore, on the DTG curve, we could see that the Tmax of the sorbitol-plasticized film without ZnO NPs was 278.18°C, while the sorbitol-plasticized film with the addition of 5% ZnO NPs had a higher Tmax of 281.92°C.


[image: Figure 5]
FIGURE 5. Thermogravimetric analysis (TGA) of the bionanocomposite films.





DISCUSSION


Mechanical Properties

Based on Table 1, the tensile strength of sorbitol-plasticized film was significantly higher than the glycerol-plasticized film at all NCC concentrations. This was suspected due to hydrogen bonds being formed between starch–CMC–sorbitol–ZnO NPs than starch–CMC–glycerol–ZnO NPs. Sorbitol had a higher molecular weight (182.17 g/mol) than glycerol (MW = 92.094 g/mol), and consequently, more OH groups were formed which caused higher tensile strength (Kanmani and Rhim, 2014). In this study, the increased concentration of ZnO NPs was not significantly different in either glycerol- or sorbitol-plasticized films. This was presumably because the concentration of 3 and 5% ZnO NPs in this treatment resulted in the same distribution of nanomaterials in the polymer matrix. Gao et al. (2019) explained that ZnO nanoparticles could change the mechanical properties of film nanocomposites due to strong interfacial interactions between inorganic nanofillers and organic groups (starch matrix).

The ZnO NPs had a high surface area and surface energy, so if they are well-dispersed in the matrix, a strong surface interaction will be generated between the ZnO nanoparticles and the matrix. Gao et al. (2019) stated that fillers and polymers were linked through static interactions, such as Vander Waals forces or Lewis acid–base interactions during physical mixing. Zn2+ on ZnO formed a salt bridge with a carboxylic group (COO-) and resulted in an interaction that improved the formation of the film structure. Vaezi et al. (2019)explained that the increase in mechanical properties was associated with the interaction between ZnO NPs and biopolymers because ZnO NPs could form hydrogen and covalent bonds with hydroxyl groups of starch, consequently strengthening the molecular strength between nanoparticles and biopolymers. In addition, hydrogen bonds formed between ZnO NPs and polymers could prevent nanoparticles from agglomeration. Agglomeration that occurs could reduce the strength of the interaction in the polymer matrix. Therefore, the addition of ZnO NPs could increase the tensile strength of this film.

The elongation at the break value of the sorbitol-plasticized film with the addition of 5% ZnO NPs was significantly different from the others. The higher the concentration of added nanoparticles, the value of the percentage elongation at break increased, which indicated that the film was more elastic. This was in contrast to the statement of Torabi and Mohammadi Nafchi (2013), which stated that the addition of nanoparticles caused the contact of water and the matrix to be disturbed, resulting in reduced film elasticity. Therefore, the increase in the percentage of elongation was strongly influenced by the plasticizer of sorbitol. The addition of hydrophilic sorbitol into the starch matrix disrupted the hydrogen bonds between adjacent polymer molecules so that the intermolecular attraction strength of the polymer chains was reduced, thereby increasing the flexibility and percent elongation of the film. The matrix in the film becomes less dense and allows polymer chain movement to occur when the film is stressed.

Young's modulus of sorbitol-plasticized film with the addition of 3 and 5% ZnO NPs was significantly higher than the film without ZnO NPs. This was presumably because ZnO NPs filled the polymer matrix and caused a strong bond that made the film stiffer. Table 1 showed that when the percent elongation increased, Young's modulus decreased. This was in accordance with Kramer (2009) that the modulus of elasticity was the inverse of the percentage elongation. If the percentage of elongation increased, the resulting modulus of elasticity decreased.

In general, the plasticizers of glycerol and sorbitol had more of a role in increasing the elongation at break value, while ZnO NPs had a greater role in increasing the tensile strength of the film, and Young's modulus of films was influenced by the plasticizer and ZnO NPs. In addition, the mechanical properties were also influenced by the type of corn starch and sorbitol. The use of corn starch as the base material for this film provides a solid structure for the film matrix. This was supported by Pramadita (2011) that polysaccharides could function in maintaining the compactness and stability of the film. The tensile strength of corn starch-based films was closely related to the presence of amylose and amylopectin where both the components play an important role in film formation. Amylose content of 29.96% in corn starch var. Paragon in the film plays a role in the compactness of the film, while the amylopectin content of 44.02% plays a role in the stability of the film. The heating process during film formation could weaken the hydrogen bonds in amylose so that gelatinization occurred, which continues with the diffusion of amylose and amylopectin. Amylose could form a strong gel in the retrogradation process, which was the result of combining starch polymers after the heating process.



Water Vapor Transmission Rate

The amount of water vapor that passes through the surface of a nanocomposite film is WVTR. The higher the WVTR value, the more water vapor will enter the package or vice versa. The water vapor migration that occurs is generally in the hydrophilic part of the film so that the ratio between the hydrophilic and hydrophobic parts of the film component will affect the WVTR value of the film. The greater the hydrophobicity of the film, the smaller the WVTR value of the film (Panjaitan et al., 2019). WVTR is not only influenced by the filler but also by the filled compound (polymer matrix); the state of the matrix interface has an important role in determining the barrier properties of the nanocomposite films (Hu et al., 2019).

The WVTR of glycerol-plasticized films of 3 and 5% ZnO NPs were not significantly different, but those two treatments were significantly different from the WVTR of the film without the addition of ZnO NPs. This showed that the incorporation of nanofillers could reduce the WVTR value of the film. The presence of ZnO NPs could reduce the rate of vapor transmission because they were solid and hydrophobic (Wahyu, 2014). The addition of nanoparticles could reduce the rate of water vapor transmission, and the barrier properties can be increased if the nanoparticles were well-dispersed in the matrix and had a high aspect ratio (Abdollahi et al., 2013). Nanoparticles made water vapor molecules go through a long and winding diffusion path (tortuosity) to pass and that made nanoparticles act as a barrier and reduce the rate of water vapor transmission (Vaezi et al., 2019).

Furthermore, in the sorbitol-plasticized film, the addition of 3 and 5% ZnO NPs was significantly different than without the addition of ZnO NPs. Among all of them, the higher significantly different WVTR values were found in sorbitol-plasticized film with 5% ZnO NPs. This was presumably because ZnO NPs could reduce the hollow space in the polymer matrix. The nanofiller could reduce the hollow space being oriented perpendicular to the diffusion path to a more compact nanoparticle–matrix network, which results in less space for water vapor to pass through (Hu et al., 2019; Vaezi et al., 2019). This was supported by Torabi and Mohammadi Nafchi (2013) that nanoparticles filled macromolecular or polymeric structures, which could reduce water vapor permeability. The addition of hydrophobic ZnO NPs was able to become a water vapor barrier in penetrating the film, and ZnO NPs were able to be dispersed in a polymer solution and act as a filler to reduce the water vapor permeability of the film. This was in line with Nafchi et al. (2012) where the addition of ZnO NPs could fill the macromolecular structure of polymers and significantly reduce water vapor permeability into polymer films based on sago starch and carrageenan.



Water Solubility

The percentage of solubility of nanocomposite films is seen from the dry weight after being immersed in water for a certain time (Atef et al., 2014). The high solubility causes the nanocomposite film to be easily soluble in water and its ability to hold water is reduced.

In general, the treatment of all films with the incorporation of ZnO NPs was significantly lower than glycerol-plasticized films without ZnO NPs. This was presumably because the addition of ZnO NPs to the film matrix could strengthen the bonds in the film matrix so that it was not easily soluble in water. In addition, a higher concentration of nanoparticles added to the film solution could cause the solution molecules in the film matrix to increase so that the structure of the film network becomes more compact and sturdy. The strong film structure made the film not easily destroyed by water. This was in line with the research of Vaezi et al. (2019) who reported that the addition of ZnO NPs to the film resulted in the formation of more hydrogen bonds with matrix components. In addition, ZnO NPs showed excellent hydrophobic properties and so they were able to reduce the overall hydrophilic properties of the film. This was in line with Bajpai et al. (2010) who reported that ZnO nanoparticles in chitosan-based films were able to reduce the hydrophilic characteristics of the film, thereby reducing the solubility of the film in water.

The use of hydrophilic polymer materials, such as corn starch and glycerol or sorbitol plasticizers, in this study was not able to effectively resist the solubility of the film in water because corn starch and sorbitol were completely soluble in water. It is supported by Sobral et al. (2001) who reported that increasing the concentration of plasticizers increased the moisture content of the films due to the high hygroscopicity between adjacent macromolecules. Therefore, the presence of hydrophobic ZnO NPs filler could reduce the hydrophilic properties of the film, thereby reducing the water solubility of the film.



Thickness

The thickness of the film is related to its ease of shaping. The thicker the film, the more rigid and difficult it is to form the film, but it will provide better mechanical protection for the food to be packaged. In general, the thickness of the glycerol-plasticized film was significantly higher than the sorbitol-plasticized film at any concentration of ZnO NPs. This was presumably because glycerol could increase the viscosity of the film solution so that when dried the film becomes thicker. In addition, glycerol-plasticized films with the addition of 3% and 5% ZnO NPs were not significantly different, but both were significantly different than without adding ZnO NPs. Meanwhile, the sorbitol-plasticized film with 5% ZnO NPs was significantly different from the addition of 0% and 3% ZnO NPs. This was because the addition of nanoparticles as a mixed film material could increase the thickness of the nanocomposite film. After all, it could act as a good filler. Chaichi et al. (2017) explained that nanoparticles had a large surface area and surface energy so that they could build strong interactions with the matrix and could be well-dispersed in the matrix. Furthermore, Anandito et al. (2012) reported that the increase in thickness could be caused by differences in the concentration of the film-making material, thereby increasing the total amount of dissolved solids in the film. This could increase the viscosity of the film solution which caused the film matrix after the drying process to become thicker.



Film Color

The color of the nanocomposite film can affect the appearance of the packaged product. The L* value of sorbitol/glycerol-plasticized film with the addition of 3 and 5% ZnO NPs was significantly lower than the sorbitol/glycerol-plasticized film without the addition of ZnO NPs. This was because the addition of nanoparticles to the film matrix could affect the brightness level of the resulting nanocomposite film. After all, the light on the surface of the nanoparticles would be reflected in smaller amounts, so the film was opaquer. This was in line with Nafchi et al. (2012), where the value of L* will decrease significantly in the presence of zinc oxide nanoparticles. The mobility of polymer chains and the distance between molecules in the matrix affect the light permeability through the nanocomposite films (Afifah et al., 2018).

The value of a* of the glycerol/sorbitol-plasticized film with 5% ZnO NPs was significantly higher than the other treatments. Increasing the concentration of ZnO NPs on the film would increase the a* value of the film. This showed that the addition of ZnO NPs gave a red color to the film. The difference in color produced from the film with the addition of ZnO NPs showed that the color of the filler greatly affected the color of the resulting film. Following that the type of base material used will affect the color of the nanocomposite film.

Furthermore, the color value of b* of the sorbitol-plasticized film with the incorporation of 5% ZnO NPs was significantly higher than the combination of 0 and 3% ZnO NPs. This was presumably because the ZnO NPs turn yellow when heated and the addition of ZnO NPs. This change occurs because some oxygen atoms were missing from the crystal lattice so that in a state of excess negative charge it produced a different color. The nanocomposite film solution with the addition of ZnO NPs, which was originally clear in color resulted in a yellowish nanocomposite film after the drying process in the oven. Besides, Vaezi et al. (2019) revealed that the addition of ZnO NPs changed the color of the film from bright white to bright yellow. The yellow color of the nanocomposite films with ZnO NPs was indicated by the b* value, which tended to be higher than the nanocomposite films of other treatments. In accordance with Beak et al. (2017), the result of increasing the concentration of ZnO NPs on the film decreased the L* value but increased the a* and b* values.



Moisture Content

In general, the moisture content of glycerol-plasticized film was significantly different from the sorbitol-plasticized film. This was presumably because glycerol was more hydrophilic than sorbitol and presumably due to the higher molecular weight of sorbitol than glycerol. Meanwhile, sorbitol-plasticized films with the addition of 3 and 5% ZnO NPs had the highest significantly different water content than the others. This was presumably because the higher the concentration of added nanoparticles, the less the hydrophilicity of the film due to the hydrophobic ZnO NPs. The same result was reported by Tamimi et al. (2021), who explained that the decrease in moisture content was caused by a cohesive structure with high cohesion and less space and less hydrophilicity of ZnO NPs compared to starch-based matrices.



SEM of Bionanocomposite Film

The cross-section morphology of the films was observed with SEM microscopy and presented in Figure 2. In general, sorbitol-plasticized films appeared to be more compact and denser than glycerol-plasticized films. It was suspected that sorbitol could facilitate a stable and strong interaction between the surface of ZnO NPs and the starch matrix compared to glycerol. In addition, the increase in the concentration of ZnO NPs resulted in a more even, compact, dense, and homogeneous film morphology. The film without the incorporation of ZnO NPs showed a rough structure and there were gaps in some parts of the film, while the addition of 3% ZnO NPs showed a fibrous and uneven film morphology, especially at the bottom of the film. However, the micrograph of the sorbitol-plasticized film reinforced by 5% ZnO NPs showed the film structure was even, homogeneous, and without pores and cracks. This was due to ZnO NPs being able to spread out and fill the empty spaces of the matrix well and interact better in the film matrix, resulting in a strong bond. According to Arifin et al. (2022), nanofillers could enter the basin area so that the surface becomes denser and homogeneous in the film matrix. Similar surface morphology was obtained by the addition of ZnO NPs into several other polymer films, such as ZnO–MMT–CS (Vaezi et al., 2019) and starch–PVA–ZnO NPs (Jayakumar et al., 2019).



XRD of Bionanocomposite Film

The sorbitol-plasticized film without the addition of ZnO NPs did not show any diffraction peaks on the XRD diffractogram due to the amorphous nature of corn starch, where the crystalline portion of the starch was lost during the gelatinization of the film solution. However, the sorbitol-plasticized film reinforced by 3% and 5% ZnO NPs, and the glycerol-plasticized film reinforced by 5% ZnO NPs showed some diffraction peaks because ZnO NPs influenced the crystallinity of the film matrix. The sorbitol-plasticized films with 3% ZnO NPs showed diffraction peaks at 2θ = 34.87, 55.35, 61.45, 66, and 58 which corresponded to the diffraction plane of ZnO crystals (002), (110), (103), and (200), respectively. The sorbitol-plasticized films with 5% ZnO NPs showed diffraction peaks at 2θ = 30.43, 33.11, 34.91,46,23, 55.33, 61.59, and 66.76, which corresponded to the diffraction plane of ZnO crystals (100), (002), (002), (102), (110), (103), (200), and respectively. Besides, glycerol-plasticized films with 5% ZnO NPs showed diffraction peaks at 2θ = 31.74, 34.42, 36.23, 47.50, 56.51, 62.85, and 67.94, which corresponded to the diffraction plane of ZnO crystals (110), (002), (101), (102), (110), (103), and (112), respectively. This diffraction peak confirmed the presence of zinc oxide crystals in the film matrix. From the picture, it could be seen that the high concentration of ZnO NPs added to the film matrix caused higher diffraction peaks. Similar results were observed in several studies, such as Kanmani and Rhim (2014) and Vaezi et al. (2019).



FTIR of Bionanocomposite Film

ATR-FTIR analysis was used to determine the functional groups and compounds formed between polymers, plasticizers, and ZnO NPs on bionanocomposite films. Figure 4 showed that the spectrum of the film was in the range of 3,462.93 to 567.41 cm−1. A typical broad absorption band with wavenumbers from 3,429.85 to 3,462.93 cm−1 was present in all the observed films. This was related to the presence of O-H bond strain vibrations. The incorporation of 3 and 5% ZnO NPs could increase the absorption intensity of the O-H group compared to films without the addition of ZnO NPs, thus confirming the increasing number of hydrogen bonds formed in the film matrix. Furthermore, the glycerol-plasticized film with 3% ZnO NPs had a wavenumber of 2,921.80 cm−1, and this was related to the stretching vibration of the C-H bond, while in the other treatments this bond was not confirmed. Meanwhile, in the plasticized film of glycerol and sorbitol with 5% ZnO NPs, new absorption bands were found in the 2,310.45 and 2,355.34 cm−1 regions, which indicated the presence of C=N bonds. In addition, the absorption band was found in the region 2,145.27–2,166.43 cm−1, which indicated the presence of C=C bonds. Furthermore, the absorption band was found in the region of 1,629.14–1,635.08 cm−1, which indicated the presence of strong C = O bonds in the film. In addition, in the glycerol-plasticized film with 5% ZnO NPs and the sorbitol-plasticized film with 3% ZnO NPs, absorption bands appeared in the 1,094.14 cm−1 and 1,099.49 cm−1 regions, respectively, indicating the presence of C-O bonds in the film. The emergence of a new absorption band and a shift in the absorption band, as well as differences in absorption intensity from the FTIR results proved to indicate a new interaction that occurred between starch polymers with sorbitol/glycerol and ZnO NPs and the presence of ZnO vibrations recorded on the absorption band, thus affecting the characteristics of the bionanocomposite film. Similar results were found in other studies (Tamimi et al., 2021; Arifin et al., 2022).



TGA of Bionanocomposite Film

In the first phase, all films began to degrade at temperatures between 37.52 and 172.80°C, and this was presumably due to the evaporation of water molecules in the film (Hu et al., 2019). Furthermore, the sorbitol-plasticized film without the addition of ZnO NPs showed a degradation temperature (T0) at 243.40°C, while the sorbitol-plasticized film with the addition of 5% ZnO NPs showed a higher T0 of 249.91°C. Furthermore, on the DTG curve, we can see that the Tmax of the sorbitol-plasticized film without ZnO NPs was 278.18°C, while the sorbitol-plasticized film with the addition of 5% ZnO NPs had a higher Tmax of 281.92°C. This was presumably because the presence of ZnO NPs in the film matrix could increase the thermal stability of the film due to the interaction between ZnO NPs and starch to prevent mass loss from the film. Kanmani and Rhim (2014) reported that the thermal stability of polymer films can be increased by the addition of ZnO NPs. In the second phase, it was suspected that there would be degradation of the organic functional groups of glycerol, starch, and CMC. Meanwhile, ZnO NPs-polymer film can be decomposed at higher temperatures. Similar results were found in previous studies (Kotharangannagari and Krishnan, 2016; Ponnamma et al., 2019).




CONCLUSION

In this study, bionanocomposite films were developed using polymers from corn starch var. Paragon and CMC with the addition of plasticizer (glycerol or sorbitol) and the incorporation of ZnO NPs. The higher the ZnO NPs added, the stronger the film because ZnO NPs were well-dispersed in the starch matrix. ZnO NPs had a reinforcing effect on the starch film, thereby increasing the tensile strength and decreasing the permeability of the film. However, the excess concentration of ZnO NPs could cause the film to be very stiff and reduce the barrier action of the film caused by the aggregation of ZnO NPs in the starch matrix. So, glycerol/sorbitol plasticizer was needed as a plasticizer that could increase the flexibility of the film. The compatibility between starch–CMC–plasticizer (glycerol/sorbitol)-and ZnO NPs significantly affected the mechanical properties, physical properties, and film permeability. Sorbitol-plasticized film with the incorporation of 5% ZnO NPs was the most optimum treatment among others because it had high tensile strength, elongation, and the lowest WVTR value. This film had the potential to be used as environmental friendly packaging and can be applied as food packaging.
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