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The demand for biodegradable products has increased; hence, a suitable method for producing green composites is essential. This study prepared corn starch-based films using the solution casting method, and the physicochemical properties of the prepared films were investigated using a mixture of glycerol (GLY) and erythritol (ERY) at different ratios (4:0, 3:1, 2:2, 1:3, and 0:4) as plasticizing agents. The crystallinity, hydrophilicity, mechanical properties, oxygen and water vapor, surface roughness, and thermal stability of corn starch-based films were analyzed using small-angle X-ray diffraction, water contact angle, automatic tensile testing machine, oxygen permeability tester and water vapor permeability analyzer, atomic force microscope, and thermogravimetric analyzer. With the increase in GLY ratio, the thickness, water-solubility, water content, water vapor permeability, elongation at break, oxygen permeability and V-shaped crystallization of the corn starch-based films increased. The tensile strength and the thermal stability decreased with increasing the GLY ratio. We developed a new plasticizer using glycerol and erythritol to improve the properties of starch films and provided the basis for the industrial production of corn starch-based films.
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INTRODUCTION

Plastic pollution is a serious problem worldwide, which occurs during the entire treatment cycle of plastics, from chemical fuel production to incineration (1). At the end of the 20th century, approximately 260 billion bags of plastic were produced globally, with an industrial output value of US$ 1 trillion (2). Due to population growth, consumer demand for plastic products increases (3). As plastic production requires oil as a raw material, which is a non-renewable resource, the price of plastics will increase (4). In addition, environmental pollution caused by the production, use, and destruction of plastic materials is a serious concern as they contribute to global warming through CO2 production (5). Therefore, it is crucial to develop a suitable method for producing green composites. Starch-based films have become the focus of current research because of starch’s renewable and biodegradable characteristics. Starch films are mainly used in food packaging materials (6), as they have a low cost of production. They are considered to be an attractive choice in terms of economic and sustainable development (7).

Starch is one of the main carbohydrates and a vital energy source for humans and is widely used in the food industry (8). In addition, starch can be used as the main component of biodegradable materials (8). Starch is mainly composed of amylose and amylopectin. Amylose is a linear chain of glucose units connected by α-l,4 glycosidic linkages. In contrast, amylopectin is a short, highly branched macromolecule composed of d-glucopyranose units, connected by α-l,6 linkages (6). Amylopectin is the main component of the starch crystalline region, and the branching points of amylose and amylopectin are the main components of the starch amorphous region (9). It produces a tough gel, while when amylopectin is dispersed in water, it is more stable and produces a relatively soft gel.

Starch films have some limitations, such as poor mechanical properties, poor hydrophobicity, unsuitability to be converted into a film. Therefore, plasticizers must be added to optimize their performance. The primary function of plasticizers is to break the hydrogen bonds scattered between the polymer chains, separate the chains, and increase the starch films’ flexibility (6). Polyols (polyalcohols), including monosaccharides (such as glycerol, erythritol, xylitol, sorbitol, and mannitol) and disaccharides (maltitol and lactitol)-based polyols are low molecular weight carbohydrates used as a sweetener in food, non-food, health care, and pharmaceutical applications (10). Moreover, they are distributed between polymer chains to achieve plasticization (6). Erythritol is the first polyol produced by an entirely biotechnological process (11). Phase separation and crystallization of polyols, such as xylitol or sorbitol, when used as a single plasticizer at high concentrations in starch-based edible film (12). Both erythritol and glycerol have a polyhydroxy structure; however, erythritol is easily crystallized. Therefore, its hygroscopicity and water absorption are weaker than glycerol, which is not easily crystallized. In another word, glycerol has a higher hygroscopicity and water absorption than erythritol. In our preliminary study, we have added different concentrations of erythritol (0, 30, 35, 40, and 45%) to corn starch-based films, and we found starch films without erythritol cannot form a complete structure. The addition of erythritol can promote the formation of a complete starch films structure. With the increase of erythritol concentration, the elongation at the break of starch films increased, and the tensile strength decreased. Therefore, we assume that erythritol can be used as a starch films plasticizer, although the stability of erythritol plasticized starch films decreased due to crystallization of the erythritol (13). The high tendency to crystallize was the reason why erythritol was not used as a plasticizer in the films (10). As the type and dosage of plasticizers can affect starch films’ physical and chemical properties (6), we have conducted this study to investigate the physicochemical properties of the prepared films using a mixture of glycerol (GLY) and erythritol (ERY) at different ratios (4:0, 3:1, 2:2, 1:3, and 0:4) to prove our hypothesis.



MATERIALS AND METHODS


Materials

Corn starch (amylose content: 33.81%, moisture content: 10.32%) was provided by the Zhucheng Xingmao corn development company (Zhucheng, China). GLY (Molecular weight: 92.09 Da, purity: ≥99.0%) and ERY (Molecular weight: 122.12 Da, Purity ≥ 98%) were supplied by Solebo (Beijing, China).



Corn Starch-Based Film Preparation

Corn starch-based films were prepared using the solution casting method (14). Briefly, 6 g of corn starch was weighed and dissolved in 100 mL of distilled water in a 250 mL conical flask. The conical flask was placed at 90°C in a constant-temperature water bath (B101S KeTai Company, Shanghai, China) with a rotational speed of 800 rpm for 30 min until the corn starch was fully gelatinized. After gelatinization, different ratios of GLY and ERY (4:0, 3:1, 1:1, 1:3, and 0:4) were added to the flask so that the total amount of the plasticizer was 30% (1.8 g) of the dry weight of corn starch. Then, the flask was placed in a constant-temperature water bath and stirred for 10 min at 90°C. After stirring, the film-forming solution was poured into a special polytetrafluoroethylene mold (PTFE, 15 cm × 20 cm, Shanghai Yuanye Co., Ltd., Shanghai, China), and the mold was dried in an oven at 45°C for 10 h. The corn starch-based films were then removed from the mold and balanced at 25°C and relative humidity (RH) of 53% for 48 h, until further use. The morphological property of corn starch-based films is shown in Figure 1.
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FIGURE 1. Pictorial presentation of corn starch-based films supplemented with GLY and ERY (A) (0:4), (B) (1:3), (C) (2:1), (D) (3:1), and (E) (4:0).




Thickness

After the corn starch-based films were balanced for 48 h, the thickness of the films was measured (15) using an electronic spiral micrometer (Mitutoyo No. 293-240-30, Tokyo, Japan) with an accuracy of 0.001 mm. Ten points were randomly selected on the corn starch-based films, and the average value was calculated.



Water Solubility

The solubility of corn starch-based films was determined according to the method described by Wang et al. (16) with slight modifications. First, corn starch-based films were cut into square samples of 2 × 2 cm and weighed (M1). Next, the corn starch sample and 100 mL distilled water were added to a conical bottle, the bottle was placed at 25°C and stirred at 180 rpm for 6 h, and the sample was removed and dried in an oven at 110°C for 7 h. The samples were weighed (M2), and the solubility of the different corn starch-based films was calculated according to the following formula:
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The experiment was repeated three times, and the average value was calculated.



Moisture Content

After corn starch-based films were balanced for 48 h, they were cut into square pieces of 2 × 2 cm, and their mass was weighed (M3). Then, the corn starch-based film samples were placed in an oven at 110°C and dried for 24 h. After the drying was completed, the samples were removed, and each starch film sample was weighed (M4). The moisture content of the different corn starch-based films was calculated using the following formula:
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The experiment was repeated three times, and the average value was calculated.



Water Contact Angle

A drop of water (volume 3 μL) was placed on the surface of starch-based films with the size of 5 cm × 5 cm. The surfaces should be smooth and wrinkle-free. As the drop of water spreads, it forms a dome shape across the surface. The contact interface between the droplet and the corn starch-based films was photographed when the droplet contacted the starch film for 10 s.



Water Vapor Permeability (WVP)

Herein, we used W3, a 030 WVP tester (Lab think Instruments Co., Ltd., Jinan, China) (16). After balancing corn starch-based films for 48 h, they were cut into circular pieces with an area of 33 cm2. Circular corn starch-based film samples were then placed into the WVP tester. The time was set to 12 h, with a determination interval of 30 min. The average WVP of the corn starch-based films samples was obtained after measuring WVP of each sample three times.



Oxygen Permeability (OP)

The gas permeability tester (Labthink Instruments Co., Ltd., Jinan, China) was used to measure the oxygen permeability of corn starch-based films. The parameters were 25°C, 53% relative humidity, and the tested area was 50 cm2. The corn starch-based films should be smooth and intact without scratches.



Mechanical Properties

After the corn starch-based films were balanced, they were cut into rectangular pieces (1 × 10 cm), then placed on a tensile testing machine (Param Xlw Co., Ltd., Jinan, China), with a crosshead speed of 50 mm/min. At the end of the experiment, the tensile strength (TS, MPa) and elongation at break (EAB, %) were measured using an automatic tensile testing machine. The mechanical properties of each group of samples were measured at least five times, and the average value was used.



X-Ray Diffraction (XRD)

After the corn starch-based films were balanced at 25°C and 50% RH for 48 h, each sample was installed on a special measuring glass sheet, and the crystallinity was measured using an X-ray diffractometer (Tokyo, Japan) (17, 18). The parameters of the X-ray diffractometer were as follows: Cukα radiation (λ = 1.54 A, 40 kV, and 30 mA), scanning range (2 θ) from 4° to 40°, and step size 3 °/min.



Thermogravimetric Analysis (TGA)

A thermogravimetric analyzer was used to determine the thermal stability of the corn starch-based films (19, 20) and the relationship between the quality of the corn starch-based films and temperature. A 5 mg sample of corn starch-based films was weighed in a ceramic crucible. The heating program of the thermogravimetric analyzer was conducted over the temperature range of 30 – 600 °C, at a heating rate of 20°C/min. A thermodynamic degradation curve was drawn, and the TGA curve was obtained using derivative thermogravimetric analysis (DTG). The relationship between the corn starch-based films’ degradation rate and the temperature was determined using TGA and DTG curves.



AFM

Atomic force microscopy can evaluate the surface roughness of corn starch-based films. The atomic force microscopy tapping mode was set at a scan size of 10 μm × 10 μm. After testing, NanoScopeAnalysis1.5 analysis software was used to analyze AFM data (Rq: Root mean square average of height deviation) (21).



Statistical Analyses

Each group of experiments was repeated at least three times, and one-way analysis of variance was performed. Data were analyzed using SPSS software (version 13.0, Statistical Package for the Social Sciences Inc., Chicago, IL, United States). The difference between the average values of the data was compared using Duncan’s range test, and P < 0.05 was considered statistically significant.




RESULTS AND DISCUSSION


Thickness

We observed that the thickness of the starch films increased with the increasing plasticizer ratio. The molecular basis for this may be that the plasticizer can penetrate the structural network of the corn starch-based films, resulting in a greater film thickness (22). As shown in Table 1, the thickness of corn starch-based films increases with the increases in GLY ratio, indicating that the effect of GLY on corn starch-based films thickness was greater than that of ERY (160 ± 3.47–138 ± 7.84 μm). This might be because GLY has strong hygroscopicity, and GLY absorbs more water than ERY under the same conditions, thus destroying and reorganizing the polymer chain network. Because plasticizers can destroy the intermolecular polymer chain network and produce more free volume. In turn, incorporating a plasticizer increased the thickness of the starch-based films (23).


TABLE 1. Functional properties of the corn starch-based films supplemented with GLY and ERY (4:0, 3:1, 2:2, 1:3, 0:4).
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Moisture Content

Moisture content is an important index of materials used to make starch films. Water molecules can play a plasticizing role in starch films because starch is a hydrophilic polymer (24). As shown in Table 1, the moisture content of corn starch-based films increased with an increase in GLY ratio because the plasticizer contains a higher amount of hydroxyl groups (25). In addition, as GLY is hygroscopic and retains huge volumes of water, its molecular structure is more similar to that of glucose than ERY. With an increase in ERY content, the molecular interaction between ERY and the starch polymer chain becomes stronger, weakening the interaction between ERY and water (26, 27). Therefore, with the increasing ERY ratio, the moisture content of the corn starch-based films decreased continuously.



Mechanical Properties

The mechanical properties of corn starch-based films determine their use in the packaging industry, so the TS and EAB of corn starch-based films are important indicators for determining whether corn starch-based films can be used as packaging materials (16). Plasticizers can increase the EAB and reduce the TS of starch films because their addition leads to changes in the network structure of starch films (28). When a plasticizer is added to starch films, the starch structure becomes less dense, and the movement of the polymer chain is promoted under tension (29). As shown in Table 1 and Figure 2, the TS of the corn starch-based films decreased with the increases in the GLY ratio. The TS decreased from 18.86 ± 0.30 MPa to 4.35 ± 0.16 MPa, and the EAB increased from 12.52 ± 2.11% to 73.38 ± 2.22%. TS may have increased due to the difference in plasticization between GLY and ERY. The molecular weight of GLY is lower than that of ERY (GLY 92 g/mol, ERY 122 g/mol), so GLY can more easily enter the molecular chain of starch to increase the molecular space between polymer chains than ERY, thus reducing the number of hydrogen bonds in the starch chain (25). The EAB of the corn starch-based films increased with increasing GLY ratio. The plasticizer molecules enter the starch matrix and occupy the space through hydrogen bonds, destroying the structure of the polymer; thus, the starch structure is transformed into a flexible mesoporous structure with greater fluidity (30–32). The molecular chain of GLY is smaller than that of ERY, so GLY can enter the polymer network more easily than ERY.
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FIGURE 2. Tensile strength and elongation at break of corn starch-based films supplemented with GLY and ERY (0:4, 1:3, 2:1, 3:1, and 4:0).




Water Vapor Permeability

The primary function of food packaging materials is to avoid contact between food and external media and control the water exchange between food and the environment; therefore, WVP is an important parameter of packaging materials (33). As shown in Table 2, the WVP of corn starch-based films increased with the increases in the GLY ratio. With an increase in the plasticizer content in the biopolymer, the molecular structure of the polymer changes, the intermolecular force decreases, the free volume of the system increases, and the network structure becomes loose so that water molecules can pass through starch films (34, 35). Compared with ERY, GLY has a smaller molecular weight, so it is easier to enter into corn starch granules, playing a plasticizing role. With the increase of ERY ratio, the plasticizing effect of corn starch-based corn starch films weakened. The degree of damage to the molecular structure is not as substantial as that of glycerol. So the damage degree of the molecular structure decreases gradually with the increase of the proportion of ERY. It is hard for water molecules to pass through the corn starch-based films. Hence, the WVP of the corn starch-based films decreases with the increase of the proportion of ERY. Ballesteros-Mártinez et al. (15) concluded that the WVP of starch films increases with an increase in the GLY ratio.


TABLE 2. WVP and OP of the corn starch-based films supplemented with GLY and ERY (4:0, 3:1, 2:2, 1:3, 0:4).
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Oxygen Permeability

Oxygen permeability is an important indicator of packaging materials. A lower OP can reduce the contact angle between oxygen and the internal environment of the packaging. As shown in Table 2, an increase of GLY ratio increased the OP of corn starch-based films (from 10.82 ± 0.68 to 2.68 ± 0.12 cm2s–1Pa–1), indicating that GLY had a significant effect on the OP of corn starch-based films. The reason behind that could be attributed to the molecular weight of GLY, which is smaller than that of ERY, making it easier for GLY to enter starch granules and destroy the intermolecular bonds of starch, thus softening the internal bulk structure of corn starch-based films. As a result, corn starch-based films’ internal oxygen transport channel increases. In turn, the OP of corn starch-based films increases with the increase of GLC concentration. Siripatrawan and Vitchayakitti (36) reported that the microstructure, pore volume, arrangement of polymer chains, and the membrane matrix’s binding force greatly influence the OP of starch films.



Water Solubility

The water solubility of starch films is an important index of packaging materials and has a wide range of applications (14). Some packages require starch films with low water solubility to maintain the integrity of the packaging materials. In contrast, some starch films may need high water solubility for freshly processed products (15). With the increase of GLY ratio, the water solubility of corn starch-based films increased (from 25.04 ± 1.81% to 36.56 ± 3.58%) with significant differences among groups (P < 0.05) (Table 1). It has been reported that the addition of plasticizers to starch films can reduce the interaction between biological polymer chains and enhance the interaction between the plasticizer and polymer, thus increasing the water solubility of starch films. The addition of a plasticizer modifies the polymer molecular network, and the hydrogen bond interferes with the polymer network to reduce the density of interactions between starch polymer molecules. It increases the water solubility of starch films (34, 35, 37). As shown in Table 1, the water solubility of corn starch-based films plasticized by GLY was higher than that of corn starch-based films plasticized by ERY. The reason is that the molecular weight of GLY is lower than that of ERY and because it is easier for GLY to insert between polymer chains, the ability of GLY to interfere with starch network interaction is stronger (15).



Water Contact Angle

The water contact angle is an important index for determining the efficiency of packaging materials (38). The size of the water contact angle can determine whether the packaging material is hydrophilic or hydrophobic (39). When the water contact angle is greater than 90°, the packaging material is hydrophobic, and when the contact angle is less than 90°, the packaging material is hydrophilic. As shown in Figure 3, the contact angle of corn starch-based films was always less than 90°, indicating that corn starch-based films were hydrophilic independent of the GLY to ERY ratio. When the GLY: ERY was 0:4, the water contact angle of the corn starch-based films were the largest, indicating that the hydrophilicity of corn starch-based films was the lowest. This observation could be that ERY is not hydrophilic, so it has a large contact angle when the ratio of GLY: ERY is 4:0 (40). With the increase in GLY ratio, the contact angle of corn starch-based films decreased, indicating that the hydrophilicity was enormously increased. It was reported that the addition of GLY to starch films increases the hygroscopicity of the starch films (41). Wang et al. (6) also showed that the addition of GLY increases the hydrophilicity of starch films.
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FIGURE 3. The water contact angle of corn starch-based films supplemented with GLY and ERY (A) (0:4), (B) (1:3), (C) (2:1), (D) (3:1), and (E) (4:0).




X-Ray Diffraction

The crystallinity of corn starch-based films with different GLY to ERY ratios is shown in Figure 4. Corn starch belongs to the type A crystallization group, and the diffraction peaks are at 15°, 17°, 18°, and 23° (42). After gelatinization, corn starch has a mixed crystallization peak of B-type and V-type (43, 44). Our results showed that the gelatinization of corn starch caused the A-type crystallization of corn starch to be replaced by B- and V-type crystallization. With an increase in GLY ratio, the intensity of the V-type crystal diffraction peak at 19.8° increased, indicating that the addition of GLY increased the V-type crystallization of corn starch-based films. In this context, Liu et al. (45) reported two reasons for forming V-type crystallization in starch films. First, the lipid in starch forms a lipid complex with amylose, and second, the addition of GLY can promote the increase of V-type crystallization in corn starch-based films. Further, Zou et al. (46) also concluded that GLY promotes the V-shaped crystallization of corn starch-based films.
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FIGURE 4. XRD of corn starch-based films supplemented with GLY and ERY (4:0, 3:1, 2:2, 1:3, and 0:4).




Thermal Stability

As shown in Figure 5A, the weight loss of the corn starch-based films consisted of three stages. The weight loss in the first stage occurred between 30 and 130°C. The main reason for the weight loss at this stage was the loss of water in the corn starch-based films. The second weight-loss stage occurred between 250 and 400°C; the leading cause was starch degradation. The third stage of weight loss occurred between 400 and 600°C, and the main cause was the reduction of ash.
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FIGURE 5. TGA (A) and DTG (B) of corn starch-based films supplemented with GLY and ERY (4:0, 3:1, 2:2, 1:3, and 0:4).


It can be implied from Figure 5B that the maximum degradation temperature of corn starch-based films decreased gradually with the increase of GLY ratio (from 326.84 to 324.36°C), denoting that the increase in GLY ratio diminished the thermal stability of corn starch-based films. The plasticization mechanism of GLY involves the binding through the hydroxyl groups of GLY and those of starch, which leads to a reduction in the binding of hydroxyl groups between starch molecules. The force between starch molecules is destroyed, resulting in a decrease in the thermal stability of the corn starch-based films. On this occasion, Gao et al. (41) concluded that the maximum degradation temperature of starch films decreases with an increase in the ratio of GLY and water. This finding was similar to the results of our experiment.



AFM

Figure 5 shows three-dimensional images of corn starch-based films plasticized with different ratios of GLY and ERY. In addition, the roughness parameters (Rq, Ra) of corn starch-based films can be calculated according to AFM images. As shown in Table 3, the roughness of corn starch-based films decreases with the increase of the GLY ratio (Rq: 403–260 nm). The reason could be attributed to the fact that the plasticizing effect of ERY is less than that of GLY, which is easy to cause the phase separation between starch and ERY. As a result, the surface roughness of corn starch-based films increases with the decrease of the ratio of GLY. In this context, Nguyen Vu and Lumdubwong (47) revealed that when sorbitol and GLY are used to plasticize cassava starch films, the roughness of cassava starch films increases gradually with the increase of sorbitol ratio. In addition, ERY has high crystallinity, which would increase the surface roughness of corn starch-based films. As stated elsewhere, the film would have a rough appearance due to the high crystallinity (48).


TABLE 3. AFM of the corn starch-based films supplemented with GLY and ERY (4:0, 3:1, 2:2, 1:3, 0:4).
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CONCLUSION

Herein, the physicochemical properties of corn starch-based films with different GLY/ERY ratios were investigated. With the increase of the GLY ratio, the barrier performance (WVP and OP) of corn starch-based films increased. In addition, the mechanical properties of corn starch-based films changed significantly with the increase of the GLY ratio (TS decreased and EAB increased). The basic physicochemical properties (thickness, water solubility, and moisture content) of corn starch-based films decreased with the increase of GLY ratio. Further, GLY has a greater effect on the thermal stability of corn starch-based films than ERY. The experimental results can provide a theoretical basis for the production of high barrier packaging materials, such as tea packaging.
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