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Abstract

:

In this study, agricultural residue from black oat, a cover crop usually grown to improve soil nutrients between the periods of regular crop production, was used as a source of cellulose fibers. Concentrations of 1, 3, and 5 wt. % of regenerated cellulose (RC) fibers blended in poly(vinyl alcohol) (PVA) solution were used to prepare the reinforced composite films (CFs) by the solvent cast method. Compared to neat PVA film (control), the effects of RC addition on functional properties of CFs, such as water absorption, transparency, thermal stability, and mechanical property were investigated. All CFs with different RC concentrations exhibited improved mechanical property and thermal stability while the swelling property was decreased, and no significant changes were observed in the film transparency as compared with the control film. Among the CFs, films with 3% RC significantly decreased water vapor transmission rate, swelling, and soluble fraction (p < 0.05). In addition, Young’s modulus and tensile strength were increased by 40 MPa and 3 MPa, respectively, while elongation at break was decreased by 4%, compared to the control film. The results indicate that RC from black oat might be feasible as potential bio fillers to improve film properties in a bio-based composite matrix.






Keywords:


cellulose; PVA; cover crop; biopolymers; composite films












1. Introduction


In recent years, the mass production of synthetic plastics derived from petroleum has generated a significant quantity of non-biodegradable wastes that have ended up in landfills, and harmful chemicals generated during the disposal process have resulted in environmental pollution, as well as becoming a health concern. Thus, environmentally friendly materials such as bioplastics with improved functionalities such as barrier property, heat stability, and high mechanical property are in high demand [1,2,3]. Biodegradable polymers such as poly(vinyl alcohol) (PVA) could play an essential role in maintaining a healthy ecosystem [4,5]. The PVA is water-soluble and it has an excellent film-forming capability. The presence of hydroxyl groups in PVA forms a strong H-bond with other hydrophilic surfaces and thus develops a high strength composite films [6]. The PVA can be used in a wide range of applications such as hydrogel for the controlled release of drugs, membranes for chemical separation, composite electroactive hydrogel, and flexible sensor with cellulose [3,7,8,9,10]. However, the application of PVA as packaging material is limited due to hydrophilic nature of PVA which causes film swelling, poor moisture barrier and mechanical property [11]. To overcome these drawbacks of PVA-based composites, many researchers’ works have been focused on improving properties such as moisture absorption and mechanical properties of packaging materials. For instance, to improve functional properties of composite materials, the incorporation of nanomaterials such as graphene oxide, carbon nanotube, calcium carbonate nanoparticles, zinc oxide, and nanocellulose are used [12,13,14,15,16,17]. Among the reinforcing fillers, nano cellulose, typically found in two forms; cellulose nanofibers (CNFs) or cellulose nanocrystals (CNCs), are renewable and used for composite reinforcement [18]. The CNFs contain more amorphous regions in their molecular structure than CNCs; thus, it facilitates greater mechanical strength, flexibility, and optical clarity in composite films [19]. The plant-derived nanocellulose can be extracted from various sources, such as woods, cotton, forest products/byproducts, and agricultural residues [12,20,21]. Plant biomass, such as cover crop residues, can also be a good source of lignocellulose. Our previous study demonstrated that the cellulose content of black oat waste was around ~25% and showed high thermal stability [22].



Cellulose is not soluble in common solvents because inter- and intra-molecular hydrogen bonds and partially crystalline structures limit the applications. Various techniques have been studied to dissolve cellulose, and some solvents including ionic liquids, NaOH/urea, LiOH/urea, and ZnCl2 solutions could be a facile route for cellulose dissolution [23,24,25]. Among the solvents, the NaOH/urea solution is considered as more suitable for cellulose dissolution because it is relatively safer, environmentally friendly, and cost-effective method [26]. The PVA/CNF reinforced films are transparent, light, flexible, biodegradable, and moldable. Thus, it makes them excellent candidates for the fabrication of biocomposite films for various applications which include packaging materials [6,11]. It is reported that 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) oxidized CNFs derived from rice straw were well dispersed into the PVA matrix, resulting in high strength and heat-stable composite films without losing the transparency of composite films [11]. Another study found that PVA/nanocellulose biocomposite films improved barrier property, especially at a small amount (1–3%) of TEMPO-mediated nanocellulose isolated from wheat straw [27]. It is also reported that PVA/CNFs composite films (80% light transmittance) made by nanofibers from corn husks were highly visible, with improved tensile strength [28]. These methods have improved the barrier and mechanical properties of the composite films, but nanocellulose (CNFs/CNCs) was derived from traditional resources such as wheat straw, rice straw, and corn husks. The effect of regenerated cellulose fibers from cover crops (black oat) on composite films is rarely available in the literature. Moreover, the reinforcement effect of the fibers from different raw materials and isolation techniques influence the properties of PVA-composite films [11].



Therefore, this study aims to investigate how the functional properties of PVA-based films are affected by regenerated cellulose derived from black oat residues.




2. Materials and Methods


2.1. Materials and Reagents


Cellulose fibers previously extracted from black oat (Avena strigose Schreb) in our laboratory, which contain around 25% dry weight of cellulose, were used in this study, and the cellulose decomposition temperature was more than 370 °C [22]. Briefly, cellulose was extracted using a neutral and acid detergent solution, followed by alkaline hydrogen peroxide solution at pH 11.05 [29,30]. Polymers and chemicals used in this study such as poly(vinyl alcohol) (Mw 89,000–98,000, 99+% hydrolyzed), glycerol (100%), sodium hydroxide (NaOH) pellets, and 30% hydrogen peroxide (H2O2) containing stabilizer, as well as urea crystals, were purchased from Sigma-Aldrich Co., St. Louis, MO, USA.




2.2. Preparation of Regenerated Cellulose and PVA-Cellulose Composite Film


Cellulose isolated from black oat was dissolved in alkali/urea solution and regenerated in the acid coagulation bath. Regenerated cellulose (RC) was used as a reinforcing material, and PVA was chosen as the matrix. The composite blend was prepared with various RC concentrations in the PVA solution along with glycerol. The suspension of the polymer mixture was mechanically treated by employing a low-frequency ultrasonic probe to enhance dispersion and interfacial adhesion bonding between RC and PVA.



One gram of black oat-cellulose was mixed in 100 mL alkali urea solution (NaOH/urea/H2O). The weight ratio of the alkali urea solution was 7:12:81, and the solution containing cellulose was stored at −20 °C for 12 h [1]. The precooled mixture was vigorously stirred by a tissue homogenizer (Tissue master 125, Omni International, Kennesaw, GA, USA) for 5 min in an ice bath. The resultant solution was centrifuged at 3500 rpm for 5 min to separate the dissolved and undissolved cellulose. Dissolved cellulose was regenerated in a beaker containing a 5% H2SO4 solution at room temperature for 5 min. The regenerated cellulose (RC) was harvested with centrifugation at 5000 rpm for 5 min. The harvested RC was washed three times with deionized water. Washed RC was mixed at different weight ratios (w/w) with 0%, 1% (0.03 g), 3% (0.09 g), and 5% (0.15 g) into 3% PVA solution, and samples are described as PVA, PVA-RC1, PVA-RC3, and PVA-RC5, respectively. Approximately 13% of glycerol was also added as a plasticizer and crosslinker. The weight percentage of glycerol was based on PVA and PVA-RC weight. It is reported that glycerol could be used as a crosslinker with xanthan and other biopolymers including cellulose, and to develop electrospun gelatin-glycerol nano-fibrous mats for biomedical application [31,32]. However, cross-linking properties of the glycerol was not analyzed in this study. The composite mixture was further homogenized using a low frequency (20 kHz) ultrasonic processor (GE760, USA) equipped with 13 mm diameter titanium probe (Sonics and Materials Inc., Newtown, CT, USA) for 10 min at 70% amplitude. The gas bubbles in the composite blend (25 mL) were removed by using a centrifuge at 1000 rpm for 1 min, and the solution was gently poured into a polyethylene Petri dish (90 mm diameter), and dried at 30 °C for 24 h. Then, samples were transferred to an environmental chamber (Memmert GmbH+Co.KG, Schwabach, Germany) of the relative humidity of 55 ± 2% at 30 °C, for the next 24 h at least, and film was peeled off from the petri dish for further analysis. The film thickness was measured by a digital caliper (Thomas Scientific, Swedesboro, NJ, USA), and each value was expressed as an average of five representative spots measurements. The thickness of the films ranged from 110 to 130 µm.




2.3. Characterization of the Cellulose/PVA Film


2.3.1. Moisture Absorption and Water Vapor Transmission Rate (WVTR)


A drying oven (Quincy Lab Inc., Chicago, IL, USA) was used for drying composite films. The dried samples were placed in an environmental chamber at 55 ± 2% relative humidity at 25 °C for 12 h. The samples were taken out and weight using a precision balance, and moisture absorption was calculated by the following equation [11].


   Moisture   absorption     ( % )  =    w f  −  w i     w i    × 100  








where wf is the final weight, and wi is the initial weight of samples.



Water vapor transmission rates (WVTR) of the PVA-cellulose films were conducted according to ASTM E96-95 standard method [33]. WVTR in permeability cups (Thwing-Albert instrument, West Berlin, NJ, USA) was carried out at 25 °C and 55 ± 2% relative humidity. Films were dried in an oven at 105 °C for 2 h before testing.




2.3.2. Swelling and Soluble Properties


The water absorption ability and solubility of the films were measured. The films were cut into a square shape of a 1 × 1 cm area. Before measurement, all the films were dried in an oven until a constant weight was obtained (wi). The dried films were immersed into 20 mL of deionized water at 25 ± 2 °C for 72 h, and then films were removed, wiped with tissue to remove surface water, and weighted (wf). The swelling and soluble fraction of the films were calculated by the following equations [34].


   Swelling     ( % )  =    w f  −  w d       w d    × 100  










   Soluble   fraction     ( % )  =    w i  −  w d       w i    × 100  








where wi is the weight of the film after drying at 105 °C for 2 h (before immersing into the water), wf represents the weight of the film after immersion in distilled water, wd is for oven-dry weight after immersion in distilled water.




2.3.3. Film Transparency


A spectrophotometer DR 600 (Hach Company, Loveland, CO, USA) was used to measure the transmittance of the films. The transmittance spectra between 400 and 1000 nm were recorded in triplicate [11]. Rectangular shaped samples of 1 × 1.25 cm were prepared and placed into the spectrophotometer cuvette. An empty cuvette was used as blank.




2.3.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis


Attenuated total reflectance—Fourier transform infrared spectroscopy (ATR-FTIR), Nicolet, Nexus model 670/870 (Thermo Electron Corporation, Madison, WI, USA) was used to obtain spectra for the thin films at room temperature. The experiments were carried out in the range of 650–4000 cm−1 with the resolution 4 cm−1, and total scans were 32 per sample.




2.3.5. Thermal Property


Thermal gravimetric analysis (TGA) of samples was carried out using TGA Q50 (TA Instruments, New Castle, DE, USA). About 15 mg of samples were placed on the platinum pan of a TA instrument. Samples were heated under a nitrogen atmosphere to prevent the thermo-oxidative degradation process, from 30 to 600 °C at the constant heating rate of 10 °C/min.




2.3.6. Mechanical Properties


Mechanical properties of the films, including Young’s modulus, tensile strength, and elongation at break were measured using Texture analyzer TA-HD Plus (Stable Microsystem, Godalming, UK). The standard method was used for testing (ASTM D882-12). All samples were conditioned for 48 h at 55 ± 2% relative humidity and 30 °C in the environmental chamber. The tensile test was repeated five times for each sample.





2.4. Statistical Analysis


The origin Pro 16 (Version:93E, Origin Lab Co., New Castle, DE, USA) was used for analyzing the experimental data. The differences in sample groups on the properties of composite films and the control film were evaluated using analysis of variance (ANOVA) and t-test. Tukey’s multiple range test further analyzed the differences amongst the mean values of the properties of the films at 95% confidence level. The measurements were replicated at least three times for each sample tested. The level of significance was defined at p < 0.05.





3. Results and Discussion


3.1. Preparation of Regenerated Cellulose and PVA-RC Composite Blend


The PVA-based film fabrication process from cellulose fibers was extracted from black oat, and the output of each step is presented in Figure 1. It can be observed that bulky RC fibers are well dispersed in PVA solution after ultrasonication, indicating a homogeneous composite blend with a gel-like solution. The ultrasonication uses sound energy to create acoustic cavitation of air bubbles in a solution. On collapsing, the bubbles produce microjets and shockwaves, which disintegrate bulk materials into nanoparticles and disperse filler in the PVA matrix [35,36,37]. Ultrasonic irradiation attributes to homogeneous dispersion of cellulose fibers in polymer blend and also exhibited good compatibility of the PVA/nanocellulose due to the interaction of hydrogen bonds [28]. The obtained homogenized solution was used to fabricate the PVA-based composite films and characterized the different properties of the film, which are discussed in the following sections.




3.2. Moisture Absorbance and Water Vapor Transmission Rate (WVTR)


Among the film samples, the control PVA film showed the highest moisture absorption, which is around 8% (Supplementary Materials, Figure S1), as well as water vapor transmission rate (~3.0 × 10−4 g/h·m2). Regardless of the samples, WVTR of the film is sharply increased at the beginning (first 4 h) then gradually increased or stagnant overtime, except in PVA-RC3 film, as shown in Figure 2. For example, WVTR for PVA-RC3 film after 12 h decreased by ~30%. The decrease was attributed to increasing intermolecular bonding between RC fiber and PVA matrix. The water vapor transmission rate of neat PVA film was ~2.47 × 10−4 g/h·m2 and decreased significantly (p < 0.05) with the incorporation of RC. The WVTR of composite films is reduced with increasing RC concentration. As shown in Figure 2, among the concentrations of RC, 3% addition was the most effective in reducing WVTR in the film compared to 1% and 5% RC concentration (p < 0.05). The reduction in WVTR might be either an increase in crystallinity or due to reducing the free hydrophilic groups, thereby creating the tortuous path in composite films [38,39]. Additionally, the increase of WVTR might be due to the presence of agglomerates, which reduces the total surface area available for bonding, limiting the uniformity and compactness of the polymers [2]. Ultrasonication of PVA gel in less than 10 min decreased WVTR by 11%, and moisture resistance decreased around 12% of the resultant films was reported [40].




3.3. Swelling and Soluble Fraction in Films


Figure 3a presents the values of the swelling percentage of PVA and PVA-RC composite films after being soaked in distilled water for 72 h. The PVA-RC composite films were less swollen than the neat PVA film, and the swelling percentage of composite films by water absorption is decreased with the addition of RC fibers. There was no significant difference in swelling percentage among neat PVA film, PVA-RC1, and PVA-RC5. However, the swelling percentage of PVA-RC3 film decreased by ~12%, compared to the control film (PVA). This result is consistent with the study on the PVA-cellulose composite film, with the addition of 5% rice straw CNFs, in which the water absorption of the films was decreased by ~11% [11]. Improved swelling properties of the composite films may be due to the interaction between RC fibers and PVA through the bonding of hydroxyl groups, thus decreasing the chance of water absorption [41]. Regardless of film compositions, there was a significant difference in soluble fraction of films between 60 h and 20 h (p < 0.05). Percent soluble fraction in film is decreased with the addition of regenerated cellulose (Figure 3b), but the difference was not significant compared to the control film.




3.4. Transparency of the Films


The RC fiber dispersed throughout the film resulted in light scattering. Figure 4 (left) displays the transmittance spectrum of the neat PVA, and various composite films scanned between 400 to 1000 nm. The neat PVA film was the most transparent, and the films become less transparent with increased RC fiber content. For example, the transparency of PVA-RC5 film was the lowest among the films; it may be due to the presence of more cellulose fibers triggering more light scattering effect in films. In addition, there are few visible aggregates in PVA-RC5 films. Although decreased transparency of the PVA-RC5 is observed compared to other films, it was somewhat clear and transparent. As presented in Figure 4 (right), the label in the background of the films can be clearly seen through the films. Our results are consistent with study results with rice straw CNFs/PVA composite films, in which the transparency of films was decreased with increasing cellulose concentration [11]. Another study also found similar results from PVA and bacterial cellulose composite films, in which films were less transparent with an increase in the bacterial cellulose nanofibers content [42].




3.5. Fourier Transform Infrared Spectroscopy (FTIR) Analysis


Figure 5 highlights the FTIR spectra of neat PVA and PVA-RC composite films with different weight compositions. From the FTIR spectra, the absorption band from 3500–3200 cm−1, 1089 cm−1, and 1035 cm−1 can be observed for all samples originated from O-H stretching vibrations. These results indicate that composite films have excellent hydrophilicity. However, band intensity in this region is decreased with the addition of cellulose, indicating a decrease in hydrophilicity. This result also supports the swelling property in which the addition of fibers decreased in the swelling percentage of the composite films. It may be due to a lower number of free O-H groups in composite films than neat PVA films, which helps to form strong hydrogen bonds that lead to strengthening the composite film’s mechanical properties. It is reported that the addition of bacterial cellulose nanofiber in a PVA matrix results in fewer O-H groups in the biocomposite films [42]. More importantly, the neat PVA film exhibited an obvious -OH stretching vibration peak around 3300 cm−1 (Figure 5a). As RC amount is increased, spectrum intensity is decreased, and the shift of the -OH group has occurred. In addition, a similar shift of -OH occurred from 1085 (PVA) to 1089 cm−1 (PVA-RC), and from 915 (PVA) to 913 cm−1 (PVA-RC), as presented in Figure 5b. These shifts indicate that the degree of free O-H decrease might have resulted from better dispersion of RC fibers in the PVA matrix and a subsequent increase in interfacial adhesive bonding [42]. The distinct peak around 2910 cm−1 and 1320 cm−1 is associated with C-H stretching, and this peak is also observed in all samples. The peaks associated with neat PVA films are as follows; 3276 cm−1 for stretching vibration of -OH groups, 2910 cm−1 for -CH2 groups stretching, and 1417 cm−1 and 1320 cm−1 for C-H wagging and bending, respectively, and a sharp peak at ~1140 cm−1 for the crystalline domain of the PVA [28,43]. The sharp crystalline peak may be due to the ultrasonication of the composite blend.




3.6. Thermal Gravimetric Analysis (TGA)


The thermal stability of the films was evaluated with a TGA measurement, and the derivative thermogravimetry (DTG) profiles are presented in Figure 6a, and Figure 6b, respectively. Initially, the weight of the films slightly decreased due to the evaporation of absorbed water (50–120 °C), which corresponded to peak (i) in the DTG graph. The second major weight change occurred in the temperature range 200 to 350 °C, the major weight losses observed in this region, which was attributed to the degradation of the side chain of PVA, and thermal degradation of the RC fibers, which corresponds to peaks (ii and iii) in the DTG graph [28]. In this step, the decomposition temperature of PVA and PVA-RC1 decreased as compared with PVA-RC3 and PVA-RC5; two maximum temperatures in this region are around 270 and 360 °C [44]. The third degradation region corresponding to peak (iv) was observed around 400 to 500 °C, which was attributed to the decomposition of the main PVA chain, and the maximum decomposition temperature of this region is approximately 350 °C [44,45]. The maximum thermal decomposition temperature (Tmax) of the composite films increased, except in PVA-RC1, which indicates that the thermal stability of film increased with the addition of RC fibers compared to PVA film (control). The elevation of decomposition temperature in the composite films may be due to an increased crystallinity after ultrasonication. The ultrasonication increased the PVA crystallinity index of the films and compatibility of the polymer chain structure [40]. Our results are similar to PVA-crystalline and PVA-nano cellulose composite film, in which the degradation process of the composite films was slightly higher than that of pure PVA films [7,28]. The detailed weight loss data of each film with increasing temperature is available in the Supplementary Materials (Table S1).




3.7. Mechanical Properties of PVA Composite Films


The stress-strain graph for neat PVA and PVA-RC composite films is displayed in Figure 7 and Table 1 present the data corresponding to Young’s modulus, tensile strength, and percentage elongation at break. It was observed that a small decrease in the tensile strength of composite films with PVA-RC5 compared to control PVA film, while there was an increase in tensile strength in PVA-RC3. The tensile strength is increased by ~2 MPa with a 3% loading of RC compared to the control film, and there was no significant difference in tensile strength. Another study was conducted on PVA-bacterial cellulose composite films, in which the tensile strength of the composite films was increased from 27.3 to 33.9 MPa after the addition of 2.5 mL of bacterial cellulose fiber in PVA matrix [42]. A similar result was also reported that the tensile strength of the PVA-CNFs composite film was improved at 3% addition of rice straw CNFs [11]. It is thought that excessive amount of filler materials over a certain percentage triggers agglomeration so that it weakens tensile strength of films [46]. The Young’s modulus of the PVA-RC composite films was higher than the neat PVA, as presented in Table 1. The increased Young’s modulus after the addition of RC fibers is attributed to the presence of disintegrated RC, creating interface hydrogen bonds with the PVA matrix, thus anchoring the PVA chains against the movement.



Different from the tensile strength results, the elongation at break exhibited a declining pattern, with increasing RC fiber from 1% to 5% in PVA-RC composite films. The elongation at break (177%) of the composite film was the highest at 1% RC, but it was decreased with the gradual addition of RC. Similar changes in the elongation at break of PVA composite films were also reported by many researchers [11,28,42,47]. For example, the tensile strength and strain at break of the PVA/CNFs films increased by 1.47 and 1.87 times, respectively, with 1% nanofibrillated cellulose isolated from corn husk compared to PVA but decreased with over 1% content [28]. It is reported that a similar effect in biocomposite films in which elongation at break of neat PVA films and composite films was 171% and 164%, respectively [42]. The stiff network structure of cellulose fibers limits the chain mobility of PVA molecules in the composite decreased in the elongation property of the composite films [11].





4. Conclusions


This article reports a facile and efficient method of fabricating PVA-based composite films reinforced with regenerated cellulose (RC) derived from black oat. To obtain a homogeneous mixture of a composite blend of RC and PVA, the solution of the composite mixture was ultrasonically irradiated. Our result showed that 3% of RC addition into PVA matrix is optimal for the superior quality of composite films among the tested films. The fabrication of PVA-based biocomposite films reinforced with RC showed high-quality composite films with improved moisture barrier property, decreased swelling behavior, and improved heat resistance property. However, the differences in tensile strength between PVA-based RC composite films and PVA film alone were not significant. From the results, it is thought that cover crops like black oat might be a feasible source for bio-based packaging materials.
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Figure 1. Flow diagram of isolation of regenerated cellulose (RC) derived from black oat and further application in poly(vinyl alcohol) (PVA) matrix with ultrasonication. 
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Figure 2. Water vapor transmission property of PVA and its composites. 
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Figure 3. (a) Swelling and (b) Soluble fraction properties of neat PVA and composite films with different concentrations of RC load. 
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Figure 4. (Left) Transmittance spectrum of neat PVA and composite films with various RC fiber load and (Right) Images of neat PVA and composite films PVA, PVA-RC1, PVA-RC3, PVA-RC5 with 0%, 1%, 3%, and 5% RC fiber load, respectively. 
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Figure 5. (a) Fourier Transform Infrared (FTIR) spectra of neat PVA and composite films with different concentrations of RC loadand (b) Magnified spectra indicate -OH group shift. 
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Figure 6. (a) Thermal gravimetric analysis (TGA) and (b) Derivative thermogravimetry (DTG) profiles of neat PVA and its composite films. 
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Figure 7. Stress-strain curve of neat PVA and composite films with different concentrations of RC load. 
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Table 1. Mechanical properties of PVA and its composite films.
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	Sample
	Young’s Modulus

(MPa)
	Tensile Strength

(MPa)
	Elongation at Break

(%)





	PVA
	70 ± 10
	25 ± 2
	170 ± 29



	PVA-RC1
	73 ± 10
	24 ± 2
	177 ± 23



	PVA-RC3
	110 ± 20
	27 ± 3
	165 ± 25



	PVA-RC5
	112 ± 10
	17 ± 3
	155 ± 16
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