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Abstract

:

Industry-sponsored research has intensified to find suitable substitutes for synthetic polymers. For this purpose, biopolymers are promising materials that are extracted from renewable resources. However, there are areas of concern (biopolymers are mostly brittle in the dry state) that require further research before they are used in advanced applications. To overcome this, plasticizers are often added to biopolymers to enhance their physicochemical properties. In this study, chitosan (CH)-glycerol (GL)-based polymeric films were prepared by a simple drop-casting technique, and the influence of a plasticizer (GL) on the properties of chitosan films was analyzed. Additionally, the as-prepared samples were irradiated with γ-rays (60Co γ rays with a dose of 102 kGy) to study the effect of γ-irradiation on the properties of polymeric composites. To achieve this, different samples were prepared by varying the amount of GL. FT-IR analysis revealed the interruption of hydrogen bonding in chitosan by the incorporation of GL. This led to the chain-spreading of CH, which ultimately increased the flexibility of the composite films (CH-GL). The DSC of the CH film showed two peaks: one endothermic peak below 100 °C (due to water vapor) and a second exothermic peak that appeared between 130 and 360 °C (degradation of the amino group). Plasticization of CH films with GL was confirmed by DSC, where the exothermic degradation was converted into an endothermic peak. Depending upon the amount of GL, γ-irradiation considerably affected the chemical structure of CH by breaking the carbohydrate and pyranose rings; this led to a decrease in the crystallinity of the composite films. The changes studied in the DSC and TGA analysis complemented each other. γ-irradiation also affected the morphology of the films, which changed from smooth and homogeneous to roasted structures, with random swelling on the surface of the films. This swelling reflected the degradation of the surfaces into thin layers. Considering the changes that occurred in the films post-γ-irradiation, it can be inferred that the irradiation dose of 102 kGy is sufficient to degrade as-prepared biopolymer composites.
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1. Introduction


Currently, global environmental issues with the growing use of non-biodegradable polymers in daily applications have led to an increased interest of researchers in finding sustainable alternatives from renewable sources [1,2]. In recent times, remarkable developments have occurred in the fabrication of films and coating materials, by employing polymers that are obtained from renewable, natural sources [3,4]. These polymers include cellulose, chitosan, alginate, and starch, which are beneficial in the packaging industry [5,6]. These materials act as a barrier to moisture, oil, vapor, etc., and are predicted to increase the shelf life of products when used as coating materials for protective packaging [7]. Among these polymers, chitosan has gained a prominent position due to its unique cationic nature and easy processibility [8]. Chitosan is a natural, polycationic linear polysaccharide that is typically derived from abundantly available chitin through its partial deacetylation [9]. Chitin is a natural polymer obtained from the shells of crabs and shrimps, which are the major sources of waste in the seafood industry [10,11]. Chitosan is an abundant biopolymer, and after cellulose, is the second-most abundant natural polysaccharide. It is non-toxic, biodegradable, and biocompatible, and thus can be easily blended with other negatively charged synthetic or natural polymers, to obtain functional materials for various biological and biomedical applications [12,13].



Although chitosan is not soluble in an aqueous solution, its solubility can be significantly enhanced in acidic conditions [14]. The enhanced solubility of chitosan under acidic conditions is attributed to the formation of salt between the negative ions of acid and the protonated amino group of chitosan [15]. Due to its easy processibility, chitosan can be effectively used to make films, and therefore is considered a potential material for food packaging, especially edible films and coatings [16,17]. Usually, chitosan-based biofilms are transparent and non-porous; however, the wide-scale application of these films is often limited due to their brittle nature, and hence, they cannot be used in targeted packaging applications [18]. To overcome this issue, plasticizers are used to alter the polymer chain interactions, which are mainly responsible for the brittleness of these films [19,20].



To date, many natural plasticizers have been reported to enhance the plasticity of biopolymers, including sorbitol, glycerol, polyethylene glycol (PEG), etc. [21]. These materials can potentially enhance the flexibility and processibility of biopolymers by reducing the second-order transition temperature, specifically, the glass transition temperature (Tg) [22]. Usually, plasticizers have low molecular weights (between 300 and 600 kDa) and are high-boiling liquids, consisting of linear or cyclic carbon chains, which intercalate the polymer matrix and reduce secondary forces among them [23,24]. Thereby, these molecules alter the three-dimensional structure of polymer matrices, which reduces the energy requirement for molecular motion and the formation of hydrogen bonding between the chains [25]. Consequently, the amount of free volume available in the polymer matrix increases significantly, which enhances molecular mobility in the sample [26,27]. Among various plasticizers, glycerol (GL) is considered a good plasticizer for use in biopolymer-based films, which is known to enhance the barrier and mechanical properties of biodegradable polymer films [28,29,30].



The properties of polymeric materials, including biodegradable polymer-based composite films, can be customized by several techniques, including variation of the composite ratio, doping, ion beam-related methods, etc., to obtain desirable functional properties for certain applications [31,32]. Among these methods, customization by ion beam and radiation treatment are techniques that have the potential to effectively calibrate the physicochemical, surface, and structural properties of polymeric materials [33,34]. Particularly, these materials are very sensitive to gamma radiation, which has been exploited for the modification, degradation, and sterilization of polymeric materials [35]. Upon irradiation with gamma rays, polymers demonstrate various effects, such as crosslinking or reticulation, degradation or scission of polymeric chains, depending on the structure of the polymer, irradiation dose, additive concentration, and irradiation conditions (atmosphere and temperature) [36]. So far, few studies have reported the effects of gamma irradiation on the properties of chitosan-based polymeric films. The synthesis of chitosan oligomers via irradiation, both in solid and solution state [37], evaluation of the effect on the molecular weight and physical properties of chitosan films by irradiation with 60Co gamma rays were previously reported [38]. Similarly, the effect of irradiation with 60Co (10, 25, 50, and 100 kGy) on the mechanical properties of films obtained from irradiated chitosan derived from prawns was also reported [39].



To the best of our knowledge, no study on the effect of gamma irradiation and the concentration of glycerol plasticizer on the physicochemical properties of chitosan-glycerol composite films has been reported. Therefore, considering the potential of biodegradable polymers in various fields, pre-and post-irradiation analysis of changes that occur in biopolymer films is highly desirable. This investigation aimed to demonstrate the effect of gamma irradiation and the amount of plasticizer on the structure, and biodegradation of the chitosan-glycerol blend.




2. Materials and Methods


2.1. Materials


Medium molecular weight (190–130 k Da) chitosan powder (C8H13NO5)n (CH), acetic acid ((C2H4O2) AcOH), and glycerol (GL) as a plasticizer were purchased from Sigma-Aldrich (Missouri, USA). All chemicals were of analytical grade and were used without further purification. Distilled water was used for the preparation of solutions.




2.2. Preparation of the Film


Chitosan solutions at 2 wt % concentration were prepared by dissolving a calculated amount of chitosan (Table 1) in 2 wt % ACOH using a magnetic stirrer (model Cerastir 30539) at 45 °C for 2 h. After complete dissolution, solutions were filtered through a mesh with 0.063 mm pore size to obtain a homogeneous solution and remove any undissolved particles. The homogeneous solution of CH was placed on the stirrer and a calculated amount of GL was added dropwise to the solution using a micropipette. The solution was further stirred for 3 h at room temperature. Finally, the composite solution was cast in Petri dishes. The casted solution was left to dry at room temperature. After drying, the films were peeled and stored for characterization (Figure 1).




2.3. Characterization


2.3.1. Morphology


The surface morphologies of the CH and CH-GL films were investigated under high vacuum through SEM (VEGA TESCAN, Libušina, Czech Republic). The samples were fixed on the holder with double-sided sticking tape and were coated with platinum in a platinum-sputtering machine to increase their electrical conductivities and create contrast between the sample and background. Finally, micrographs of the films were taken at constant magnifications.




2.3.2. FT-IR Study


The FT-IR spectra of CH and CH-GL films were obtained using an FT-IR spectrometer (Bruker Vertex 70, Billerica, MA, USA). The samples were analyzed in film form by separately placing them into the FT-IR machine. The spectra were acquired in the 400–4000 cm−1 range.




2.3.3. XRD Study


The amorphous and crystalline behavior of the CH and CH-GL films was determined by an X-ray diffractometer (Bruker AXS D8 Advance XRD, Billerica, MA, USA ). The XRD data were obtained at 40 kV and 30 mA using Cu Kα radiation (1.540 Å). We studied 2θ° in the range of 20° to 80°.




2.3.4. DSC Study


The miscibility and crystallinity of CH and CH-GL were studied by a differential scanning calorimeter ((DSC) Q20, TA Instruments, New Castle, DE, USA). The samples were placed in the heating compartment and heated at 5 °C/min from 25 to 350 °C in an air environment, and the thermogram was recorded.




2.3.5. TGA


The thermal behavior of the CH and CH-GL films was studied using TGA (Q50, TA Instruments, New Castle, DE, USA). The samples were placed in the platinum plate, weighed, and heated at 10 °C/min in the temperature range (Tr) of 25 to 600 °C under a N2 environment, and the degradation pattern of the films was recorded.




2.3.6. Radiation Study


For irradiation of the films, polymeric samples were encapsulated under a vacuum in glass vials and were successively exposed to increasing doses of radiation at a constant intensity using C-60 γ-ray cell 220 (Nordion International Inc., Ottawa, ON, Canada) at a dose rate of 104 Gyh−1. In this study, the samples were irradiated at a dose of 102 kGy at ambient temperature (~20 °C). Irradiations were performed at the Research Centre Lab, Department of Chemistry, King Saud University, Riyadh, KSA.






3. Results and Discussion


3.1. FT-IR Studies


The influence of GL on the CH films was analyzed using FT-IR. Figure 2 shows the spectra of pristine CH and the post-irradiated CH films. The spectrum of chitosan exhibited all of the characteristic bands reported in the literature. The bands at 2910 and 2867 cm−1 are assigned to the asymmetric vibrations of CH2 in the carbohydrate ring. The band in the range of 1330 to 1420 cm−1 is the characteristic band of the C–N stretching of amide, vibrations of CH2 in the carbohydrate ring, and O-H bending. The band at 896 cm−1 is assigned to the C–O–C of the glycosidic linkage [40]. The medium primary N-H bending band is observed in the range of 1580 to 1550 cm−1. After irradiation, the FT-IR spectrum of the CH film (blue line, Figure 2) was similar to the spectrum of a non-irradiated sample, with some minor changes; the band in the range of 1330 to 1420 cm−1, belonging to in-plane bending of –OH and CH2 in the carbohydrate ring, was missing in the irradiated sample, possibly due to disruption in the polymer network. Pristine GL had a wide range of bands between 600 and 3000 cm−1, which are mostly attributed to the stretching of O–H bonds, with either inter- or intramolecular hydrogen bonds. These bands could also be formed by water molecules, whose angular deformation was seen at 1651 cm−1 [41]. The FT-IR spectra of different samples of CH-GL before and after irradiation were also measured, which were prepared by varying the amount of GL, as shown in Table 1 and Figure 3. As evident from the spectra of CH-GL, after mixing CH and GL, the IR bands in CH-GL did not change considerably compared to the IR bands of pristine CH; however, the band intensity at 1330 to 1420 cm−1, assigned to the in-plane bending of –OH and CH2 in the carbohydrate ring, was slightly influenced by the addition of GL. This indicates that the addition of GL into CH interrupted hydrogen bonding, thereby spreading the chains and increasing the flexibility of the composite films (CH-GL). Notably, γ-irradiation had a considerable effect on the structural properties of the composite films, which varied according to film composition. For example, in CH-GL films, the band around 1420 cm−1, attributed to the in-plane bending of –OH and CH2 in the carbohydrate ring, disappeared in the irradiated samples. Similarly, the intensity of the band at 896 cm−1, attributed to the glycosidic linkage C–O–C of the carbohydrate ring units, decreased significantly. As shown in Figure 3, a similar effect was also observed in all CH-GL samples (CH-GL-1, CH-GL-2, CH-GL-3, and CH-GL-4). It is noteworthy that at a lower concentration of GL (CH-GL-1), not only did the band at 1330 to 1420 cm−1 disappear, but the intensity of the 896 cm−1 band also decreased. In the sample containing a high amount of GL (CH-GL-3), only the intensities of these two bands decreased. From these results, it can be concluded that irradiation affected/degraded the chemical structure (Scheme 1) of the CH and CH-GL samples by breaking the carbohydrate and pyranose rings.




3.2. XRD Study


Figure 4 illustrates the XRD patterns of pre-and post-irradiated CH-GL samples. The characteristic XRD patterns of pristine CH (cf. Figure 4) showed broad diffraction bands at a 2θ of 20° due to its amorphous characteristics. The characteristics of crystalline bands in WAXD patterns, reported in the literature, showed comparable crystallinity for the two types (alpha chitosan and gamma chitosan), with a consistent peak in XRD at 20° [42]. The XRD patterns of plasticized CH-GL films also illustrated similar bands in the same region (2θ = 20°), as shown in Figure 4.



However, the intensity of this band varied by the change in the amount of GL in the composite films. These changes in the diffraction band intensities showed that the addition of plasticizer (GL) interrupted the inter-and intra-hydrogen bonding, which led to the unpacking of the molecular chains. This opening of the chain packing resulted in a further decrease in the crystallinity of the samples. In addition to plasticizers, irradiation had a significant effect on the XRD patterns of the samples; the single broad diffraction band of CH separated into two bands (20° and 30°) in the CH-GL composite films. In addition, the intensity of the band at 20° decreased, and its peak became broader. The broad, low-intensity band at 30° is assigned to GL. These changes in the diffraction peaks revealed that though glycerol showed some effect on the crystallinity of CH, the major effect, however, was achieved by irradiation. Contrarily, upon calculating the degree of crystallinity (DC) by deconvoluting the XRD spectra of the samples and the area of the amorphous and crystalline bands by the following formula, opposite results were obtained [43,44].


   D c  =    A C     A T        A C     = Sum   of   area   of   crystalline   peaks ;     A T     = Sum   of   area   of   all   peaks   ( amorphous   and   crystalline   peaks )  



(1)







Calculations revealed that the crystallinity of the composite varied with the addition of plasticizer, and upon irradiation, the crystallinity increased (which is opposite to the results obtained from other characterizations including SEM and FTIR), and this increase in crystallinity ratio was the maximum for the CH film, i.e., CH (Figure 5). Furthermore, as the ratio of plasticizer increased from 10 to 20 i.e., CH-GL-1 and CH-GL-2, the crystallinity decreased from 21% to 14%, respectively, and upon irradiation, the crystallinity of the same was found to be 53% and 17%, respectively. However, upon further increase in plasticizer in the film to 40–50, i.e., CH-GL-3 and CH-GL-4, the crystallinity increased from 28% to 33%, respectively, and upon irradiation, the crystallinity increased to 49% and 61%, respectively.



Crystallinity measurements from XRD deconvolution are a popular approach; however, it has been found that the crystallinity index varies significantly depending on the choice of the measurement method. Furthermore, it was reported that the simplest and most widely used method, which involves the measurement of just two peaks in the X-ray diffractogram (as performed in this study), sometimes produces significantly higher crystallinity values than other methods [45]. Therefore, in this study, the increased crystallinity of the samples after irradiation could be due to an error in the calculation of the crystallinity index from the XRD deconvolution method, as the results obtained from other techniques, including FT-IR, SEM, and DSC, indicate degradation of the samples after treatment with gamma rays. Irradiation affected the hydrogen bonds within the structure of the CH-GL network, leading to lower crystallinity [46]. Furthermore, the FT-IR spectra showed damage to the chemical structure, which could be another factor in lowering the crystallinity of the CH.




3.3. Morphology


The surface morphologies of CH and CH-GL films were determined using SEM. The micrographs are shown in Figure 6. SEM micrographs of pristine CH (cf. Figure 6) and all samples of the CH-GL films (cf. Figure 7) revealed the presence of smooth and homogeneous surface morphologies, indicating the miscibilities of CH and GL.



There was neither aggregation of any particulate matter, pores (the black spots in some micrographs were due to some dust on the films), nor phase separation (the materials were not segregated from each other). The absence of phase separation in the SEM micrographs is clear evidence that both CH and GL mixed at the micro-level. These results are in agreement with those reported in the literature [47]. As mentioned in the Introduction section, GL penetrated the CH chains and interrupted hydrogen bonds (both inter-and intramolecular), spreading the chains to make the polymer more flexible and plastic, with a continuous phase (no phase separation). The continuous phase was also confirmed by the appearance of the signal Tg (Table 2) in the DSC results for all samples.



Radiation treatments demonstrated a concentration (GL)-dependent effect on the surface morphologies of CH-GL films. For example, the smooth surfaces of CH and CH-GL-3 converted into rough surfaces following irradiation. Similarly, the surfaces of CH-GL-1, CG-GL-2, and CH-GL-4 showed roasted structures, where swelling of the surface was observed. This swelling shows the breaking of the surfaces into thin layers, as shown in Figure 7 [48,49].




3.4. Thermal Properties


The DSC and TGA thermograms of non-irradiated and irradiated pristine CH and its blends with GL are shown in Figure 8a–d and Figure 9, respectively. The DSC of CH and its blends’ films showed an interesting thermal phenomenon. Figure 8a,c is broken down into three parts to aid in the interpretation and understanding of this phenomenon. The first phase contained peaks at temperatures that are lower than 100 °C. The second phase displayed endo-peaks for the blends (B3P and B4P), while the third phase displayed degradation of CH and its blends B1P and B12P. The evaporation of water is related to the peak in the first phase that appeared below 100 °C. Peaks in the third phase are attributed to a thermal event due to amine unit degradation in CH, with an exothermic peak [50]. As stated, an unusual and interesting thermal event was noticed when the GL percentage of the mixture was increased: the degradation peak transformed into the melting peak. This change in degradation peak to melting peak with increasing GL percentage can be attributed to the rearrangement of CH chains in the presence of GL, which may have resulted in some crystallinity. This assumption was verified after the determination of the percent crystallinity. The percent crystallinity increased as the GL percentage in the blend increased. The glass transition temperature (Tg) of CH and its mixtures is shown in Figure 8c. Figure 8 and Table 2 show that as the GL percentage in the blend increased, Tg and melting temperature (mt) dropped. This is evidence of the plasticization effect. The irradiated CH and its blends (Figure 8c,d) also showed the same three phases in the DSC thermogram and the plasticization effect. It should be noted, however, that Tg was substantially lowered in irradiated blends compared to non-irradiated blends. These findings imply that the bonding between polymer chains was altered not only by GL, but also by radiation exposure. TGA also followed the same pattern. The degradation of the films began above 130 °C and reached its maximum at ~360 °C; in this temperature range, a large part of the composite film had degraded. No major shift was observed in the TGA thermogram. Both DSC and TGA analyses were in agreement (cf. Figure 9).





4. Conclusions


Herein, we successfully demonstrated the preparation of plasticizer-incorporated CH-GL composite films to enhance the flexibility of the biopolymer and studied the γ-irradiation effect on the properties of these films. Plasticizer (GL) was found to have a positive effect on the structure of CH films. The addition of GL interrupted inter-and intra-hydrogen bonding, which led to the unpacking and rearrangement of the molecular chains that resulted in the conversion of exothermal degradation into endothermal melting. Furthermore, the films became flexible and showed a continuous phase (no phase separation was confirmed by the single Tg in the DSC results). Irradiation affected the chemical structure of the samples, which resulted in decreased crystallinity. Irradiation also affected film morphology, which changed to roasted, where swelling of the surface was observed. This swelling indicated the breaking of the surfaces into thin layers. The degradation of the films started above 150 °C and reached its maximum at 360 °C. The changes studied in the DSC and TGA complemented each other. Therefore, the incorporation of plasticizer enhanced the flexibility of the as-prepared films, whereas γ-irradiation facilitated the degradation of composite films.
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Figure 1. Digital images of the solution casting of the (A) chitosan (CH) and CH-GL films, (B) dried stored films, and (C) illustrating the flexibility of CH-GL film. 
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Figure 2. FT-IR spectra and XRD spectra of chitosan and γ-irradiated chitosan. 
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Figure 3. FT-IR spectra of the chitosan-gly film before and after γ-irradiation. 
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Scheme 1. Proposed degradation pathway of plasticized chitosan after irradiation. 
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Figure 4. XRD diffraction spectra of the chitosan-gly films before and after γ-irradiation. 
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Figure 5. Illustration of changes in the crystallinity of the chitosan film before and after γ-irradiation. 
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Figure 6. SEM images of the chitosan film before and after γ-irradiation. 
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Figure 7. SEM micrographs of the chitosan-gly films before and after irradiation. 
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Figure 8. DSC thermogram of the CH and its blend with GL, (a,b) nonirradiated and (c,d). Note: “We” indicates water evaporation, mt is melting temperature, and dt is degradation temperature. 






Figure 8. DSC thermogram of the CH and its blend with GL, (a,b) nonirradiated and (c,d). Note: “We” indicates water evaporation, mt is melting temperature, and dt is degradation temperature.



[image: Processes 09 01783 g008]







[image: Processes 09 01783 g009 550] 





Figure 9. TGA thermogram of the CH-GL films before and after γ-irradiation. 
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Table 1. Composition of CH and GL composite films.
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	Sample Code
	Chitosan (g)
	Glycerol (g)
	Ratio
	Film Removed from Petri Dish





	CH
	2
	0
	100/0
	Yes



	CH-GL-1
	1.8
	0.2
	90/10
	Yes



	CH-GL-2
	1.6
	0.4
	80/20
	Yes



	CH-GL-3
	1.2
	0.6
	60/40
	Yes



	CH-GL4
	1
	1
	50/50
	No
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Table 2. Tg, melting point, degradation, and crystallization of the composite samples before and after irradiation.
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Sample Name

	
Tg (°C)

	
Mt/dt (°C)

	
Enthalpy (J/G)

	
Crystallinity (%)






	
Before irradiation

	
CH

	
188.55

	
269.26

	
−63.60

	
NA




	
CH-GL-1

	
177.31

	
265.90

	
−6.598

	
NA




	
CH-GL-2

	
173.46

	
269.70

	
−29.34

	
NA




	
CH-GL-3

	
141.70

	
246.64

	
93.23

	
32.15




	
CH-GL-4

	
133.10

	
247.55

	
96.28

	
33.20




	
After γ-irradiation

	
γ-CH

	
145.68

	
261.38

	
−74.52

	
NA




	
γ-CH-GL1

	
141.81

	
267.38

	
−87.90

	
NA




	
γ-CH-GL-2

	
139.31

	
267.96

	
−91.01

	
NA




	
γ-CH-GL-3

	
134.40

	
244.93

	
87.58

	
30.20




	
γ-CH-GL-4

	
179.30

	
249.44

	
84.67

	
29.19
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