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Abstract

:

Due to the negative environmental impacts of synthetic plastics, the development of biodegradable plastics for both industrial and commercial applications is essential today. Researchers have developed various starch-based composites for different applications. The present work investigates the corn and rice starch-based bioplastics for packaging applications. Various samples of bioplastics are produced, with different compositions of corn and rice starch, glycerol, citric acid, and gelatin. The tensile properties were improved after adding rice starch. However, water absorption and water solubility were reduced. On the basis of these results, the best sample was analyzed for thickness testing, biodegradability properties, SEM, hydrophilicity, thermogravimetric analysis, and sealing properties of bioplastic. The results show the suitability of rice and corn-based thermoplastic starch for packaging applications.
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1. Introduction


Plastics play a vital role today in both industries and household appliances. Plastics are widely used for various applications, such as hand baggage, cool drink bottles, toys, food packages, components and containers of electronic equipment, modules of vehicles, office block segments, furniture, dress materials, etc. [1]. The annual production of petroleum-based plastics was recorded as more than 300 million tons until 2015 [2]. During the manufacturing of plastic bags, the emission of carbon and many other dangerous gases causes environmental concerns [3]. Generally, polyethylene plastic films, such as low-density polyethylene (LDPE) and high-density polyethylene (HDPE), are being used to produce a variety of polyethylene plastic films, and the drawback of this plastic is its non-degradability. Over 1000 million tons of plastic were predisposed of as unwanted elements, and they might take several hundreds of years to decay. The percentage of plastics in municipal solid waste continues to grow rapidly. When plastic wastes are dumped in landfills, they interact with water and form hazardous chemicals, and the quality of drinking water may also be affected [2]. Hence, efforts are taken to reduce the use of synthetic plastics and to promote bioplastics.



Biodegradable plastics are made from starch, cellulose, chitosan, and protein extracted from renewable biomass [4]. The development of most bioplastic is assumed to reduce fossil fuel usage, and plastic waste, as well as carbon dioxide emissions. The biodegradability characteristics of these plastics create a positive impact in society, and awareness of biodegradable packaging also attracts researchers and industries [5]. Decomposable plastics are widely used in a large variety of products where recycling of plastics is encouraged [6]. Generally, the polymers are produced from the petroleum yields, so the production of these plastics needs additional fossil fuels, which causes pollution. At present, bioplastic signifies approximately one percent of the almost 300 million tons of plastic formed once a year. On the other hand, due to an increased demand for erudite biopolymers for various applications and products, the market is unceasingly rising. It is estimated that the overall bioplastics fabrication volume will be around 2.44 million tons in 2022. Bioplastics may be openly taken out from natural resources like lignins, proteins, lipids, and polysaccharides (e.g., starch, chitin, and cellulose) [7].



Approximately 50% of the bioplastics used commercially are prepared from starch. The production of starch-based bioplastics is simple, and they are widely used for packaging applications [8,9]. The tensile properties of starch are suitable for the production of packing materials, and glycerol is added into the starch as a plasticizer. The required characteristics of the bioplastics are achieved by fine-tuning the quantities of the additives. For trade applications, the starch-based plastics are regularly mixed with eco-friendly polyesters.



Most green plants produce this polysaccharide as an energy store. Human diets also consist of this carbohydrate, and it is contained in enormous volumes in primary foods, including rice, cassava, maize (corn), wheat, and potatoes. Among them, the most important starch is cassava starch, which contains more than 80% starch in dry mass. Starch is a carbohydrate that contains a great amount of glucose units, combined through glycosidic links. For the residents of tropical regions, cassava starch is the third most essential nutrition source. A biodegradable polymer from cassava starch for various applications was developed with different surface treatments. The various physical, mechanical, and thermal properties were addressed [10,11,12,13,14,15]. Researchers prepared sugar starch-based bioplastic film for packaging applications [16] with various reinforcements [17,18].



Pure starch is white in color. The starch powder does not possess any specific taste or odor. Furthermore, pure starch cannot be dissolved in cold water or alcohol. It is non-toxic, biologically absorbable, and semi-permeable to carbon dioxide. The linear and helical amylose and the branched amylopectin are the two types of molecules present in starch [19]. The amylose content may vary from 20 to 25%, while the amylopectin content varies from 75 to 80% by weight, depending on the type of plant. Amylopectin is a far greater molecule than amylose. If heated, starch would become soluble in water, and the grains swell and burst. Due to this, the semi-crystalline arrangement is also lost, and the minor amylose particles begin percolating out of the granule [20], forming a network. This network compresses water and increases the mixture’s viscosity. This procedure is known as starch gelatinization, and amylose shows an imperative part through the initial stages of corn starch gelatinization [21]. While heating, the starch becomes a paste and the viscosity is also increased. High amylose starch is a smart reserve for use as an obstruction in packing materials. Due to the low price, renewability, and having decent mechanical properties, it was used to produce decomposable films to partly or else completely substitute the plastic polymers [22]. The percentage of amylose and amylopectin content in various starches is shown in Table 1 [23].



The tensile properties of the bioplastics would rise when the amylose content was increased [24]. As rice and corn starches have a higher concentration of amylose content, the present work concentrates on this. Ghanbarzadeh et al. [25] investigated the films produced from pure starch and concluded that these films were brittle and difficult to handle. This problem was solved by adding either citric acid or carboxymethyl cellulose with varying concentrations. The addition of glycerol may also reduce this drawback [26]. Falguera et al. [27] studied the bioplastics and concluded that the microbiological steadiness, bond, interconnection, wettability, solubility, pellucidity, and mechanical properties were the most critical properties in an edible coating. Muscat et al. [6] studied the performance of low amylose and high amylose starches to form films. They determined the water vapor penetrability of the starch and starch–plasticizer films, using an amended ASTM E96-05 technique. Anti-plasticization behavior was not perceived when the starch films were plasticized by combining the glycerol and xylitol plasticizers. An increase in the concentration of plasticizers would lead to an increase in the tensile strength. Higher tensile strength is observed in films with high amylose content too.



Ghasemlo et al. [28] investigated the performance of oil-coated starch and concluded that the mechanical and water vapor permeability properties were improved for the use of packaging applications. Fakhouri et al. [29] investigated the performance of starch/gelatin films. Glycerol and sorbitol were used as plasticizers. The effect of processing techniques on the characteristics was also considered. They investigated four diverse processing methods, viz. pressing, pressing trailed by blowing, and extrusion trailed by blowing and casting. Schirmer et al. [30] varied the amylose/amylopectin ratio of different starches and studied the physicochemical and morphological characterization. Borges et al. [31] analyzed the properties of biodegradable films of different starch sources by changing the plasticizers. The operational properties and the microstructure morphology of potato starch/gelatin/glycerol edible biocomposite films were reported by Podshivalov et al. [32]. They further investigated the phase separation mechanisms and their consequence on the size of starch granules during the drying process and the frictional, thermal, mechanical, thermal, optical, and water-barrier properties. Gómez-Heincke et al. [33] manufactured bioplastics from the proteins derived from potato and rice. Glycerol with different concentrations was mixed with the proteins. They concluded that the increases in temperature would decrease the water absorption values when the rice protein-based bioplastics were plasticized with glycerol. Kulshreshtha et al. [34] developed a corn starch-based material for building construction.



Luchese et al. [35] used blueberry powder, corn starch, and glycerol to produce the bioplastic films by casting and concluded that the film could be used for food packaging or even for sensing food deterioration. Song et al. [36] prepared biodegradable films, using diverse concentrations of lemon essential oil plus surfactants into corn and wheat starch film and described the microstructure, antimicrobial, and physical properties. Zakaria et al. [37] used a solution casting technique to prepare the potato starch film, in which glycerol was the plasticizer. They studied the tensile and microstructure properties of the film by varying the mixing temperature. Zhang et al. [38] investigated the impact of the various sizes of nano-SiO2 on the physical and mechanical properties of potato starch film.



Though extensive studies were carried out on the starch for packaging applications [39,40], the study of hybrid starch based on corn and rice starch is not found in the literature for packaging applications. Hence, in the present work, both the corn and rice starches are combined, as they have a higher amylose concentration. This research aims to produce bioplastics from starch extracted from corn starch and rice starch. This would be very useful for developing countries where environmental problems have a significant impact on the economy. The bioplastics prepared from corn and rice starch were found to exhibit properties that are comparable to the already available commercial packaging materials. The bioplastics were also found to be soluble in water and degradable in soil by conducting respective tests, thereby making it environment-friendly. Such bioplastic formulations can be effectively used in packaging applications, due to their advantageous characteristics.




2. Materials and Methods


For preparing the thermoplastic starch (TPS) film, corn and rice starch were extracted in the laboratory. The glycerol, citric acid, and gelatin were used as a plasticizer and were bought from Chemimpex International, India.



2.1. Extraction of Starch


The following steps detail extracting the starch from corn by the manual method. First, 100 g corn was washed and boiled with water for an hour. More corn was ground in a mortar with 100 mL purified water. The mixture was filtered and the remaining solid mass was put into the mortar. We repeated the procedure five times and more starch was obtained. The blend was allowed to settle in the beaker for 5 min. Then, 100 mL of purified water was added and was agitated softly. The water was removed after repeating the above process 3–4 times and the starch, white in color, was obtained, as shown in Figure 1. About 40 g of starch was obtained from 100 g of corn. In this similar manner, rice starch was also extracted. Physical and chemical properties of corn and rice starch are depicted in Table 2.




2.2. Preparation of Bioplastics Film


In rice and corn starch-based TPS, glycerol is used as plasticizer, due to its better mechanical properties and good water solubility, ranging from 18 to 25%, though it can increase up to 36% [33,41]. It was shown that the glycerol concentration would not affect the glass transition temperatures. TPS film was prepared according to the following procedure: The starch, glycerol, gelatin, and citric acid were added to 100 mL distilled water in various ratios. The mixture was stirred at a rate of 180 rpm for 10 min. Then the mixture was heated on a hot plate at 100 °C, and manual stirring was done for 70 min, continuously [6]. It was then poured onto a Teflon-coated glass plate and spread uniformly. It took 3–4 days for the mixture to dry out and the cast film was removed. Then, five samples were prepared for different compositions of corn and rice starch, shown in Table 3.





3. Characterization


3.1. Tensile Test


The tensile strength test was performed using Testometric Machine M350 10CT, according to ASTM D882 [42]. The initial grip separation was 50 mm. The cross-head speed was fixed as 50 mm/min. The samples had been prepared according to the dimension given in the standard. Each sample had a width of 30 mm and a length of 110 mm. The average thickness of the starch film sample was 0.36 mm. Dumbbell specimens were cut from the film samples (five different specimens). During the stretching, tensile strength (MPa) was recorded. The mechanical properties were considered an average value from the attained results.




3.2. Thickness Measurement


The thickness of the bioplastics was measured by using the thickness gauge. The thickness was measured by holding the workpiece between stylus and anvil, reading the value directly.




3.3. Test for Moisture Content


By measuring the weight loss of films, the moisture content was estimated. The TPS samples were cut into square pieces of 2.0 cm2. The samples were weighed accurately. The dry film mass was recorded upon drying in an oven at 110 °C until a fixed dry weight was acquired [43]. Each film treatment was used with five replications, and the moisture content was measured:


Moisture Content in (%) = [(Wi − Wf)/Wi] × 100,



(1)




where Wi is the weight at the beginning and Wf is the final weight.




3.4. Water Solubility Test


The film samples were cut into square sections of 2.0 cm2, and the dry film mass was weighed accurately and recorded. The samples remained immersed in 100 mL distilled water and fixed agitation at 180 rpm was carried out for 6 h at 25 °C [28]. The lasting portions of the film were filtered after 6 h. They were then dried in a hot air oven at 110 °C until an ultimate fixed weight was found. Glycerol has a good water solubility range from 18% to 25% [41]. The percentage of total soluble matter (% solubility) was calculated as


WS (%) = [(W0 − Wf)/W0] × 100,



(2)




where WS is solubility in water; W0 is the weight at the beginning of the bioplastics; and Wf is the final weight of the bioplastics.




3.5. Water Contact Angle Measurement


It is a scheme used to determine the hydrophobicity of a solid surface. This is done by examining its wettability. The sample was located among light and the camera, however, in a similar angle. This permitted a flat baseline to be determined for the contact angle measurement. The value of the contact angle would differ from 0 to 180°, subjected to the wettability of solid material. The 0° indicates the highly hydrophilic nature of the material and 180° hydrophobic material.




3.6. Biodegradability Test


The specimen was cut into pieces of 4.0 cm2. Found near the roots of plants which are rich in nitrogenous bacteria, 500 g of soil (having slight moisture content) was collected and stored in a container. One sample was buried inside the soil at a depth of 2 cm and another buried at a depth of 3 cm for 15 days under the conditions of the room. The weight of the specimen was measured before and after the testing. Scanning Electron Microscopic (SEM) images of the specimen were taken before and after the testing for visual inspection. The biodegradability test was measured by Equation (3):


Weight Loss (%) = [(Wo − W)/Wo] × 100,



(3)




where Wo and W are the weights of samples before and after the test.




3.7. Scanning Electron Microscopy (SEM)


Morphological investigations were performed on TPS films of corn and rice starch by using SEM machine model (HITACHI S-3400N). An emission current of 58 μA was used while operating the SEM instrument. The acceleration voltage was kept as 10 kV, and the working distance was fixed to 7.4 mm. Samples were layered with gold before the SEM analysis.




3.8. Thermogravimetric Analysis


Thermal stability of bioplastic film samples was characterized using a ther-mogravimetric analyzer (PERKIN ELMER PYRIS 1 TGA). A selected sample was carried out at the rate of 10 °C/min under room temperature, in the range of 35–1000 °C.




3.9. Sealing Properties of Bioplastics


To produce a seal in most form/fill/seal machines, bar sealing is the best technique. The sealing pressure, sealing temperature, and dwell time are the parameters in the heat-sealing procedure. These three factors should be in appropriate combination when making a decent seal. The heat is applied to melt the sealing layer to a molten stage or else partly molten to effect sealing in the heat-sealing process. The heat sealing was done using the sealing machine at Sagar Polybags Limited, Sivakasi, Tamilnadu, India.





4. Results and Discussions


4.1. Tensile Properties


Tensile strength is the amount of maximum strength needed to break the bioplastics film. Tensile modulus is defined as the stress change divided by change in strain within the linear viscoelastic region of the stress/strain curves. Elongation at break is the indication of the amount of the variation of extreme film length while attaining tensile strength until the film breaks, related to the original length. The tensile strength of the TPS, Young’s Modulus, and the elongation of the film at the breaking point were found for the samples and shown in Table 4. Glycerol, as a plasticizer, made the film more flexible as the intermolecular bonds between the polymer chains were reduced and the mechanical properties were modified. Larotonda et al. [44] described how the mechanical resistance of the film against rupture was improved by the impregnation of rice starch, nearly 1.5 times greater than a non-impregnated counterpart. The starch crosslinking of ether or ester linkages amongst hydroxyl (-OH) clusters in starch molecules improved mechanical properties, due to the density increased by crosslinking [45]. In Table 4, it is shown that the S5 has good tensile properties.




4.2. Bioplastic Thickness


The thickness of the bioplastics is measured at 10 different places using a thickness gauge, and the average is calculated. The average thickness of the bioplastics is found to be 0.25 mm (250 microns). As per the regulations of the Government of India, the thickness of plastic bags should not be less than 50 microns. The results show that the prepared bioplastics have a thickness of 250 microns and, hence, can be used for preparing carry bags. However, several works have been reported on the thickness of starch films. Ghasemlou et al. [28] found that the thickness value of corn starch films was approximately 0.15 mm. Other research by Fakhouri et al. [46] studied the thickness of several starch films made up of potato, rice, wheat, gelatin, and sorghum and found 53 to 63 microns, which is much lower than the present study. In the current work, the thickness is higher, which may be due to the presence of corn starch.




4.3. Moisture Content


The moisture content for the various samples are calculated, and the results are shown in Table 5. It is shown that S5 showed the least water absorption; however, S4 and S3 revealed higher moisture content. The same trend was observed in water solubility of TPS. The hydrophilic compounds would increase the films’ solubility. However, the hydrophobic compounds would decrease it [47]. In the present study, the solubility of all the starch films followed the same tendency as per the expectation, while the hydrophilicity of the film decreases with the further addition of rice starch. From this, we can say that the moisture content in sample 5 has the lowest value, which enhances the shelf life of the bioplastics.




4.4. Water Solubility


Water solubility of all samples was observed in Table 6. The sample S5 showed the least water solubility, with a higher ratio of rice starch compared to other bioplastics. The ratio of rice and corn starch are shown in Table 6. Usually, the gelatin content in the waxy starch films would increase the water solubility of TPS [48], but in this study, the gelatin is constant, and the starch of rice and corn were warring. The sample S5 has the highest content of rice starch, which may be due to the rice starch, where the solubility is lower. Water solubility was the main property able to distinguish the starch type though the film formation methods, based on starch being related with the amylose content in the grains [49].




4.5. Water Contact Angle


A contact angle experiment was conducted to find out whether the prepared bioplastics were hydrophobic in nature or hydrophilic in nature [50]. A sample of 1 cm2 was taken, and it was kept in a horizontal position on a holder that confirms that the only factors that disturb the profile of the water drop are interfacial tension plus gravity. There was a syringe placed above the sample, and it had pure water in it. An image was taken in general, showing that a substrate with fractional wetting provides a contact angle between 0 and 90°. If the contact angle is more than 90°, it means the droplet does not wet the surface sufficiently. The water contact angle was improved, due to the addition of gelatin and citric acid. This shows that the prepared bioplastics are hydrophilic when compared to normal LDPE plastic (Figure 2a), which is almost hydrophobic. The water contact angle for the prepared bioplastics is 70° (Figure 2b).




4.6. Biodegradability Properties


A biodegradability test was conducted on the sample from the best results of the tensile, water absorption, and thickness. The S5 sample was studied for biodegradability properties. The weight loss of S5 indicated the process of biodegradation of the specimen by the micro-organisms. Both buried samples at various depths showed the same degradation rate. The samples buried had the Wo and W values as follows:


Wo = 0.474 grams and W = 0.243 grams



(4)




where Wo and W are the weight of samples before and after the test.



The SEM image shows S5 before burial in Figure 3a, after the decomposition under 2 cm depth in Figure 3b, and under 3 cm depth in Figure 3c.



SEM examination demonstrated the microbial activity of degradation on the bioplastic samples. The surface structure of the material had lost its evenness, and flaws were evident. The sample exhibited a substantial variation in the structure. The SEM images also proved the biodegradation progression that occurred over the bioplastic film, with the existence of flaws and loss of filmy nature. Visual modifications of the samples were seen after the finish of the testing practice in actual environments. The samples got broken into pieces when touched. Therefore, from the weight loss method and the SEM analysis, it could be concluded that the bioplastics prepared from starch are biodegradable. The environmental factors such as temperature, moisture, and biological activity would affect the rate of degradation.



Biodegradability of 48.73% was achieved in 15 days for the sample placed in the soil at a depth of 3 cm. From the above experiment, it may be concluded that the burial depth did not show a significant role in biodegradability.




4.7. Thermogravimetry Analysis


The thermal degradation test of sample S5 studied the weight loss, derivative weight %, and heat flow, showed by the TGA thermograms (Figure 4): (i) In the range of 100–200 °C, (ii) in the range of 200–500 °C, and (iii) in the range of 500–700 °C. A small weight loss (approximately 6%) is found in the first regime of degradation in the range of 100–110 °C. It indicated the evaporation of moisture from the bioplastics [51]. Major weight loss in the range of 250–300 °C was due to the decomposition of gelatin and starch. From this, we can say that the prepared samples can be used in the application operated at the elevated temperature.




4.8. Sealing Properties of Bioplastics


It is observed that no single temperature is accepted for the heat-sealing process. This may occur due to the reason that the plastic could be sealed at moderately molten or melting conditions. A range of temperatures is set as an acceptable sealing temperature, in which a good seal will be formed if it is being prepared within this temperature range. The interval of time that the coated film is brought into close contact with the heated film is the dwelling time. The results indicated that the prepared bioplastic samples have good sealing capabilities. The principal purpose of the sealing crimp is to “squeeze” the two layers of film to achieve as great a molecular contact over as much of the sealing area as possible, within the constraints of the bag/pouch design. The heat-sealing feature was estimated through visual inspection.



The sample was inspected manually. The sealed sample seems have excellent sealing properties. Since sealing properties are important for preparing plastic bags, hence, it is concluded that the bioplastics produced in this project can be used to manufacture bioplastic carry bags. A sample bag produced from the bioplastics is shown in Figure 5.





5. Conclusions


The results showed that the samples prepared from the corn and rice starches have better biodegradability than the existing plastic materials. The citric acid addition improves the shelf-life of the material and improves the mechanical properties. The average thickness of the bioplastics is 0.25 mm (250 microns). The average moisture content is 13.2%. The solubility in water is 11.9%. The biodegradability of the sample is 48.7%, and it is achieved in 15 days. The maximum tensile strength of the bioplastics is found to be 12.5 MPa. The water contact angle of 70° was obtained. From the above test results, it can be concluded that bioplastics can be used as packing materials and can be used as an alternative to LDPE and HDPE plastic bags. Due to the obtained properties of bioplastic, it would be interesting to prepare polybags using this bioplastic with assumed lower cost. Investigation of the hybridization of proposed starch materials with other biomaterials, and with different plasticizers, would be an interesting scope for this research.
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Figure 1. Extracted starch. 






Figure 1. Extracted starch.
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Figure 2. Water contact angle for (a) low-density polyethylene (LDPE) and (b) prepared bioplastics from S5. 
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Figure 3. SEM images of S5 (a) before degradation, (b) degradation depth at 2 cm, and (c) degradation depth at 3 cm. 
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Figure 4. TGA curve for the S5. 






Figure 4. TGA curve for the S5.



[image: Fibers 07 00032 g004]







[image: Fibers 07 00032 g005 550]





Figure 5. Sealed bioplastic bag. 
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Table 1. Amylose and amylopectin concentration of various starch sources.
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	Source
	Amylose (in %)
	Amylopectin (in %)





	Arrowroot
	20.5
	79.5



	Banana
	17
	83



	Cassava
	18.6
	81.4



	Corn
	28
	72



	Potato
	17.8
	82.2



	Rice
	35
	65



	Tapioca
	16.7
	83.3



	Wheat
	20
	80
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Table 2. Physical and chemical properties of corn and rice starch.
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	Properties
	Corn Starch
	Rice Starch





	Moisture content (in %)
	10.82
	11.24



	Ash content (in %)
	0.32
	0.29



	Protein (in %)
	0.38
	0.43



	Fat (in %)
	0.32
	0.34



	Fiber (in %)
	0.10
	0.12



	Amylose (in %)
	29.4
	33.6



	Density (g/ml)
	1.356
	1.282



	pH
	6.72
	6.82
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Table 3. Composition of prepared bioplastics.






Table 3. Composition of prepared bioplastics.





	
Sample

	
Rice Starch

	
Corn Starch

	
Glycerol

	
Citric Acid

	
Gelatin

	
Water




	
Weight (in Grams)






	
S1

	
5

	
5

	
3

	
1

	
2

	
100




	
S2

	
5.5

	
4.5

	
3

	
1

	
2

	
100




	
S3

	
6

	
4

	
3

	
1

	
2

	
100




	
S4

	
6.5

	
3.5

	
3

	
1

	
2

	
100




	
S5

	
7

	
3

	
3

	
1

	
2

	
100
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Table 4. Tensile properties of different samples.
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	Samples
	Tensile Strength (MPa)
	Young’s Modulus (GPa)
	Elongation (in %)





	S1
	6.11
	0.09
	3.38



	S2
	7.3
	0.11
	5.1



	S3
	10.6
	0.15
	5.3



	S4
	11.38
	0.17
	6.19



	S5
	12.5
	0.183
	6.8
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Table 5. Moisture content of thermoplastic starch (TPS).






Table 5. Moisture content of thermoplastic starch (TPS).





	Sample
	Initial Weight Wi (in gram)
	Final Weight Wf (in gram)
	Moisture Content in Percentage (%)





	S1
	0.311
	0.265
	12.9



	S2
	0.291
	0.255
	12.3



	S3
	0.280
	0.241
	13.9



	S4
	0.285
	0.246
	13.6



	S5
	0.282
	0.249
	11.7
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Table 6. Water solubility of bioplastics.






Table 6. Water solubility of bioplastics.





	Sample
	Initial Weight Wo (in grams)
	Final Weight Wf (in grams)
	Water Solubility in (%)





	S1
	0.301
	0.265
	11.9



	S2
	0.291
	0.251
	11.6



	S3
	0.280
	0.245
	12.5



	S4
	0.282
	0.247
	12.4



	S5
	0.311
	0.275
	11.5
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