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1. Introduction 

The claims of environmental protection and the lack of petroleum resources provide a new 

opportunity for developing plastic materials derived from biopolymer resources. Starch is 

one of the most studied and promising raw materials for the production of biodegradable 

plastics, because starch is quite cheap, abundant, biodegradable and edible. Starch consists 

of two major types of molecules, primarily linear amylose and highly branched 

amylopectin. Normal starch consists of about 75% amylopectin and 25% amylose; waxy 

starches consist of mainly amylopectin and 0–8% amylose; and high-amylose starches 

consist of 40–70% amylose. Amylose is composing of D-glucose molecules, which are linked 

in a α-1, 4 conformation. The glucose monomers therefore form a linear straight chain 

polymer. Amylose is the key component involved in water absorption, swelling and 

gelation of starch in food and processing of material (Hoseney, 1986). 

Amylopectin is the major component of most starches, and consists of a large number of 

shorter chains that are bound together at their reducing end side by a α-1, 6 linkage 

(Hoseney, 1986). Amylopectin is therefore highly branched as the α-1, 4 linear chains are 

punctuated with the α-1, 6 linkages. The α-1, 6 constitute about 5% of the structure of 

amylopectin and gives rise to branching. The amylopectin molecule is much larger than the 

amylose molecule. Minor components, such as lipids, phospholipids, and phosphate 

monoester derivatives, are found in starch and have profound effects on the properties of 

starch. Lipids and phospholipids are found in cereal starches. Normal cereal starches 

contain up to 1% lipids, and the level of lipid content is proportional to the amylose content 

of the normal starch (Morrison, 1995). Starches of different botanical origins consist of 

different species of lipids. For example, normal maize starch consists of mainly free fatty 

acids, glycerides, and little phospholipids; normal rice starch contains substantial amount of 

phospholipids and some free fatty acids; and wheat, barley, rye, and triticale starches consist 
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exclusively of phospholipids (Kasemsuwan & Jane, 1996; Morrison, 1995). Cereal waxy 

starches contain few lipids, whereas high-amylose starches contain substantially more 

lipids. Root and tuber starches contain very little lipids and no detectable phospholipids 

(McPherson & Jane, 1999). 

Rice is the most widely consumed basic food in the world. Each year over 500 million tons 

of rice are harvested, providing sustenance to many countries and people throughout the 

world. The unique properties of rice starches are found in its many varieties. Due to 

different climates, soil characteristics and cultures, over 240,000 registered varieties of rice 

exist in the world. These varieties lead to a wide range of rice starches with many different 

characteristics including: different onset gelatinization temperatures; textures; processing 

stability; and viscosities. Rice starch with high amylose is an attractive raw materials for use 

as barriers in packaging materials. They have been used to produce biodegradable films to 

partially or entirely replace plastic polymers because of the low cost and renewability, as 

well as possessing good mechanical properties. However, compared to the common 

thermoplastics, biodegradable rice starch products still reveal many disadvantages. These 

include low mechanical properties and lack of efficient barrier against high polarity 

compounds. The disadvantages are mainly attributed to the highly hydrophilic character of 

rice starch polymers. To cope with these problems while preserving the biodegradability of 

the materials, the improvement of rice starch film properties has been investigated to meet 

suitable applications. This chapter provides details of rice starch films, and the formation 

and factors affecting rice starch film properties. It also deals with improving rice starch film 

properties with various methods such as using chemical treatments, physical treatments, 

combination with other biodegradable materials and fiber reinforcement.  

2. Formation of rice starch-based biodegradable films 

The formation of rice starch films requires the use of at least one constituent capable of 

forming a matrix with adequate continuity and cohesion. Generally, this is composed of 

polymers or compounds which, under the preparation conditions, are used to form 

continuous crystalline or amorphous products. In the case of coatings for which the films' 

system can be applied directly to the product, two forces are relevant: that between the 

molecules of the coating material (cohesion) and that between the coating and the support 

structure (adhesion). The degree of cohesion produces the barrier and mechanical properties 

of the film. High structural cohesion is manifested by a reduction in flexibility, porosity, and 

permeability to gases and solutes (Banker, 1966). The degree of cohesion depends on the 

chemical structure of the film material, the presence of plasticizing and cross-linking agents, 

the nature of the solvent used and its dilution, the method of application, the procedure 

used for removal of the solvent, and the final thickness of the film.  

The highest cohesion is generally obtained for ordered polar polymers with long chains 

which were precipitated in crystalline form. The preparation for average dilution which 

constitutes a compromise between the salvation and extension of polymer molecules and 

good initial viscosity is preferable (Baker, 1966). The cohesion of films generally increases in 
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proportion to their thickness up to a threshold beyond which it remains constant. The speed 

of evaporation of the solvent and/or excessive temperature may be manifested by 

inadequate cohesion on account of the premature immobilization of the polymer molecular. 

Regarding the adhesion of the coatings to the foodstuff, this is generally facilitated by hot 

application. 

The formulation of films base on starch may require one of the following methods. (1) 

Casting, which is a process consisting of drying a solution or a gel is a simple method for 

producing films with controlled thickness. This technique is useful to mimic some industrial 

processes for forming free-standing starch films as is the case for dip-molding. In this 

method, used for food coatings as well as for non-food applications, the gelled state is 

usually preferred to set hot solutions on a surface upon cooling. (2) Extrusion or the thermo 

pressing process is a process used to create objects of a fixed cross sectional profile. A 

material is pushed or drawn through a die of the desired cross section. The two main 

advantages of this process over other manufacturing processes are its ability to create very 

complex cross sections and work materials that are brittle, because the material only 

encounters compressive and shear stresses. It also gives finished parts an excellent surface 

finish. Next is (3) Electrohydrodynamic atomization (EHDA), referred to as electrostatic 

atomization or electro-spraying. This is a process in which a liquid is forced through a 

capillary and a potential difference of the order of kilo volts is applied between the capillary 

and the collection electrode (Pereta & Edirisinghe, 2006). EHDA can conduct in various 

modes but the stable cone-jet mode is the most desirable as it provides near-monodispersed 

droplets of a few micrometers in size. The droplets size can be controlled by the flow rate 

and applied as appropriate (Clopeau & Prunet-Foch, 1990).  

3. Factor affecting rice starch-based biodegradable films 

3.1. Amylose and amylopectin content 

Starch consists of two polysaccharides, the essentially linear amylose, and the branched 

amylopectin (Manners, 1989). The pure amylose structure is very stable, with strong 

molecular orientation, forming films denser and stronger than amylopectin films (Lourdin 

et al., 1995). The ability of amylose to produce self supporting films has been known for a 

long time and this is attributed to the ability of its linear chains to interact by hydrogen 

bonds to a higher extent than the branched amylopectin chains. Amylopectin films, on the 

other hand, are rather frail due to the higher degree of entanglement caused by the extensive 

branching and the short average chain length (Rindlav-Westling et al., 1998). Rindlav-

Westling et al. (2002) prepared films from potato starch, amylose, and amylopectin and 

blends by solution casting. Results showed that amylose films had a relative crystallinity of 

about 30% whereas amylopectin films were entirely amorphous. The blending of amylose 

and amylopectin resulted in films with a considerably higher degree of crystallinity than 

could be predicted. This is explained by co-crystallization between amylose and 

amylopectin and possibly by crystallization of amylopectin. The crystallized material gave 

rise to an endothermic detected with differential scanning calorimetry. The enthalpy and 
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peak temperature of the transition also increased as the amylose content decreased. When 

the amylose proportion in the blends was low, separate phases of amylose and amylopectin 

were observed by light microscopy. At higher amylose proportions, however, the phase 

separation was apparently prevented by amylose gelation and the formation of continuous 

amylose network. Addition, the amylose network in the films, observed with transmission 

electron microscopy, consisted of stiff strands and open pores and became less visible as the 

amylose proportion decreased.  

Alves et al. (2007) studied the effect of amylose enrichment on cassava starch films 

properties. This study showed the mechanical and barrier properties of cassava films were 

influenced by the amylose contents. The amylose enrichment originated stronger films and 

this could be explained because during drying of film-forming solutions, water evaporates, 

allowing the formation of starch network. During this stage the proximity of starch chains 

induced by higher amylose contents could facilitate the formation of matrix with more 

polymer content per area.  

Ming et al. (2011) characterized the biodegradable films from corn starch with different 

amylose content. They concluded that amylose content had significantly affected the 

mechanical and thermal properties of the biodegradable starch-based films. The high 

amylose starch films exhibited better mechanical properties, such as higher modulus and 

tensile strength, and very high impact strength. The reasons for this include not only the 

easy entanglement of long linear amylose chains, but also the retained granular structure in 

high amylose films, which may act as self reinforcement. 

Muscat et al. (2012) studied the effect of low and high amylose starches on film forming 

behavior. They found that, films with high amylose content showed higher glass transition 

temperature, tensile strength and modulus of elasticity values and lower elongation values 

than low amylose starch films. There was an increase in thermal and mechanical properties 

of high amylose starch films. This could be because of what happens when the drying of 

film-forming solutions, water evaporates, and allowing the formation of starch network 

takes place. During this stage, the proximity of starch chains induced by higher amylose 

contents could facilitate the formation of a matrix with more polymer content per area as 

well (Alves, et al., 2007).  

3.2. Type and content of plasticizers 

Native starch films are brittle compared with synthetic polymers such as polyethylene, and 

technically need to be plasticized. A plasticizer is substance that is incorporated into rigid 

materials to increase its flexibility, workability, and dispensability. By reducing the grass 

transition temperature and increasing chain lubricity, plasticizers could also improve 

processing and extrusion characteristics. They could also reduce the minimum required 

processing temperature, reduce the plastic’s hardness and improve low temperature 

flexibility. 

Generally, two types of plasticizers are distinguished. Internal plasticization is a result of 

modifications to the chemical structure of polymer. External plasticization is obtained by 
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adding an agent which modifies the structure and energy within the tree-dimensional 

arrangement of the film polymer (Banker, 1966). It is the second method which, on the basis 

of the type of materials and the technology used, is mainly used for biodegradable 

packaging. The addition of a plasticizer to a film produces a film which is less likely to break 

and is more flexible and stronger. 

Basically, the plasticizers should be generally compatible to the structure of the polymer that 

they plasticize and the permeability be present within the solvent-polymer system and 

under the conditions used. To be compatible, it must be compatible with the polymer, which 

results in the inter-molecular reactions. It is important to note that the formulation of the 

whole film system (polymer, solvent, plasticizer, and other additives) has a direct effect on 

the nature and characteristics of the film produced. As a result, the polymer and the 

plasticizer must not only be compatible, but must also have similar solubility in the solvent 

used. A soluble plasticizer will generally be sought for the development of soluble coating 

and an insoluble plasticizer (or a dispersible one) for an insoluble coating or for a slow 

solubilization. 

The permanence of a plasticizer is also of prime importance since this influences the 

physical and mechanical stability of the film. The plasticizer should not be volatile (or not 

only very slightly volatile) and its degree of retention by the film should be high. Other 

properties, such as its chemical stability, hygroscopicity, color, flavor, and so on, are also 

more or less important depending on the type of film under consideration. In addition, the 

content of plasticizer necessarily varies from 10-60% (dry basis) according to the nature and 

type of film and the method of application. The plasticizers that are most usually used in the 

field of rice starch films are mono-, di-, and oligosaccharides, polyols and lipids and its 

derivatives. The molecular size, configuration and total number of functional groups of the 

plasticizer as well as its compatibility with the polymer, could affect the interactions 

between the plasticizer and the polymer (Yang & Paulson, 2000).  

Bourtoom & Chinnan (2008) determined plasticizer effect on the properties of biodegradable 

blend film from rice starch-chitosan. The results of these studies demonstrated that sorbitol 

plasticized films provided the films with highest mechanical resistance, but the poorest film 

flexibility. In contrast, glycerol and polyethylene glycol plasticized films exhibited flexible 

structure; however, the mechanical resistance was low, while inversely affecting the water 

vapor permeability. 

The effectiveness of glycerol in biodegradable blend films from rice starch-chitosan is most 

likely due to its small size which allows it to be more readily inserted between the polymer 

chains. It consequently exerts more influence on the mechanical properties than the larger 

polyethylene glycol molecule. In addition, at an equal percentage of concentration, the total 

number of glycerol molecules in the film solution is greater than that of the higher molecular 

weight polyethylene glycol. Therefore glycerol has more functional groups (-OH) than 

polyethylene glycol which should promote the plasticizer-polymers interactions in the films. 

As a result of the glycerol, plasticized films provided the films with higher water vapor 

permeability than polyethylene glycol, and sorbitol should be the result of the high 
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hydrophillicity of the glycerol molecule, which is favorable to the adsorption of water 

molecules and could also contribute to the increase in the film water vapor permeability. In 

addition, at high glycerol concentration, glycerol could cluster with itself to open the 

polymer structure, enhancing the permeability of the film to moisture (Lieberman & Gilbert, 

1973). An increase in inter chain spacing due to the inclusion of glycerol molecules between 

the polymer chain may promote water vapor diffusivity through the film and hence 

accelerate the water vapor transmission (Yang & Paulson, 2000). 

Dai et al. (2010) reported that type and content of plasticizer affected the properties of corn 

starch films. Increasing the plasticizer content resulted in increasing water vapor 

permeability of the resulting film. These results would be related to structural modifications 

of the starch network brought about by the plasticizer concomitant with the hydrophilic 

character of plasticizer, which favored the absorption and desorption of water molecules. 

Plasticizers reduced intra- and inter-molecular forces in starch. In addition, plasticizers 

could extend, dilute and soften the structure effectively; then the starch chain mobility 

would be increased.  

3.3. Type and content of lipids 

Biodegradable starch films generally provide a good barrier against oxygen at low and 

intermediate relative humidity, and have good mechanical properties, but their barrier 

against water vapor is poor due to their hydrophilic nature (Kester & Fennema, 1986). In 

contrast, films prepared with lipid materials have good water vapor barrier properties, but 

are usually opaque and relatively inflexible. Lipid compounds commonly used for the 

preparation of lipid-based biodegradable films include neutral lipids, fatty acids, waxes, and 

resins (Kester & Fennema, 1986; Hernandez, 1994). The way to obtain a better water vapor 

barrier in starch films is to produce a composite film by adding hydrophobic components 

such as lipid and wax materials. A composite starch-lipid film is particularly desirable, since 

it has acceptable structural integrity imparted by the starch materials and good water vapor 

barrier properties contributed by the lipid materials (Greener & Fennema, 1989). The 

efficiency of the lipid materials in composite films depends on content and the nature of the 

lipid used such as structure, chemical arrangement, crystal type, shape, size, distribution of 

lipids, nature of barrier components, the film structure (including homogeneity, emulsion, 

multilayer.), and thermodynamics such as temperature, vapor pressure, or the physical state 

of water in contact with the films (Rhim & Shellhammer, 2005). 

Haggenmaier & Shaw (1990) tested the effect of stearic acid concentration on the water 

vapor permeability of hydroxypropyl methylcellulose composite films. It was found that the 

water vapor permeability of the composite films decreased about 300 times with the 

addition of 40-50% of stearic acid. However, excessive levels of lipid materials result in the 

film becoming brittle. Yang & Paulson (2000) investigated gellan/lipid composite films 

through emulsification and determining the effect of lipid (beeswax and 1:1 blend of stearic-

palmitic acids) on the moisture barrier, and mechanical and optical properties of the films. 

The results depicted that the addition of the lipids to gellan films significantly improved the 
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water vapor permeability (p < 0.05), but lowered the mechanical properties and caused the 

films become opaque. Beeswax was more effective than stearic-palmitic acids in reducing 

the water vapor permeability and films with beeswax showed better mechanical properties 

overall than those with stearic-palmitic acids. Srinivasa et al. (2007) studied the effect of fatty 

acids (stearic and palmitic acids) on the mechanical and permeability characteristics of 

chitosan films. No considerable differences in water vapor permeability were observed in 

fatty acid blend films. 

Bourtoom & Chinnan (2009) investigated the effect of lipid types (oleic acid, palm oil, and 

margarine) and content of lipids on water vapor permeability, tensile strength, percentage 

of elongation at break, and structure of rice starch-chitosan composite film. Tensile strength 

and water vapor permeability of rice starch-chitosan composite film decreased with the 

addition of lipids, whereas elongation at break increased in these films. In general, lipid 

films lack the structural integrity of polysaccharide films. Therefore, incorporation of lipids 

into hydrophilic polysaccharide films in an effort to decrease their water vapor permeability 

can negatively affect film strength as expressed by tensile strength measurements. The 

increase in the lipid content causes a partial replacement of lipids in the film matrix. The 

interactions between non-polar lipid molecules and between the polar polymer and non-

polar lipid molecules are believed to be much lower than those between the polar polymer 

molecules. In addition, rice starch-chitosan films added with oleic acid provided the films 

with smoother surface and higher values of tensile strength and elongation at break but 

lower water vapor permeability than with margarine and palm oil, respectively. The 

differences in mechanical and barrier properties between these films could be related to 

their physical state, structure, and chemical nature of the lipids.  

3.4. Relative humidity 

Relative humidity is a term used to describe the amount of water vapor in a mixture of air 

and water vapor. It is defined as the ratio of the partial pressure of water vapor in the air-

water mixture to the saturated vapor pressure of water at those conditions. The relative 

humidity of air depends on the temperature and pressure of the system. Relative humidity 

is often used instead of absolute humidity in situations where the rate of water evaporation 

is important, as it takes into account the variation in saturated vapor or pressure. 

Biodegradable starch films generally provide a good barrier against oxygen at low and 

intermediate relative humidity, and have good mechanical properties, but their barrier 

against water vapor is poor due to their hydrophilic nature (Kester & Fennema, 1986). When 

starch films are exposed during storage time in certain environmental conditions, it is 

possible to obtain both physical and mechanical changes in their nature. Physical changes 

may be those such as polymer recrystallization (the retrogradation) and those due to the 

migration of low molecular weight components, such as plasticizers or water contained in 

film formulation. 

This migration of additives can be considered the most important cause of physical 

instability of starch films. In order to diminish film fragility and increase film flexibility and 
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manageability, plasticizers are added into film formulation (Guilbert, 1986). Water also acts 

as a plasticizer in hydrophilic films; the plasticizing effect of water is based on the 

weakening of hydrogen bonds and the dipole–dipole intra and intermolecular interactions 

due to shielding of these attracting forces by the water molecules. As a consequence, free 

volume increases which affects their mechanical properties. Stading et al (2001) studied the 

effect of relative humidity on amylose and amylopectin film properties. They found that 

when the relative humidity of surrounding films increase this yielded increasing water 

content and oxygen permeability. However, the storage modulus and glass transition 

temperature (Tg) showed an inverse effect. The change in surrounding relative humidity 

affected the water content of the films. When the water content in the films increase this 

provides an increasing mobility of molecule in the network allows swelling with resulting 

heterogeneous network structure. Hence, sharply decreased storage modulus and glass 

transition temperature and increased the oxygen permeability of the resulting films. 

Masclaux et al. (2010) reported that relative humidity affected the properties of starch 

nanocomposite films. They found that at high relative humidity, the water diffusion rate 

showed higher in the starch nanocomposite films. According to these results, it seemed that 

it was more water sorption and diffusion in starch matrix due to its initially high swelling 

capacity and high chain mobility. Beside, the results demonstrated that the oxygen 

permeability coefficient slightly increased in the range of relative humidity between 30 to 

45% and greatly increased at higher relative humidity.  

4. Properties enhancement of rice starch-based biodegradable films 

4.1. Cross-linking 

Cross-linking means that the polymer molecules are interconnected by some sort of 

bonding. The bonding can be covalent, ionic, or it can result from intermolecular forces such 

as hydrogen bonding. Cross-linking is used in both synthetic polymer chemistry and in the 

biological sciences. Although the term is used to refer to the "linking of polymer chains" for 

both sciences, the extent of cross-linking and the specifics of the cross-linking agents vary. 

Cross-linking can be accomplished chemically or by irradiation. Cross-linking is a key 

technique for modifying the properties of starches and can be achieved by adding intra- and 

inter-molecular bonds at random locations in the starch granules (Figure 1) (Singh et al., 

2007). Cross-linking tends to limit the interaction of starch with water and provides a 

structural integrity of starch-based biodegradable materials during exposure to pressure 

and moisture (El-Tahlawy et al., 2007). Starch cross-linking is normally performed by 

treating starches (semi-dry or slurry) with reagents capable of forming either ether or ester 

linkages between hydroxyl (–OH) groups on starch molecules. Poly-functional chemicals 

such as phosphorus oxychloride (POCl3), sodium trimetaphosphate (STMP), sodium 

tripolyphosphate (STPP), epichlorohydrin (EPI), amixture of adipic and acetic anhydrides, 

and a mixture of succinic anhydride and vinyl acetate have been commonly used to cross-

link starches (Singh et al., 2007). 



 
Rice Starch-Based Biodegradable Films: Properties Enhancement 111 

The type of cross-linking agent largely determines the change in functional properties of the 

treated starches. Starch phosphates may be grouped into two classes: monostarch 

phosphates and distarch phosphates (cross-linked starches). In general, monostarch 

phosphates (monoesters) can have a higher degree of substitution than distarch phosphates 

(diesters) (Singh et al., 2007). Singh et al. (2007) stated that a combination of substitution and 

cross-linking can provide stability against acid, thermal, and mechanical degradation of 

starch and delay retrogradation during storage. The mixture of STMP/STPP was a 

combination of monostarch phosphates (STPP) and distarch phosphates (STMP). STMP is 

reported to be an efficient cross-linking agent at high temperature with semi-dry starch and 

at warm temperature with hydrated starch in aqueous slurry (Kerr and Cleveland, 1962). 

EPI has poor solubility in water and partly decomposes to glycerol, thus water-soluble 

cross-linking agents such as STMP are preferred. POCl3 is an efficient cross-linking agent in 

aqueous slurry at pH> 11 in the presence of a neutral salt. 

The biodegradable starch film prepared from cross-linked starch provides improved 

mechanical properties; improved abrasion/cut through; resistance to stress cracking; 

improved high temperature mechanicals; superior over load characteristics and decrease in 

flexibility (Rutledge et al., 1974). However, the degree of improvement depends on the type 

and content of cross- linking agent. Besides, the structure and molecular weight of the starch 

also affect the intermolecular interactions between molecules. Many researches have been 

done on the improvement of starch film by using cross linking agent. Kim & Lee (2002) 

reported that the mechanical properties of starch films prepared with cross-linked corn 

starch show higher than native corn starch. In addition, Khan et al. (2006) showed that cross-

linked sago starch/PVA blend films had mechanical properties higher than native sago 

starch/PVA blend films. The increase in mechanical properties is due to the increase of 

cross-linking density. The cross-linking agents react with the -OH groups present in starch 

and make ether linkages with the available hydroxyl groups. This helps to increase the 

mechanical properties (Das et al., 2010). This is because cross-linking reinforces the structure 

of starch granules and limits water absorption of starch thereby restricting the mobility of 

the starch chain in the amorphous region (Manoi & Rizvi, 2010). According to the results of 

Das et al. (2010) the moisture absorption was considerably decreased in the a cross-linked 

starch/poly(vinyl alcohol) (PVA) blend films.  

 
Cross-linking 

Figure 1. Schematic of cross-linked polymer. Source: Smiley & Jackson (2002) 
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4.2. Irradiation treatment 

Radioactive treatment, in solid or liquid states such as UV irradiation, gamma irradiation or 

electron beam have been extensively used to modify starch especially in the grafting 

process. Radiation processing technology is technically used to improve the properties of 

starch because of its tendency to undergo the chemical reaction between the polymer 

molecules under irradiation (Gehring, 2000). Irradiation can reduce sizes of starch 

molecules. Starch molecules can be broken down by free radicals formed from irradiation 

which can cause interruption in the molecular bonding structuring of the starch (Woods & 

Pikaev, 1994). 

4.2.1. UV irradiation treatment 

Ultraviolet (UV) irradiation as a physical, cost effective, non-thermal, and environmental-

friendly technology has received increasing attention during recent years. During this time 

it has been successfully applied for preservation and decontamination of food products 

(Bintsis et al., 2000). UV irradiation has been used in medical and pharmaceutical research to 

crosslink collagen and gelatin films (Bhat & Karim, 2009). UV irradiation requires the 

presence in the biological medium of certain substances known as photo-sensitizers which 

induce the changes in the biological substrate after absorbing appropriate radiation 

(Spielmann et al., 1994). The most efficient photosensitizers, sodium benzoate, are known to 

be photolysed by UV irradiation (Ghosp & Gangopadhay, 2000). 

The properties of biodegradable starch films could be improved by using UV irradiation 

depending on the intensity, treatment time and content of the photosensitizers. Some 

researches have been working on the improvement of starch based film by UV irradiation. 

Delville et al. (2002) studied a new family of cross-linked starches in the solid state by UV 

irradiation. The original photosensitizers used were water soluble and members of the 

benzoic acid family. They were able to cross-link starch even at concentrations as low as 

0.1%. The mechanical properties showed increases in the cross-linked samples. Follain et al. 

(2005) studied the impact of the addition of poly vinyl alcohol and photo cross-linking on 

starch based materials' mechanical properties. The mechanical properties of starch/PVA 

blends, with or without cross-linking, have been analyzed in order to study how the 

increase in the linear and branching chains can improve the material’s performances. As a 

result, the mechanical properties of the films obtained were enhanced for both casting and 

extrusion processes when photo cross-linking was applied. 

Khan et al. (2006) prepared and characterized ultra violet (UV) radiation cured bio-

degradable films of sago starch/PVA blend. Polymer films of sago starch/polyvinyl alcohol 

(PVA) were prepared by casting and curing under UV radiation. They found that UV 

irradiation could promote the degree of cross-linking of sago starch/PVA blend film. The 

tensile strength values of the films produced increased with UV radiation doses up to a 

certain limit and then decreased. According to these results, the cross-linking reaction 

between starch/PVA molecules may be induced while the UV light penetrated into 
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starch/PVA film. The cross-linking reaction occurs through a radical mechanism; the 

sensitizer (sodium benzoate) is excited or decomposed to produce radicals upon irradiation 

with UV light (Figure 2). This radical reacted with starch/PVA molecule as a cross-linking 

reaction to increase the tensile strength of UV treated starch/PVA films . However, too 

strong a photo-sensitizer would inhibit the UV penetration and decrease the hydrogen 

abstraction (Delville et al., 2002). When the sensitizer was accessed the tensile strength was 

decreased. Kumar & Singh (2008) improved the properties of starch biocomposite films by 

using photo-induced cross-linking. In this study, the starch biocomposite of the films were 

prepared from the aqueous dispersions of starch with microcrystalline cellulose using 

glycerol as plasticizer and irradiated under UV light using sodium benzoate as a photo-

sensitizer. The results showed that the tensile modulus and strength were found to 

improve when photo-irradiation was applied. In summary it is clear that treating starch 

biocomposite films with photo cross-linking under ultraviolet would improve the physical 

and mechanical properties of the film. 

 

Figure 2. Mechanism involved in sodium benzoate of irradiated rice starch film. Source: Delville et al. 

(2002) 
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4.2.2. Gamma irradiation treatment 

Gamma irradiation is an ionic, non-heating, processing technology. It has long been used to 

protect products from insect infestation and microbial contamination during storage and 

extraction, and to extend the shelf life of foods and medicines (Sabato et al., 2009). Currently, 

gamma irradiation has become well known as a very convenient tool for the modification of 

polymer materials through cross-linking, grafting and degradation techniques. This method 

significantly increases the mechanical properties of films by including cross-links between 

the starch chains. In addition, gamma irradiation as a cost-lowering and environmentally-

friendly alternative method has been widely applied to produce modified starch. 

Some researchers have been investigating the effect of gamma irradiation on the properties 

of starch films. Kim et al. (2008) studied the effect of gamma irradiation on the 

physicochemical properties of starch based film. They found that using gamma irradiation 

in aqueous starch based blends resulted in intact and smooth films. The tensile strength of 

the film increased at the highest value at 3 kGy and its percent elongation was 85% higher 

than its non-irradiated starch film. Furthermore, water vapor permeability of the starch 

based film was also improved by gamma irradiation. According to these results, gamma 

irradiation can be a useful tool as a cross-linking agent of starch to improve the functional 

properties of a starch based film if the optimum irradiation dose is applied. Akter et al. 

(2012) found that properties of starch and chitosan blend film could improved by using 

gamma radiation at optimum doses. The improvement of the mechanical and barrier 

properties of irradiated blend films resulted from the promoting of the cross-linking of 

polymer during the exposure to radiation. In addition, they concluded that gamma 

radiation was found to be an excellent method for grafting and cross-linking of synthetic 

and biodegradable films for packaging.  

4.2.3. Electron beam treatment 

Electron beam irradiation is an excitation process in which radicals are produced by the 

breaking of the H=C bonds of alkene groups. Hence, the monomer molecules, generally 

multifunctional acrylates, which are in contact with the “activated” material, can 

copolymerize. The Electron beam irradiation technique is easy to use and control as 

compared to chemical methods. This technique also displays some advantages over 

conventional grafting processes including the absence of catalyst residue, complete control 

over temperature and the absence of a solvent (Peroval et al., 2004). Thus this technique is a 

green process with potential use in the food field and polymer films. In addition, electron 

beam irradiation could induce the compatibility of polymers by producing chemical 

changes in the structure (Olevier et al., 2001). Using this in accord with the starch, it is 

generally amorphous and mixed with other polymer and/or ingredients to bring about an 

adequate set of properties for use. The low compatibility between starch polymers in the 

mixtures is one of the limitations of this approach. 

Olivier et al. (2001) reported that the electron beam irradiation of amorphous blends of 

potato starch and N-allylurea (AU) was a fast process that efficiently impedes the 
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spontaneous blooming of mixtures, including large weight fractions of the low molecular 

weight additive. Pervoral et al. (2004) modified arabinoxylan-based films through grafting 

of stearyl acrylate by electron beam irradiation. They found that the homogeneous 

arabinoxylan-based films, which were pre-activated by oxygen plasma and impregnated 

with a solution of stearyl acrylate before being exposed to an electron beam, had contact 

angles that increased from 71o (untreated films) to 122 o (treated films). A decrease of about 

24% in the water vapor permeability was obtained and new chemical groupings were 

observed on the FTIR spectra of these films. These results were explained by the electron 

beam inducing the grafting of stearyl acrylate monomers on the arabinoxylan-based films 

surface and also in the film’s internal structure resulting a denser film structure. 

4.2.4. Ultrasonic treatment 

Nowadays, ultrasonic is regarded as an emergent technology in the food, chemical, 

pharmaceutical and polymer industries. In particular, ultrasonic energy represents a clean 

way to accelerate and improve the properties of materials. Ultrasonic processing is the use 

of sound waves beyond the audible frequency range (in general, > 20 kHz) (Chandrapala et 

al., 2012). When ultrasonic passes through a liquid medium, the interaction between the 

ultrasonic waves, liquid and dissolved gas leads to an exciting phenomenon known as 

acoustic cavitation. Acoustic activation generates chemical reactions; and physical forces 

that include shear forces, shock waves and turbulence (Ashokkumar et al., 2007). In some 

applications, the physical forces and chemical reactions are needed. For example, the 

stability of ultrasonically generated microcapsules that encapsulate drugs and high value 

material components can be substantially increased by chemically cross-linking starch 

molecules during the formation process (Cavalieri et al., 2008). One of the major issues in 

using ultrasound in polymer processing is the controlled modification of the interaction 

between polymers without chemical modification. 

Ultrasonic had been extensively performed in the treatment of starch as early as 1933 

(Kardos & Luche, 2001). From that point on, many researchers have shown that ultrasonic 

treatment has a great effect on the behaviors of gelatinized starch dispersions. After treating 

by ultrasound, the starch dispersion showed a decrease in viscosity and an increase in 

solubility and clarity due to the increase in number of free mobile macromolecules, rather 

than the breakage of starch molecules (Iida, 2008; Jenny, 2009). These studies suggest that 

ultrasonic treatment facilitates the disintegration of starch granules and the formation of 

homogenous starch solution. Compared to conventional dissolution method for starch, 

ultrasonic treatment is relatively inexpensive and efficient (Liu et al., 2007). The application 

of ultrasonic treatment to starch film solution could improve the properties of starch films. 

In addition, ultrasonic provides dispersion capacity and increases the number of free mobile 

macromolecules resulting in promotion of chain to chain interaction. Cheng et al. (2010) 

studied the impact of ultrasonic treatment on the properties of maize starch films. They 

found that the property of maize starch films was affected remarkably by ultrasound 

treatment procedure previous to casting. Ultrasonic treatment produces an excellent film 
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with good transparency, improved moisture resistance and provides stronger structure. The 

results also showed the resulting films with ultrasound treatment lead to a decrease in strain 

at break. The improvement of film structure by ultrasonic treatment is probably due to the 

thorough rupture of starch ghosts and rearrangement of free mobile chains of polymer 

matrix (mainly amylose and amylopectin) during the drying process is favor of forming a 

more compact and homogeneous film structure. In addition, the destruction of the starch 

ghosts and releasing of amylose after ultrasound treatment increases amylose content in 

casting starch solution. It is known that amylose networks form denser films than 

amylopectin (Rindlav-Westling et al., 1998) which may be the main reason behind the 

denser films obtained from ultrasonic treatment.  

4.3. Combination with other materials  

Rice starch can be used to produce biodegradable films to partially or entirely replace plastic 

polymers because of its low cost and renewability, as well as possessing good mechanical 

properties (Xu et al., 2005). However, wide application of starch film is limited by its 

mechanical properties and efficient barrier against low polarity compounds. This constraint 

has led to the development of improved properties of rice films by modifying its starch 

properties and/or blending it with other materials. Polymer blending is one of the effective 

techniques for providing new desirable polymeric materials for a variety of applications. 

The advantages of blending with other materials versus developing new polymer structure 

are that it can offer the advantage of reducing research and development expense 

compared to the development of new monomers and polymers to provide a similar profile 

(Robeson, 2008). Other advantages of polymer blends are that they can offer properties 

such as profile combinations not easily obtained with new polymer structures. The 

properties of polymer blends are varied and depend on the type of polymer materials, ratio 

between polymers, miscibility, and phase behavior. Various polymer materials can be 

blended with starch based film in order to improve their property. These are described in 

the following sections. 

4.3.1. Combination with chitosan 

Chitosan is a 1, 4 linked-2-deoxy-2-aminoglucose, prepared by N-deacetylation of chitin (Xu 

et al., 2005). Chitosan provides unique functional, nutritional, and biomedical properties, 

and its present and potential uses range from dietary fiber to a functional ingredient and 

processing aid. Some of the well known applications of chitosan include its use for 

prevention of water pollution, treatment against hypertension, antimicrobial and 

hypocholesterolemic activity, flavor encapsulation, seed coating, film-forming, and 

controlled release of food ingredients and drugs (Muzzarelli et al., 1997). Its relatively low 

cost, widespread availability from a stable renewable source such as shellfish waste of the 

sea food industry, along with chitosan’s ability to form a good film, are primary reasons to 

seek new applications of this polymer. Numerous investigations have been reported on the 

studies of films made from chitosan (Park et al., 2002) and chitosan blends with starch. 
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Zhai et al. (2004) investigated the effect of chitosan on corn starch film properties. The 

tensile strength and the flexibility of starch film were improved largely after incorporation 

of 20% chitosan into starch film. In addition, X-ray diffraction and scanning electron 

microscope analysis of starch and chitosan blend films indicated that there was interaction 

between starch and chitosan molecules. Xu et al. (2005) prepared and assessed the starch 

and chitosan blend films. The film’s tensile strength, elongation at break and water vapor 

transmission rate was affected by the chitosan content. According to the results, the 

mechanical properties of the composite films increased with the addition of chitosan. The 

increase in tensile strength with the addition of chitosan may occur because inter-molecular 

hydrogen bonds between starch and chitosan are formed. However, too high a chitosan 

content provided inferior mechanical properties. This was because intra-molecular 

hydrogen bonds occurred rather than inter-molecular hydrogen bonds between polymers. 

Bangyekan et al. (2005) investigated the properties of chitosan-coated cassava starch films. 

They found that coating of chitosan solutions led to an improvement of the mechanical and 

physical properties of cassava starch films. The results of the evaluation of the mechanical 

properties showed that an increase in chitosan coating concentration resulted in a significant 

increase in tensile stress at maximum load and tensile modulus, and a decrease in percent 

elongation at break. According to the results, it can be concluded that the brittle 

characteristic of chitosan film may be responsible for an increment of tensile strength and 

tensile modulus of the coated cassava films. 

Bourtoom & Chinnan (2008) studied the effect of chitosan on biodegradable films made 

from rice starch. The biodegradable rice starch films showed an increase in tensile strength, 

water vapor permeability, a decreasing elongation at the break, and film solubility after 

incorporation of chitosan. Addition, the introduction of chitosan increased the crystalline 

peak structure of starch film; however, too high a concentration of chitosan yielded phase 

separation between starch and chitosan. The increasing of the mechanical properties of the 

biodegradable blend rice starch films, with the addition of chitosan, are attributable to the 

formation of intermolecular hydrogen bonding between NH3+ of the chitosan backbone and 

OH- of the rice starch. The amino groups (NH2) of chitosan were protonated to NH3+ in the 

acetic acid solution, whereas the ordered crystalline structures of starch molecules were 

destroyed with the gelatinization process, resulting in the OH- groups being exposed to 

readily formed hydrogen bonds with NH3+ of the chitosan. This reaction can be confirmed 

by the results of the amino group band of the chitosan molecule in the FTIR spectrum which 

shifted from 1541.15 cm-1 in the chitosan film to 1621.96 cm-1 in the biodegradable blend 

films. This phenomenon pointed out that interactions were present between the hydroxyl 

group of rice starch and the amino group of chitosan.An addition of chitosan to rice starch 

films resulted in increases in the water vapor permeability of the films. This tendency could 

be explained by the higher hydrophilicity (NH3+ groups) of the biodegradable blend films.  

4.3.2. Combination with polyvinyl alcohol  

Polyvinyl alcohol (PVA) provides excellent film forming, emulsifying, and adhesive 

properties, which has resulted in its broad industrial use, such as for paper adhesives, a 
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textile sizing agent, paper coatings and water soluble films (Ibrahim et al., 2010). PVA is a 

water soluble polymer; hence PVA can be formed by solution casting and orientation to 

make high performance PVA films. In addition, PVA can also be resistant to oil, grease and 

solvents. It is odorless and nontoxic. It has high tensile strength and flexibility, as well as 

high oxygen and aroma barrier properties. PVA materials show a broad and versatile range 

of physical properties and other advantageous characteristics at acceptable cost and 

biodegradation rate and can be employed in a wide range of applications. 

The addition of PVA into the starch films to improve their properties (such as mechanical 

properties, moisture sensitivity) has been reported. Shorgen et al. (1998) reported that the 

factors that most limit the use of starch in biopolymer material applications are brittleness 

and loss of strength at low humidity and poor resistance to water. By adding PVA, starch 

could improve strength and flexibility. However, the desired strength, flexibility, or stiffness 

can be tailored by formulating with different PVA levels, PVA types, better level of solids 

and cross-linking agents. Liu et al. (1999) found that incorporation of PVA into starch could 

enhance the mechanical properties. However, improvement in the mechanical properties is 

limited, mainly due to the poor interface adhesion between the fibrous PVA structure and 

the starch matrix. Chen et al. (2008) investigated the effect of PVA on the properties of starch 

films. It was found that the tensile strength, elongation at break of starch films increased 

with the addition of PVA. Because both starch and PVA are polar substances having 

hydroxyl groups (–OH) in their chemical structure, these highly polar hydroxyl groups tend 

to form inter molecular and intra-molecular hydrogen bonds which improve the integrity of 

starch–PVA films. On the other hand, the solubility parameters of starch and PVA modeling 

complexes have been found to be close to each other, which confirmed that starch and PVA 

are compatible blends. In addition, the vibration frequency analysis of these molecular 

complexes has shown that the hydroxyl group shifted to lower wave numbers due to 

formation of hydrogen bonds between starch and PVA. 

4.3.3. Combination with polylactic acid 

Polylactic acid (PLA) is a rigid degradable thermoplastic polymer which can be semi-

crystalline or totally amorphous, depending on the stereochemistry of the polymer backbone. 

PLA is a unique polymer that has, in many ways, properties like PET, but also performs much 

like polyolefin. PLA have been used in biomedical fields, for example, as a surgical implant 

material and drug delivery system, as well as in textile applications. This is because of their 

excellent properties such as biocompatibility, nontoxicity, high mechanical strength, and 

thermal plasticity (Lertworasirikul et al., 2008). In addition, PLA also exhibits excellent 

characteristics and is suitable for food contact surface and related packaging applications.  

PLA can be formed into transparent films and fibers. Certain factors suggest the 

incorporation of PLA into rice starch films would bring benefits and improve their 

properties. These include relatively reasonable costs and specifically, biocompatibility, 

nontoxicity, high mechanical strength, and thermal plasticity. Research has been reported, 

such as Ke & Son (2003) that suggests that PLA performed as a reinforcement in the starch. 
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These results showed that the tensile strength and elongation of the starch blend films 

increased when PLA was added. Yew et al. (2005) studied the effect of PLA on the 

properties of rice starch films and found that the tensile strength of the rice starch increased 

with the incorporation of PLA. This may be due to the polar interaction between the starch 

and carboxyl groups of the PLA. In addition, the interaction between PLA and rice starch 

may be attributed to the possible hydrogen bonding that occurs between the carbonyl group 

(that is from ester linkage) in PLA and the hydroxyl group in starch. A proposed possible 

site for interaction between starch and PLA is depicted in Figure 3. 

 

Figure 3. Proposed chemical interactions between starch and PLA. Source: Modified from Yew et al. 

(2005) 

4.3.4. Combination with algae polysaccharides 

Algae are photosynthetic microorganisms containing chlorophyll. They can be single cell or 

multicell, motile or non-motile. Algae and their extracts are currently used in medicine, 

food, and the nutraceutical, pharmaceutical and packaging industries. Most of the world’s 

annual seaweed harvest is used to produce the algal hydrocolloids and those that show 

potential for application in biodegradable films are alginate, agar, and carrageenan. 

Alginates are natural substances extracted from brown seaweed. In polymer chains, 

monomers are arranged alternately in GG and MM blocks, together with MG blocks (Grant, 

1973). The most interesting property of alginates is their ability to react with polyvalent 

metal cations, specifically calcium ions. The alginate films show hydrophilic matrices, and 

the cross-linking process with polyvalent cations has been used to improve their water 

barrier properties, mechanical resistance, cohesiveness and rigidity (Rhim, 2004). Due to the 

fast cross-linking process between alginate and calcium ions, localized gelling areas are 

produced, compromising the uniformity and quality of films. While, agar is composed of 
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alternating 1, 3-linked-D-galactose and 1,4- linked 3,6- anhydro-L-galactose units. It is 

substituted by sulfate esters and methoxyl, and may also carry pyruvic acid residues. 

Because of its ability to form very hard gels at very low concentrations, agar has been used 

extensively as a gelling agent in the food industry. Because of its combination of 

renewability and biodegradability, its enormous gelling power, and the simplicity of the 

extraction process, agar has been singled out as a promising candidate for future use in 

plastic materials. Currently, agar has been incorporated in materials such as foams, films 

and coatings (Phan et al., 2009), and added into starch films to improve the puncture 

strength and water barrier (Letendre et al., 2002). 

Carrageenan is biopolymers extracted from algae, are used extensively in the food and 

packaging industry. The three main carrageenans differ only in the number of sulphate 

groups. k-Carrageenan is the most sulphated one and adopts a coil conformation whatever 

the ionic and temperature conditions. However, kappa and iota carrageenan form gels, but 

lambda is unable to do this and is used as a pure thickener (Lizarraga et al., 2006). k-

Carrageenan itself is known for its good film forming ability (Choi et al., 2005).  

The algae polysaccharide could provide good film and shows the potential to improve the 

properties of starch. Hence, the addition of algae polysaccharide into starch films for 

improvement of properties has been suggested. Wu et al. (2009) assessed the effect of agar 

on potato starch films; it was found that the addition of agar could enhance the tensile 

strength and water barrier of the resulting films. The increase in their properties was 

attributable to the formation of inter-molecular hydrogen bonds between starch and agar 

and the compact structure of composite film. In addition, the domains occurred of the three-

dimensional network structure formed by entanglement among agar chains. The water 

barrier properties of the starch film were promoted when agar was added; this was due to 

the strong inter-molecular interaction formed between starch and agar. It minimized the free 

volume and inter-molecular distances in the film structures. Consequently, water molecules 

were diffused with greater difficulty in the compact network and a higher water barrier 

value was obtained. 

In addition, Phan et al. (2009) reported that adding agar into cassava starch film provided an 

improvement in elongation at break and the tensile strength of cassava starch film. This 

indicates that incorporation of agar into starch film could provide a very good cohesive 

matrix, which contributes to enhancing the mechanical properties of starch based films. 

Cordoba et al. (2008) studied the effect of alginate on the properties of thermoplastic starch. 

According to the experimental evidence presented in their work, a decrease in the elastic 

properties and an increase in elongation at break and impact resistance was observed when 

alginate was added into the thermoplastic starch. These results could be explained by the 

addition of alginate to thermoplastic starch causing an obvious plasticizing effect. However, 

the effect of the amount of alginate content on thermoplastic starch when used for specific 

needs and applications should be determined. Lafargue et al. (2007) determined the 

influence of k-Carrageenan on film forming and film properties of modified starch. This 

study demonstrated that the addition of a low amount of the carrageenan into starch 
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resulted in an enhancement of film solution properties and thermo-reversibility without 

modifying the film properties. According to the results, it might be beneficial to design 

tailor-made films from starch by using carrageenan. 

4.4. Reinforcement 

4.4.1. Reinforcement with natural fibers 

Narural fibers can be considered as naturally occurring composites, consisting of cellulose 

fibrils embedded in lignin matrix. The cellulose fibrils are aligned along the length of the 

fiber, which render maximum tensile and flexural strengths, in addition to providing 

rigidity. Natural fibers are, in general, suitable to reinforce materials due to their relatively 

high strength and stiffness and low density. Natural fibers can be processed in different 

ways to yield reinforcing elements with different mechanical properties. Natural fiber-

reinforced starch film has many advantages such as light weight, reasonable strength, 

stiffness and thermal resistance (Demir et al., 2006; Phataraporn et al., 2010). This behavior 

has been attributed to the resistance exerted by the fiber itself and also due to 3D hydrogen 

bonds network formed by intermolecular interactions between starch and fiber, which 

reduces the flexibility of molecular chains of starch (Lu et al., 2006). Furthermore, there is 

compatibility between the starch matrix and fiber and performance (such as the mechanical 

properties). This behavior was confirmed by observing different polysaccharides reinforced 

with cellulose fiber. Various types of fiber have been applied in starch based polymer films, 

such as bleached leaf wood fibers, bleached eucalyptus pulp fibers, wood pulp softwood 

aspen, jute, hemp and flax fibers, tunicin whiskers, and oil palm fibers. It is known that fiber 

related parameters such as their dispersion, length, type, size, content of natural fiber and 

their orientation along with their adhesion with the matrix all determine the properties of 

their composites (Goda et al., 2006).  

4.4.2. Reinforcement with modified natural fibers 

Reinforcing fibers can be modified by physical and chemical methods. Physical methods, 

such as stretching, calendaring, thermo-treatment and the production of hybrid yarns do not 

change the chemical composition of the fibers. Physical treatment changes structure and 

surface properties of the fiber and thereby influence the mechanical bondings to polymers. 

With regards to the chemical methods, the strongly polarized cellulose fibers are inherently 

incompatible with hydrophobic polymers. When two materials are incompatible, it is often 

possible to bring about compatibility by introducing a third material that has properties 

intermediate between those of the other two. There are several mechanisms for coupling in 

materials: (1) weak boundary layers - coupling agents eliminate weak boundary layers; (2) 

deformable layers – coupling agents produce a tough, flexible layer; (3) restrained layers – 

coupling agents develop a highly cross-linked inter-phase region, with a modulus 

intermediate between that of substrate and of the polymer; (4) chemical bonding – coupling 

agents form covalent bonds with both materials; and (5) acid – base effect – coupling agents 

alter the acidity of the substrate surface. In relation to the coupling agent used in fiber 
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modification, organosilanes are the main groups of coupling agents. They have been 

developed to couple virtually any polymer to the minerals used in reinforced composites. 

Most of the silane coupling agents can be represented by the following formula: 

R - (CH2)n - Si(OR’)3 

where n = 0-3, OR’ is the coupling agent that causes the reaction with the polymer. This 

could be co-polymerization, and/or the formation of an interpenetrating network. 

The curing reaction of a silane treated substrate enhances the wetting by the resin. Herrera-

Franco & Valadez-Gonzalez (2005) investigated the properties of short natural fiber 

reinforced composites as a function of chemical modification. Short natural fibers were 

subjected to silane treatment (vinyltris or 2-methoxy-ethoxy silane). The authors observed 

that the increase in the mechanical properties ranged between 3 and 30%, for the tensile and 

flexural properties. The shear strength of this composite showed an increase of the order of 

25%. From the micrographs, obtained from failure surfaces from the SEM, it was observed 

that with increasing fiber-matrix interaction the failure mode changed from interfacial 

failure to matrix failure. The interface failure was mainly a frictional type failure, and matrix 

tearing and shearing was observed only for the pre-impregnated and silane treated fibers. 

The silane surface treated fibers also showed a layer of polymer covering the fibers even 

after failure. 

Shih (2007) has also developed epoxy composites from waste water bamboo husk fiber. The 

fibers were chemically modified by coupling agents and untreated fibers were added to 

epoxy resin to form new reinforced composites. The results show that the morphology 

analysis reveals that the fibers modified by coupling agent exhibited better compatibility 

with the polymer matrices than the untreated fiber. In addition, the mechanical properties 

were also enhanced due to the addition of fibers treated with coupling agents and untreated 

fibers. The increments of storage modulus of epoxy were about 16.4 and 36.1% with the 

addition of 10% in the fibers treated with coupling agents and untreated fibers, respectively. 

Phattaraporn et al. (2011) studied the effect of palm pressed fiber (PPF) surface treatment on 

the properties of rice starch films. They reported that higher tensile strength, water vapor 

permeability and thermal properties of biodegradable rice starch films were obtained as 

silane treated PPF was applied. Increasing the concentration of silane and content of silane 

treated (PPF) resulted in increased tensile strength and water vapor permeability but 

decreased elongation at break. In addition, the glass temperature (Tg) shifted towards higher 

temperatures with an increasing concentration of silane. This could be a restriction of the 

mobility of the starch chain due to the establishment of strong interactions between rice 

starch films and treated PPF. The maximum improvement of rice starch films in the 

mechanical and thermal properties was obtained when 40% of silane treated PPF films was 

applied. These results pointed out that the interfacial interactions improved the filler 

compatibility, and the mechanical and thermal properties. In addition, the treatment of fiber 

with alkaline (NaOH) leads to a decrease in the spiral angle, that is it is closer to the fiber 

axis, and and increase in molecular orientation. 
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4.4.3. Reinforcement with nanoparticles 

4.3.3.1. Nanoclays 

Nanoclays are potential filler. It is a naturally abundant mineral that is toxin-free and can be 

used as one of the components for food, medical use, cosmetics, healthcare products and 

packaging. Moreover, nanoclays are also environmentally friendly and inexpensive. 

Nanoclays have also been reported to improve the mechanical strength of biopolymers, 

making their use feasible. The structure and properties of the resulting material is 

dependent on the state of the nanoclay in the nanocomposite, that is if it is exfoliate or 

intercalate. Intercalation is the state in which polymer chains are present between the clay 

layers, resulting in amultilayered structure with alternating polymer/inorganic layers. 

Exfoliation is a state in which the silicate layers are completely separated and dispersed in a 

continuous polymer matrix (Weiss et al., 2006). The most common nanoclay used in 

composites with starch films is montmorillonite (MMT). Because of the presence of sodium 

cations between the interlayer spaces, natural MMT is hydrophilic and is miscible with 

hydrophilic polymers, such as starch. Addition, starch–MMT nanocomposites have gained 

prominence due to the mechanical reinforcement achieved, even at low concentrations 

(Ardakani et al., 2010).  

Many report that nanoclays show improvement in the mechanical strength of starch films, 

making their use a possibility. Chung et al. (2010) improved the properties of starch film by 

adding nanoclay (montmorillonite) into the film solution. The addition of nanoclay in starch 

film show improved modulus and strength without a decrease in elongation at break. The 

increase in modulus and strength is 65% and 30%, respectively for the starch film containing 

5 wt.% nanoclay compared to the unfilled starch materials. However, further increases in 

clay result in deterioration in properties that are most likely due to poorer clay dispersion 

and lower polymer crystallinity. 

Muller et al. (2011) studied the effect of nanoclay on mechanical and water vapor barrier 

properties of starch films. The nanocomposites exhibited a remarkable improvement in 

mechanical properties and reduced the water vapor permeability when compared with pure 

starch films. This behavior may be associated with the interaction between nanoclay and the 

molecules of starch. Gao et al. (2012) studied the effect of nanoclays on the properties of 

starch film. It was found that the addition of clays, significantly greater tensile strength and 

lower water vapor permeability were obtained. Besides, starch–clay composite films 

exhibited a lower glass transition temperature (Tg, −23.8 ◦C) and better heat endurance than 

unfilled starch film. They suggested that the coupling between the tremendous surface area 

of the clay and the starch matrix facilitated the stress transfer to the reinforcement phase, 

allowing for the tensile and toughening improvements. 

4.3.3.2. Nanocrystalline cellulose 

Crystalline cellulose is obtained by hydrolysis of the amorphous portion of cellulose until a 

level-off in the degree of the product of polymerization is obtained. Crystalline cellulose is 

comprised of highly crystalline regions of cellulose. It is useful for a number of different 
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applications. Pieces of crystalline cellulose easily bond together without the use of an 

adhesive. Furthermore, crystalline cellulose can be mixed with other substances so as to 

hold an additive while bonding to itself. It can be made into pharmaceutical-grade tablets, 

such as those used for vitamins, pain relievers and other medicines. It also may be used as a 

substitute for starch where starch is used as a smoothener, such as in suntan lotion.  

Due to its high aspect ratio and a high modulus, the use of cellulose crystallites for 

preparation of high performance composite materials has been explored extensively. When 

the cellulose crystallites were homogeneously dispersed into polymer matrices, they gave a 

remarkable reinforcing effect, even at concentrations of a few percent (Favier et al., 1996). 

The hydrolysis of cellulose to obtain crystalline cellulose can be accomplished using mineral 

acid, enzymes or microorganisms. Although such methods are desirable because glucose, a 

useful by-product is created, these methods are more expensive and create crystalline 

cellulose products with a lower crystallinity. Thus, acid hydrolysis is the conventional 

method of choice for manufacturing crystalline cellulose. Acid that can be used in this 

process includes hydrochloric acid, sulfuric acid and phosphoric acid. At higher 

temperatures, sulfuric acid and phosphoric acid can peptize and modified surface 

crystalline cellulose. Nanocrystalline cellulose is inherently a low cost ingredient and 

provides a strength of about 10 GPa values which are only about seven times lower than 

those of single-walled carbon nanotubes (Podsiadlo et al., 2005). Thus, nanocrystalline 

cellulose shows a high potential application for starch film improvement. 

Lu et al. (2006) investigated the morphological and mechanical properties of ramie 

crystallites (RN) reinforced plasticized starch (PS) biocomposites. The ramie cellulose 

nanocrystalites, having lengths of 538.5 + 125.3 nm and diameters of 85.4 + 25.3 nm on 

average, were prepared from ramie fibers by acid hydrolysis. The results indicate that the 

synergistic interactions between fillers and between filler and matrix play a key role in 

reinforcing the composites. The PS/RN composites, composites conditioned at 50% relative 

humidity, increases in tensile strength and Young’s modulus from 2.8 MPa for PS film to 6.9 

MPa and from 56 MPa for PS film to 480 MPa with increasing RN content from 0 to 40 wt% 

respectively. Furthermore, incorporating RN fillers into PS matrix also leads to a decrease in 

water sensitivity for the PS based biocomposites. Alemdar & Sain (2007) later studied the 

morphology, thermal and mechanical properties of wheat straw nanofibers as reinforced 

starch biocomposites. The nanocomposites from the wheat straw nanofibers and the 

thermoplastic starch were prepared by the solution casting method. They founded that the 

tensile strength and modulus of the nanocomposite films showed significantly enhanced 

properties compared to the pure thermoplastic starch. The glass transition of the 

nanocomposites was shifted to higher temperatures with respect to the pure thermoplastic 

starch. 

Wittaya et al. (2009) reinforced the rice starch films with microcrystalline cellulose (average 

length of about 0.480+0.023 μm) from palm pressed fiber. The strong interactions between 

microcrystalline cellulose from palm pressed fiber and between microcrystalline cellulose 

from palm pressed fiber and rice starch film matrix played a key role in reinforcing the 
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resulting rice starch film composites. The rice starch film/ microcrystalline cellulose from 

palm pressed fiber biocomposites increased in tensile strength from 5.16 MPa for pure rice 

starch film to 44.23 MPa but decreased in elongation at the breaking point of the composites. 

In addition, the incorporation of microcrystalline cellulose from palm pressed fiber into rice 

starch films provided an improvement of the water resistance for the rice starch films.  

4.3.3.3. Starch nanocrystals  

Starch nanocrystal is prepared by submitting native starch granules to an extended time of 

hydrolysis at a temperature below the gelatinization temperature. This is when the 

amorphous regions are hydrolyzed allowing the separation of crystalline lamellae, which 

are more resistant to hydrolysis. The starch crystalline particles show platelet morphology 

with thicknesses of 6-8 nm (Kristo & Billiaderis, 2007). The use of starch nanoparticles is 

receiving a significant amount of attention because of the abundant availability of starch, 

low cost, renewability, biocompatibility, biodegradability and non-toxicity. The latter 

properties make them excellent candidates for implant materials and drug carriers. Kristo & 

Biliaderis (2007) studied the addition of starch nanocrystals on the properties of pullulan 

film. The water uptake of pullulan-starch nanocomposites decreased with increasing filler 

content whereas water vapor permeability remained constant up to 20% (w/w). This then 

decreased significantly with further addition of starch nanocrystals. The thermo-mechanical 

behavior of nanocomposite films was also investigated by means of dynamic mechanical 

thermal analysis (DMTA) and large deformation mechanical tests. The glass transition 

temperature (Tg) shifted towards higher temperatures with increasing amounts of 

nanocrystals. This can be attributed to a restriction of the mobility of pullulan chains due to 

the establishment of strong interactions not only between starch nanocrystals but also 

between the filler and the matrix. Moreover, the addition of nanocrystals caused strong 

enhancement of the Young modulus and the tensile strength, but led to a drastic decrease of 

the strain at break in the samples 

Chen et al. (2007) prepared pea starch nanocrystal (PSN) dispersion containing nanocrystals 

within a range of 30-80 nm from native pea starch (NPS) granules by acid hydrolysis. The 

addition of 5 and 10 wt% of PSN content gave improved physical properties compared to 

the PVA film. The PVA/PSN films showed higher tensile strength, elongation at break and 

lower moisture uptake than the corresponding PVA/NPS films with the same components. 

The results revealed that PSN, comparing with NPS, had much smaller sizes and dispersed 

more homogeneously in the PVA matrix, resulting in stronger interactions with PVA. New 

applications of native pea starch and its nanocrystals as low-cost fillers were explored in this 

work, and PSN showed greater potential than NPS to improve the properties of PVA-based 

composites. 

Kaewpool et al. (2010) improved the rice starch films properties by addition of starch 

nanocrystals. The results showed that the mechanical properties of the rice starch film were 

enhanced by the addition of starch nanocrystals. This indicated that introduction of starch 

nanocrystals increased the crystalline peak structure of rice starch film. Furthermore, by 
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increasing the starch nanocrystals content, the water barrier properties of the rice starch 

films were also improved. The glass transition temperature (Tg) shifted towards higher 

temperatures when increasing the amount of nanocrystals and the char yield of rice starch 

films was enhanced as the starch nanocrystals increased. Therefore, the addition of starch 

nanocrystals to rice starch films can improve the thermal stability of rice starch films. The 

results demonstrated that the addition of starch nanocrystals by 15% provided better 

properties, including mechanical, water barrier and thermal properties.  

5. Conclusion 

Biodegradable film made from rice starch shows potential for use as packaging material. 

However, compared to the common thermoplastics, biodegradable rice starch films still 

reveal some disadvantages, such as low mechanical properties and lack of efficient barriers 

against polarity compounds. This constraint has led to the development of the improved 

properties of biodegradable film from rice starch by modifying its starch properties and/or 

incorporating other materials. Chemical treatments and physical treatment, in combination 

with other biodegradable materials and fiber reinforcement could improve the properties of 

biodegradable film made from rice starch. However, the potential application, in terms of 

properties and limitations on the use of facilities, should be taken into account when 

selecting techniques for improvement. 
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