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I 

 

AAbbssttrraacctt  

Biodegradable packaging films from whey protein concentrate were made in this study. A total 

of 46 formulations were made in the form of thin (50 – 120um) films by using solvent casting.  

Additives used in the formulations included plasticizers i.e glycerol and propylene glycol, 

chaotropic agent i.e guanidine thiocynate, gelation and crosslinker i.e glutaraldehyde. Tensile 

tests showed an increase in tensile strength with the addition of glutaraldehyde (1.2 v/v) and 

gelatin (upto 50% wt%).  Addition of glycerol, propylene glycol and guanidine thiocynate 

increased elongation of films. Water vapor permeability and oxygen permeability of films 

containing glycerol, propylene glycol and guanidine thiocynate increased, while films made with 

gelatin, glutaraldehyde showed lower permeability for oxygen and water. Glass transition 

temperature was measured by DSC and results showed consistent decrease in Tg with 

increasing amount of plasticizer and chaotropic agent. Biodegradability was measured by 

degradation in 1% pancreatin. Results showed lower degradation time for formulations 

containing increasing proportions of glutaraldehyde and gelatin. Fourier transform infrared 

spectroscopy (FTIR) was used to evaluate changes in covalent bonding post glutaraldehyde 

crosslinking. Peaks corresponding to stretching of imine bonds were found at 1590 cm-1 

suggesting crosslinking reaction between glutaraldehyde and terminal amine residues of 

whey/gelatin. Scanning electron micrographs showed an increase in relative porosity for 

compositions containing glycerol when compared to formulation containing only whey.  Surface 

micrographs of formulations with gelatin showed phase separation. The phase separation may 

be attributed to partial immiscibility of whey with gelatin.  
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1.1 Introduction 

This chapter gives a brief overview of the project. The chapter includes purpose of the project 

(section 1.2), scope (section 1.3), objectives of study (section 1.4) and approach (section 1.5). 

There are two main purposes of this project. First purpose is to utilize waste whey protein 

(section 1.2.1) and second purpose is to develop biodegradable films from whey protein (section 

1.2.2). Scope of the project is replacement of synthetic packaging films with biodegradable 

whey films in food packaging industry (section 1.3.1) and usage of whey films as potential 

material for packaging fresh cheese (section 1.3.2). There are four main objectives of this study 

that include developing efficient casting procedures to form whey films (section 1.4.1), defining 

properties of interest and standards for the same (section 1.4.2), characterizing films for 

properties of interest (section 1.4.3) and comparing characterization results of whey films 

(section 1.4.4). Approaches used in the study include solution blending (section 1.5.1) and 

solvent casting (section 1.5.2). Mechanical properties, barrier properties, bonding chemistry and 

biodegradability were assessed to have a quantitative estimation of performance properties 

(section 1.5.3).  

 

 

1.2 Purpose of Project 

1.2.1 Utilize Waste Whey Protein  

Whey is a major byproduct of cheese production lines and the waste streams from cheese 

plants contain substantial amounts of whey protein. Whey protein content in whey streams 

varies from 2 – 10wt% (Krochta et. al., 2002). Whey protein is extracted from whey streams in a 

multistep extraction processes. The extraction processes includes multistep spray drying and 

ultradiafilteration.  The final concentrate is powdered as whey protein isolate (powder with 90–
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95 wt. % protein) or whey protein concentrate (29–89 wt. % protein). The costs of production of 

isolates are substantially higher than concentrate due to the additional ultra-filtration steps 

needed for high purity (Krochta et. al., 2002). Whey protein isolates are used in the 

pharmaceutical and food industries. Whey protein concentrates are restricted in their usage due 

to lower proportion of protein and large proportions of lactose or fat. These concentrates are 

idea as raw materials for making biodegradable packaging films due to the following reasons: 

• Solubility in water 

• Miscibility with additives (plasticizers and chaotropic agents) 

• Ability to form translucent films that can limit the transmission of light  

 

1.2.2 Develop Biodegradable Packaging Films from Whey Protein 

The second purpose of the project is developing formulations for making whey protein films. The 

reason for using whey is its excess supply and limited demand as discussed in previous section. 

Biodegradable packaging films from whey can be made using extrusion, compression molding 

and solvent casting.  Whey form brittle films whey dissolved in water and cased onto petri dish. 

To enhance flexibility glycerol and propylene glycol are used in this study. Guinidine thiocynate, 

a chaotropic agent is also used to disrupt secondary and tertiary structure of whey protein and 

increase solubility of whey in water. The first set of formulations contained whey protein 

concentrate, glycerol and guanidine thiocynate.  In second set of formulations propylene glycol 

was used instead of glycerol as glycerol has tendency to move out of filmogenic matrix. In 

addition to propylene glycol, gelatin and glutaraldehyde were also added to the second set of 

formulations.  The reason for addition of gelatin is to increase gloss and mechanical properties 

of the whey films. Glutaraldehyde, a dialdehyde crosslinker was added to crosslink protein 

networks comprised of whey protein and gelatin polypeptide chains.  
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1.3 Scope  

1.3.1 Replace or Modify Synthetic Food Packaging with 

Biodegradable Whey Films  

Plastic has become the most-used packing material in food and consumer durables due to its 

malleability and durability. Plastic can be molded into almost any shape and size, and with 

sufficient density to handle any content. However, plastic is a huge problem precisely because 

of its durability. Environmental concerns are mounting due to the time plastic takes to 

decompose and the way plastic refuse is affecting life in water and on land. 

 

• Plastic food packaging 

Food packaging should protect items from external factors such as dust, microbes and 

tampering. However, plastic packets or containers can lose shape, crush under weight or break 

and split easily during transportation (Brown, 1992). If the plastic material does not have the 

proper consistency, it will lack sufficient heat resistance and the food items can spoil. Plastic 

draws dust and plastic packaging and is not always airtight, it also allows gases and water 

vapor in and out, which will affect the freshness of the food item or easily contaminate it (Brown, 

1992). 

 

• Consumer-durables packaging 

Plastic is used in packaging consumer durables because it is one of the cheapest choices. 

Plastic can be molded into complex shapes and mass-produced; it lasts longer than many 

packaging materials (Robinson et. al., 2000). The concern is that unlike food packaging, plastic 

packaging of consumer durables has no alternate uses and is indiscriminately discarded. Due to 

the solid structure of most consumer-durable packaging, recycling also becomes less practical. 
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• Plastic pollution 

Plastic pollution has become a worldwide concern. Discarded plastic bags have been linked to 

major disasters. In a particular situation which was recently published suggests that north pacific 

gyre, the epicenter of a giant circulating system of wind and currents sucks in plastic pollution 

from asia, the pacific and north america and has become a floating garbage dump the size of 

texas, choking and ensnaring marine wildlife (Law et.al., 2010). 

 

• Biodegradable packaging for food 

Any successful replacement of conventional synthetic films and coatings with biodegradable 

alternatives reduces use of non-renewable resources and reduce waste through biological 

recycling. Successful development of biodegradable films for packaging and other applications 

will most likely to occur when recovery of conventional synthetic polymer products for recycling 

or energy recovery will be difficult (Kester et. al., 1986; Holmstrom et. al., 2000; Krochta et. al., 

2002). Although biodegradable films are not meant to entirely replace synthetic packaging films, 

they do have potential to substantially reduce the environmental burden due to synthetic food 

packaging. Biodegradable packaging has been viewed by many as having the potential to totally 

replace synthetic, non-biodegradable packaging in some applications, and such a replacement 

by biodegradable materials would allow us to preserve or extend our expensive, dwindling 

petroleum resources (Debeaufort et. al., 1998). In addition switching to biobased alternatives for 

food packaging will limit moisture, aroma, lipid migration between food components (Krochta et. 

al., 1996; Krochta and De Mulder-Johnson, 1997).  

One of the challenges faced by the food packaging industry is to produce biobased packaging 

to match the durability of the packaging with the shelf-life. Biobased material must remain stable 

maintaining mechanical and/or barrier properties and functioning properly during storage of the 

food. Ideally, the material should biodegrade efficiently on disposal. Thus, environmental 
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conditions conducive to biodegradation must be avoided during storage of the food product 

whereas optimal conditions for biodegradation must exist after discarding. This situation 

presents an interesting challenge for the design and use of biobased packaging materials since 

many of the factors that influence biodegradation (water activity, presence of microorganisms, 

temperature, composition of bio-material, etc.) also affect the rate of deterioration of the 

packaged food. In the case of edible films the packaging may be required to operate as 

localized packages providing barriers to moisture or gases while the food is stored, yet it must 

become part of the food at the point of consumption. Like conventional packaging, biobased 

packaging may need to supply consumers with mandatory product information as well as 

optional information such as cooking directions, recipes, etc. These additional requirements 

provide further challenges for biobased packaging applications. In addition new technology may 

be required to provide labelling information on biodegradable packages. Biodegradable and/or 

edible adhesives, labels or inks and solvents may be considered (Holmstrom et. al., 2000).  

 

 11..33..22  Use Whey Packaging as Potential Material for Packaging 

Cheese                

Milk, cream, fermented milk products, and processed cheese require low oxygen permeability 

packaging to avoid oxidation and growth of undesirable microorganisms (Haasum and Nielsen, 

1998). In addition, light initiates the oxidation of fats in dairy products and leads to discoloration, 

off-flavour formation and nutrient loss, even at temperatures found in refrigerated display 

cabinets. The oxidative reactions initiated by light may continue even if the products are 

subsequently protected from light. Dairy products should be protected from water evaporation, 

absorption of odours from the surroundings and high storage temperature to maximize shelf life. 

Usage of biodegradable packaging is most ideal for dairy products that require low oxygen 

permeability and storage at ambient to sub zero temperatures (Haasum and Nielsen, 1998). 
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Table 1.1 Biodegradable packaging versus synthetic packaging for cheese (Haasum and 

Nielsen, 1998)  

Type of cheese Packaging 

consideration 

Synthetic 

packaging 

Biodegradable 

packaging 

Fresh cheese   

(cream cheese, decorated 

cream cheese, soft cheese, 

cottage cheese) 

• Ultra low O2 

permeability 

• low CO2 

permeability 

• Low WVP 

• PVDC 

coated 

LDPE 

• PET 

Modified whey protein 

films  

Semi soft cheese •  low O2 

permeability 

• high CO2  

permeability 

• Low WVP 

• PS 

• PP 

PLA, Modified whey 

protein films 

Hard Cheese • low O2 

permeability 

• high CO2  

permeability 

• Low WVP 

• PS 

• PP 

PLA 

Mold ripened cheese 

(white cheese and blue-

veined cheese) 

 

 

 

• moderate O2 

permeability 

• moderate CO2  

• Low WVP 

• LDPE 

• APET 

Mixture of synthetic 

and biopolymer due 

to requirement of high 

O2 permeability 

 

Conventional packaging materials that are currently used for packaging cheese include PA 

coated PE and PVDC coated LDPE (Haasum and Nielsen, 1998). Synthetic polymers with low 

oxygen permeability are expensive and in most cased non-biodegradable. On the other hand 



Chapter 1: Introduction 
 

 

8 | P a g e  

 

packaging made from biopolymers like whey poses low permeability towards oxygen and are 

completely biodegradable (Krochta et. al., 2002). Classification of appropriate packaging for 

different kinds of cheese is shown in table 1.1.     

 

1.4 Objectives of Study 

1.4.1 Develop Efficient Casting Methodology to form Whey Films 

The first objective of the project is to develop efficient casting methodology that enables 

formation of whey films. In the past it has been found that techniques used to process synthetic 

plastics cannot be directly applied to biopolymers as biopolymers act as thermosetting rather 

than thermoplastic (Krochta and De Mulder-Johnson, 1997). Therefore extrusion, compression 

moulding, blow moulding and other commercially available techniques are not used in this 

project.  

Whey is waster soluble which makes solvent casting as an attractive methodology to form films 

(Krochta and De Mulder-Johnson, 1997). Solvent casting involves hydrating whey, addition of 

additives and casting the solution on a 14” or 6” petri dish.  Incubation of petri dish at elevated 

temperatures is used to evaporate waster out of whey films. Variables that were optimized to 

develop an efficient casting procedure to form whey films included 

• Hydration condition  

• Denaturation temperature 

• Proportion of additives (plasticizer, chaotropic agent) 

• Incubation temperature 
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1.4.2 Exploring Properties of Interest and Characterizing Films for  

Properties of Interest 

Post development of efficient casting procedures, whey films with plasticizer (glycerol or 

propylene glycol), chaotropic agent (guanidine thiocynate), gelatin and glutaraldehyde are 

formed. These films are found to have different mechanical, barrier properties, biodegradability 

and bonding chemistry. These properties of interests are evaluated using different 

characterization techniques and appropriate standards for each.  

 

Table 1.2 Properties of interest, specific parameter, instruments used and preconditioning  

Property of interest Specific parameter  Technique / instrument 

used  

  Preconditioning of films     

(RH / Temperature) 

Mechanical  Tensile strength and % 

elongation  

INSTRON tensile tester    

(ASTM D 8220)        

 50% /21
o
C 

Thermal  Glass transition 

temperature  

Differential scanning 

calorimeter  

 50% /21
o
C 

Moisture permeability  Water vapor permeability  Cup method   50% /21
o
C 

Gas permeability  Oxygen permeability  Oxygen permeation 

analyzer  

 50% /21
o
C 

Chemical  Molecular bonding  Infrared spectroscopy    50% /21oC 

Structural  Surface topography  Scanning electron 

microscope  

  50% /21oC 

Biodegradation  Enzymatic biodegradation  Pancreatic enzyme 

degradation kinetics  

  50% /21oC 

 
 

Table 1.2 shows properties of interest, instruments used to evaluate properties and conditioning 

after which the properties are evaluated.     
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1.4.3 Comparing Characterization Results to Build Hypotheses and 

Reasoning for Differences in Results 

The characterization results for films were compared and reasons underlying the changes in 

properties were investigated. The first and most important property for which films are 

characterized is the mechanical property (tensile strength and elongation at break).  

Composition of plasticizer (glycerol or propylene glycol) is increased without changing the 

proportion of whey and other additives to understand the effect of plasticizer on tensile strength 

and elongation of films. The trend is compared with previously published data and explanations 

were grounded on previously published plasticization theories. To understand the effects of 

plasticizers, chaotropic agent and crosslinker on glass transition temperature are measured by 

DSC as shown in table 1.2. Plasticizer and chaotropic agents act by disrupting non bonding 

forces to affect properties of interest while crosslinker (glutaraldehyde) formed permanent 

crosslinks.  This is confirmed by FTIR results. Biodegradation of films is measured by 

pancreatin enzyme kinetics and changes in biodegradation rates with different proportion of 

additives are evaluated. All the details from composition are taken into careful consideration to 

explain the observed changes on particular properties of interest.  
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CCHHAAPPTTEERR  22  

  

  LLIITTEERRAATTUURREE  RREEVVIIEEWW::  

BBIIOOPPOOLLYYMMEERRSS  AANNDD  

BBIIOOPPLLAASSTTIICCSS  
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22..11  IInnttrroodduuccttiioonn  

Biopolymers have been available to mankind since their evolution. Their applications in 

primitive ages were limited due to unavailability of processing abilities. In this chapter we will 

be reviewing properties of various biopolymers, bioplastics and their applications since early 

17th century, particularly emphasizing food packaging applications. Section 2.2 presents the 

classification of biopolymers in different categories according to their origin and explains the 

properties of biopolymers falling in each of these categories. Section 2.3 focuses on history 

and evolution of bioplastics and different techniques that can be used to convert 

biopolymers into bioplastics. Section 2.4 discusses the potential of bioplastics in food 

packaging applications and lastly section 2.5 states all the references referred in this 

chapter. 

 

Fig. 2.1 Biopolymer based on origin (Weber J. C. et al., 2000) 
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22..22  BBiiooppoollyymmeerrss    

Biopolymers are biological polymers that occur in nature and are produced by 

microorganisms through biochemical reaction pathways. Biopolymers may be divided into 

three different categories based on their origin and extraction process (Fig. 2.1): 

Category 1: Polymers produced by direct extraction or removal from biomass. 

Category 2: Polymers produced from renewable bio-based polymers by using classical 

chemical synthesis.                                                                                                                         

Category 3: Polymers produced by microorganisms or genetically modified bacteria. 

 

22..22..11  PPoollyymmeerrss  PPrroodduucceedd  bbyy  DDiirreecctt  EExxttrraaccttiioonn  oorr  RReemmoovvaall  

ffrroomm  BBiioommaassss  

This category of biopolymers consists of biomass extracted from plants, agricultural, animal 

and marine origin. Most of these biopolymers are carbohydrates and proteins which are 

greatly abundant in nature. Production of these biopolymers involves several steps including 

extraction and purification. For some applications, highly purified polymers are required, 

especially when they are intended for human consumption. Other applications may require 

less purity. All these polymers by their very nature are hydrophilic and somewhat crystalline. 

These two properties are responsible for causing processing and performance problems. 

Next few sections are dedicated in explaining details on various types of polysaccharides 

and proteins and their properties.  
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PPrrootteeiinnss  

Proteins can be classified by origin (Graff de et. al., 1998):  

• Plant Origin:  Soya, Gluten, Pea and Zein. 

• Animal Origin: Casein, Whey, Collagen and Keratin. 

 

 

                                                                H     H 

                                                                N  – C – C  

                                                     R    O            n  

                                                                         

                            Fig. 2.2 General structural formula of a protein    

 

Proteins are polymers formed by condensation polymerization of amino acids. Carboxyl 

group of one amino acid joins with the amino group of another amino acid, eliminations 

water molecule and forming an amide linkage to form peptide bond in proteins. Different 

proteins differ in the characteristic sequence of amino acids. Structural formula of generic 

protein is shown in Fig. 2.2. 

In general protein structure R varies from residue to residue and identifies the amino acid 

from which each residue is derived. If the complete protein sequence is unknown, the 

chemical formulae can be expressed by naming each residue in order (Graff de et. al., 

1998).  

The amino acid sequence constitutes protein’s primary structure. Some individual segments 

of the sequence are often predisposed to form regular, helical conformations, and the array 

of ordered helical segments that define protein's secondary structure. Structural proteins 
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have long segments of chain in ordered helical geometries, a property which leads to the 

formation of fibrous aggregates. Enzymes, on the other hand, have a series of shorter 

ordered segments separated by amorphous regions, a feature which allows the protein 

chains to fold into a compact globular conformation unique to that enzyme, giving rise to a 

third level of organization called its tertiary structure (Linton et. al., 1993).  

 

Fig.  2.3 Illustration of protein structures a) Primary structure b) Secondary structure (α helix) 

c) Tertiary structure (β pleated sheet) d) Quaternary structure  

 

The chain associations in structural proteins and the folded tertiary structures in enzymes 

are stabilized by a combination of physical interactions like those that lead to hydrogen 

bonds-and full blown chemical bonds-such as disulfide bonds. Figure 2.3 shows illustrated 

primary, secondary, tertiary and quaternary protein structures. Some proteins have a 

structural function like collagen and keratin; others are enzymes the catalytic agents of 

biochemical reactions (Linton et. al., 1993).  
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Thermoplastic polymers can be made by modifying proteins (De Graaf and Kolster, 1998). 

Materials based on protein have excellent gas barrier properties and are highly suitable for 

packaging purposes. In case of starch plastics mechanical and gas properties are 

influenced by the relative humidity due to their hydrophilic nature limiting their applications in 

packaging industry. 

 

     Fig. 2.4 Reaction pathways for chemical modification of protein (Weber J. C., 2000) 

 

The major drawback of all protein-based plastics, apart from keratin, is their sensitivity 

towards relative humidity. Blending or lamination with other bio-based materials may 

overcome this challenge. Other ways to modify protein properties include chemical 

modification as proteins contain a wide variety of chemical moieties which may help tailoring 

protein properties towards specific applications as shown in Fig. 2.4.  
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Among the abundant animal proteins are collagen, casein, whey protein, and keratin. 

Collagen is the most abundant protein found in mammals and typically constitutes 30% of 

total protein. It is an insoluble fibrous protein found in many animal connective tissues, and 

is present in animal skins, hides, blood vessels, tendons, ligaments, and ossein, the 

connective-tissue protein of bones (Weber J. C. et.al., 2000). 

Each polypeptide chain of collagen consists of a repeating tripeptide sequence containing 

the common residue glycine, as in gly-X-Y, where X is often the common residue proline 

and Y is often the uncommon residue like hydroxyproline. In collagen, long chains of the 

polypeptide form triply stranded helices. These triple helices arrange themselves in groups 

to form fibrils, which give strength to bones and allow them to flex under stress (Linton et. al., 

1993). 

 

Gelatin 

Gelatin is denatured collagen in which the triple helices of collagen are disrupted and 

partially hydrolyzed, leaving polymer chains that are largely disordered and unorganized. 

Gelatin has a long history of commercial use. Large amounts of gelatin are used as a 

thickener for desserts, ice cream, confectioneries, and baked goods. It is also used to make 

sausage casings and to form capsules for drugs and vitamin preparations. As a hot melt it 

has excellent adhesive properties and is widely used in bookmaking. It has other 

miscellaneous industrial applications, including use as a stabilizer-binder in photographic 

emulsions (Weber J. C., 2000). 

 

Casein 

Casein is a milk-derived protein. It is easily processable due to its random coil structure. 

Upon processing with suitable plasticizers at temperatures of 80 - 100oC, materials can be 
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made with different mechanical properties, varying from stiff / brittle to flexible / tough 

performance (Peterson et.al., 1999). Casein melts are highly stretchable making them 

suitable for producing blown films. In general, casein films have an opaque appearance. 

Casein materials do not dissolve directly in water, but they show approx, 50% weight gain 

after 24 hours of immersion. The main drawback of casein is its relatively high price. Casein 

was used as a thermoset plastic for buttons in the 1940s and 50's. It is still used today for 

bottle labeling because of its excellent adhesive properties (Peterson et.al., 1999). 

 

Gluten 

Gluten, another protein of animal origin, is the main storage protein in wheat and corn. 

Wheat is an important cereal crop because of its ability to form viscoelastic dough. 

Mechanical treatment of gluten leads to disulfide bridge formation by cysteine which is a 

relative abundant amino acid in gluten. The disulphide bridges are responsible for the 

creation of strong, visco-elastic and voluminous dough (Ramakrishnan et.al., 2001). 

Processing is, therefore, more difficult than in the case of casein as the disulphide cross-

links of the gluten proteins have to be reduced with a proper plasticizing agent. Processing 

temperatures are, dependent on the plasticizer contents, and are commonly found in the 

range of 70-100oC. Gluten plastics exhibit high gloss (polypropylene like) and show good 

resistance to water under certain conditions. They do not dissolve in water, but they do 

absorb water during immersion. Due to its abundance and low price, research on the use of 

gluten in edible films, adhesives, or for thermoplastic applications is currently being carried 

out (Ramakrishnan et.al., 2001). 
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Soy protein 

Soy protein is another protein that is commercially available as soy flour, soy concentrate 

and soy isolate, all differing in protein content. Soy protein consists of two major protein 

fractions referred to as the 7S (conglycinin, 35%) and 11S (glycinin, 52%) fraction. Both 7S 

and 11S contain cystein residues leading to disulphide bridge formation and processing is, 

therefore, similar to gluten with similar mechanical properties. The best results are obtained 

with soy isolate (approx. 90% protein) (Guilbert et.al., 1997). The behavior of soy plastics in 

water is similar to that of gluten plastics. 

Keratin is by far the cheapest protein. It can be extracted from waste streams such as hair, 

nails and feathers. Due to its structure and a high content of cysteine groups, keratin is also 

the most difficult protein to process. After processing, a fully biodegradable, water-insoluble-

plastic is obtained. However, mechanical properties are still poor compared to other proteins 

mentioned above (Guilbert et.al., 1997). 

 

Whey protein 

Whey proteins are by-products from the cheese production and are particularly rich in β-

lactoglobulin. They have a relatively high nutritional value, are available in large amounts 

world-wide and have been extensively investigated as edible coatings, and films. 

Applications in edible coatings and films seem to form the basis for a logical utilization 

strategy for whey protein in packaging. Whey proteins are readily processable and have 

potential as exterior films, particularly combination with gelatin to develop modification 

strategies resulting in reduction of moisture sensitivity (Mate et.al., 1996). 
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Zein 

Zein comprises a group of alcohol soluble proteins (prolamines) found in corn endosperm. 

Commercial zein is a by-product of the corn wet-milling industry. Today, zein is mostly used 

in formulations of specialty food and pharmaceutical coatings. Film-forming properties of 

zein have been recognized for decades and are the basis for most commercial utilization of 

zein (Padua et. al., 2000; Andres, 1984). Films may be formed by casting, drawing or 

extrusion (Ha, 1999; Lai and Padua, 1997; Reiners et. al., 1973). Zein films are brittle and 

needs plasticizers to make them flexible. Zein-based films show a good potential for uses in 

edible coatings and biobased packaging (Padua et. al., 2000). 

 

PPoollyyssaacccchhaarriiddeess  

Polysaccharides are polymeric carbohydrate structures, formed of repeating units (either 

mono- or di-saccharides) joined together by glycosidic bonds. These structures are often 

linear, but may contain various degrees of branching. Polysaccharides are often quite 

heterogeneous, containing slight modifications of the repeating unit.   

 

 

                            Fig. 2.5 Structural formula of starch (Shogren et. al., 1998) 

 

Polysaccharides have a general formula of Cx(H2O)y where x is usually a large number 

between 200 and 2500. Considering that the repeating units in the polymer backbone are 

http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Carbohydrate
http://en.wikipedia.org/wiki/Glycosidic_bond
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often six-carbon monosaccharides, the general formula can also be represented as 

(C6H10O5)n where 40≤n≤3000. Fig. 2.5 shows general structural formula for starch.  

Polysaccharides can be classified in three different segments: 

1. Starch and derivatives: Starch extracted from different plants.  

2. Cellulose and derivatives: Extracted from plants, most abundant. 

3. Chitin and derivatives: Polysaccharides extracted from sea food. 

Starch is a very abundant component of the plant's biomass. It is found in corn (maize), 

potatoes, wheat, tapioca (casava), rice, sorghum, barley, peas, and some other plants. 

Starch serves an energy storage function in plants. When starch is metabolized by plants, 

energy is released and that energy is used for plant growth. 

  The major polymer components of starch are amylose and amylopectic; their relative 

amounts vary with the plant source. Corn-starch is typically 28 percent amylose and 72 

percent amylopectin, but it can be genetically modified to have as much as 85 percent 

amylose or, for all practical purposes, 100 percent amylopectin (waxy maize starch). 

Annual world production of starch is over 70 billion pounds. The European Economic 

Community produces nearly 15 billion pounds a year and Japan accounts for 5 billion 

pounds. Well over half the starch produced is partially hydrolyzed to manufacture corn syrup, 

dextrose (glucose), and other hydrolysis products that are used as sweeteners or as feed 

stocks for various manufacturing processes in the chemical, pharmaceutical, and brewing 

industries (Shogren et. al., 1998). Approximately 75 percent of the remaining starch, either 

in native form or modified, is used for nonfood industrial purposes in the manufacture of 

paper and cardboard, paper coatings and sizings, textile and carpet sizing, and adhesives. 

Food uses include baby foods, bread batter, cake mixes, confectioneries, puddings, pie 

fillings, glazes, and sauces (Shogren et. al., 1998). 

The most plentiful polysaccharide is cellulose, which is found in plant cell walls. It is the most 

abundant organic compound on earth and alone accounts for 40 percent of all organic 
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matter. It forms the structural fiber of plants, keeping the cell wall intact and giving it strength. 

Oven-dried cotton contains about 90 percent cellulose; an average wood has about 50 

percent cellulose.  

 

 

                                                  Fig. 2.6 Structural formula of cellulose 

 

Twenty-five to 35 percent of the remaining part of wood is made up of hemicelluloses - a 

generic term referring to polysaccharides that normally occur in plant tissues together with 

cellulose. A major hemicellulose is xylan. Lignin makes up 15 to 25 percent of a typical 

woody plant (Rowell et. al., 1992). Structure of cellulose is shown in Figure 2.6.  

 Cellulose cannot be digested by animals. If eaten by ruminants-such as cows or goats - or 

by certain insects, including termites, it is digested by bacteria that live in the digestive tracts 

of those animals. 

  Well over 150 billion pounds of cellulose is produced commercially each year, mainly from 

wood. Much of it is used in the manufacture of paper and paper products. Cellulose is also 

produced commercially from bacteria by fermentation, but only on a modest scale. Cellulose 

can be chemically modified in many ways to produce, for example, cellulose acetate. 

Modified cellulose is also used in the manufacture of paint, plaster, adhesives, ceramics, 

cosmetics, pharmaceutical film coatings, especially papers, and numerous other products 

(Rowell et. al., 1992). 
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                                                  Fig. 2.7 Structural formula of chitin  

 

Chitin, another abundant polysaccharide, is found in the skeletal tissue of marine 

crustaceans-shrimp, crab, lobster, and other shellfish; in the skeletal tissue of insects; and in 

the cell walls of many filamentous fungi. In crustaceans and insects, chitin is one part of the 

hard composite material forming the exoskeleton (Hudson et. al., 1998). Figure 2.7 shows 

structural formula for chitin. 

 Chitin is produced mainly from shellfish waste. An important derivative, chitosan, is 

produced commercially from chitin by a base-catalysed deacetylation reaction. The world 

market for chitin and chitosan is only 2 to 4 million pounds a year, a very small amount 

compared with its natural abundance. Both chitin and chitosan have applications in 

cosmetics and personal hygiene products, in agriculture, and as food ingredients. There is a 

strong interest in finding additional applications for this ample biopolymer (Hudson et. al., 

1998). 

  Large amounts of polysaccharides are also present in seaweeds. Agar and carrageenan 

are found in various red seaweeds; alginates are common to brown seaweeds.  

Agar is widely used as a culture medium in microbiology. It is also an additive for 

confectioneries, desserts, beverages, ice cream, pet foods, and health foods. Nonfood 

applications include tooth-paste, cosmetics, medical ointments, adhesives, corrosion 
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inhibitors, and photographic emulsifiers. The world market for agar is around 15 million 

pounds a year (Selby et. al. 1993).  

                                    

                                   

                                  (a) 

                                    

                                  (b) 

                               Fig. 2.8 Structural formulas of (a) agarose and (b) carrageenan 

 

Carrageenan is used as an emulsifier in food products, as a stabilizing aid in ice cream and 

process and process cheese, and in toothpastes, cosmetics, and pharmaceuticals. Its world 

market is 30 to 35 million pounds a year. Alginate, with a world market of 30 to 40 million 

pounds a year, has various commercial uses as a thickener, with such diverse applications 

as a dye thickener in textile printing and as a thickener in salad dressings (Selby et. al., 

1993). Structural formulas for agarose and carrageenan are shown in Fig. 2.8. 

Agarose, carrageenan, and alginates are gelling polysaccharides; all have been used to 

form encapsulating gel beads for drug delivery systems. 
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  Other commercially important plant polysaccharides are pectin and the guar, locust bean 

(carob), tara, and fenugreek gums. They are common food additives and are variously used 

as thickening agents and stabilizers in jams and jellies, in canned fruits, and in dairy 

products-especially ice cream and cheese products. Some are used in pharmaceuticals, 

paper coatings, textile printing, and water-base paints (Selby et. al., 1993). 

  Higher animals contain glycosaminoglycans, a class of complex polysaccharide that 

includes hyaluronan. Hyaluronan, which is commercially extracted mainly from rooster 

combs, has a variety of biomedical applications, including use in eye and ear surgery, 

wound treatment, and arthritis treatment. Other glycosaminoglycans are heparin, dermatan, 

and chondrointin. 

   Bacterial and fungal polysaccharides prepared through fermentation have become 

commercially significant more recently. Bacterial polysaccharides include xanthan, dextran, 

gellan, welan, rhamsan, curdlan, polygalactosamine, and levan. Xanthan is produced in the 

largest amounts, currently 20 to 40 million pounds a year. Large-scale fermentation is used 

in its production, with molasses or corn syrup as feedstock, and the aerobic bacterium 

xanthamonas campestris as the biological agent. Xanthan is widely used as a thickener in 

food applications, as a stabilizer in process cheese, and in miscellaneous industrial 

applications. Dextran has medical applications as a blood plasma extender, in wound 

coverings, and in other applications. Gellan is used in the food industry as a gelling agent. 

An example of fungal polysaccharide is pullulan, found in yeast. Pullulan is used as a food 

additive to enhance bulk and texture; as a food coating; in medicine as a plasma extender 

and in adhesives; and in other miscellaneous applications (Linton et. al., 1991). 

   The abundance of polysaccharides makes them prime candidates for becoming major 

renewable feed stocks for new plastics. 
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LLiippiiddss  

Lipids are a broad group of naturally-occurring molecules which includes fats, waxes, 

sterols, fat-soluble vitamins (such as vitamins A, D, E and K), monoglycerides, diglycerides, 

phospholipids, and others. The main biological functions of lipids include energy storage, as 

structural components of cell membranes, and as important signalling molecules (Linton et. 

al, 1993).  

    Lipids may be broadly defined as hydrophobic or amphiphilic small molecules; the 

amphiphilic nature of some lipids allows them to form structures such as vesicles, 

liposomes, or membranes in an aqueous environment. Biological lipids originate entirely or 

in part from two distinct types of biochemical subunits or building blocks: ketoacyl and 

isoprene groups (Linton et. al, 1993). Using this approach, lipids may be divided into eight 

categories: fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, saccharolipids, 

polyketides, sterol and prenol.  

Most lipids are involved in biological functions like formation of biological membranes, 

energy storage in animals, cell signalling and other similar functions. Apart from these some 

of the lipids are used as plasticizers in synthetic and natural biopolymer processing to 

facilitate mobility between polymer chains (Linton et. al, 1993). 

 

22..22..22  PPoollyymmeerrss  PPrroodduucceedd  bbyy  CCllaassssiiccaall  CChheemmiiccaall  SSyynntthheessiiss  

ffrroomm  BBiioo--bbaasseedd  MMoonnoommeerrss  

Many monomers that occur naturally in the biomass can be polymerized. The resulting 

polymers are called synthetic biopolymers, because the polymers themselves are not 

produced by living organisms, they have properties like other biopolymers and their 

monomers originate in living organisms.  

http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Fat
http://en.wikipedia.org/wiki/Wax
http://en.wikipedia.org/wiki/Sterol
http://en.wikipedia.org/wiki/Vitamin
http://en.wikipedia.org/wiki/Monoglycerides
http://en.wikipedia.org/wiki/Diglycerides
http://en.wikipedia.org/wiki/Phospholipids
http://en.wikipedia.org/wiki/Cell_membrane
http://en.wikipedia.org/wiki/Lipid_signaling
http://en.wikipedia.org/wiki/Hydrophobe
http://en.wikipedia.org/wiki/Amphiphile
http://en.wikipedia.org/wiki/Vesicle_%28biology%29
http://en.wikipedia.org/wiki/Liposome
http://en.wikipedia.org/wiki/Ketone
http://en.wikipedia.org/wiki/Isoprene
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PPoollyy  ((llaaccttiicc  aacciidd))  

Lactic acid, CH3CHOHCOOH, occurs naturally in animals and in microorganisms. It is found 

in many natural foods and in fermented foods such as yogurt, buttermilk, sourdough breads, 

sauerkraut, and others. It is widely used commercially in food-related applications as a 

preservative and as an emulsifying agent in bakery products. 

Lactic acid can be produced commercially by chemical synthesis or by fermentation. In the 

fermentation process, sugar feedstocks, such as dextrose (glucose), are obtained either 

directly from sources such as sugar beets or sugar cane, or through the conversation of 

starch from corn, corn steep liquor, potato peels, wheat, rice, or some other starch source. 

                                                                       H    O 

                                                               O  – C – C  

                                                     CH3               n  

                                                                         

                              Fig. 2.9 Structural formula of poly (lactic acid) 

 

Yields of lactic acid are greater than 90 percent, which helps make the fermentation step 

inexpensive. In batch production lactic acid can be produced at the rate of 2 grams per litre 

per hour. The lactic acid is recovered from the fermentation broth and purified in a multistep 

process, which represents a major part of the production costs (Datta et. al., 1997). Fig. 2.9 

shows structural formula for PLA. 

PLA has a high potential for packaging applications. The properties PLA are highly related 

to the ratio between the two mesoforms (L or D) of the lactic acid monomer. Using 100% L-

PLA results in a material with a very high melting point and high crystallinity. If a mixture of 
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D- and L-PLA is used instead of just the L-isomer, an amorphous polymer is obtained with a 

glass transition temperature of 60°C, which will be too low for some packaging purposes 

(Sinclair et. al., 1996).  

 

PPoollyy  ((aammiinnoo  aacciiddss))  

Amino acids can also be polymerized. One example is poly (aspartic acid), which has been 

described as a biodegradable substitute for synthetic polyacrylate, for use as a mineral 

scale inhibitor in water-treatment applications, a dispersing agent in detergents to prevent 

the deposition of soil on surfaces, and a dispersing agent for pigmentation in paints (Low et. 

al., 1996). 

 

TTrriiggllyycceerriiddeess  aanndd  tthheeiirr  ppoollyymmeerrss  

 An abundant class of bio molecule that has only recently received attention as a candidate 

feedstock for polymer resins is the triacylglycerol based polymers, commonly called 

triglycerides. They are the most abundant class of compound in the family of compounds 

known as lipids. Triglycerides make up a large part of the storage lipids in animal and plant 

cells. When liquid at room temperature they are called oils, and when solid they are fats - a 

somewhat imprecise classification since only a few degrees change in temperature will 

cause many of them to change from solid to liquid or liquid to solid. Commercially important 

oils are produced from the seeds of soybeans, corn (maize), cotton, sunflowers, flex 

(linseed, rapeseed, castor beans, tung, palms, peanuts, olives, almonds, coconuts, and 

canola. Flax (linseed) and tung oils are examples of drying oils that form a tough, elastic film 

on drying and are used in paints, varnishes, and enamels. Soybean and corn (maize) oils 

are examples of semidrying oils, used for cooking and in foods. Castor and rapeseed oils 

are examples of non-drying oils, which remain greasy and eventually turn rancid. Canola is 
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the result of a breeding program undertaken to remove undesirable traits from repressed. 

Over 16 billion pounds of vegetable oils are produced in the United States each year, mainly 

from soybean, flax, and rapeseed (McKeon et. al. 1996). 

    The fatty acid composition of vegetable and animal oils varies with the source and largely 

determines their use. Soy oil, for example, contains about 55 percent linoleic acid, 22 

percent oleic acid, and 10 percent palmitic acid (Fig 2.9). It is well suited for edible oil 

applications. Soy oil accounts for 80 percent of the world's supply of vegetable oil. 

Approximately 600 million pounds a year are used in the United States in non-food 

applications. 

     Plant oils that are mainly used in industrial non-food applications often have unusual 

chemical compositions. Castor oil, one of the most important industrial plant oils, contains 

ricinoleic acid, which is identical to oleic acid, shown Fig. 2.9, except that carbon-12 

(counting the -c=o carbon as carbon-1) has a hydroxyl (-OH-) group in place of one of the 

hydrogen atoms. That single change increases the viscosity of ricinoleic acid relative to oleic 

acid, and enhances its value for industrial applications. It is used in lubricating oils and 

greases, coatings, sealants, and as a plasticizer for nitrocellulose. The additional -OH- 

group also allows polymer formation, and ricinoleic acid is used in plastics and rubbers 

manufacturing (Thames et. al., 1998).  

 

                                                                                           O 

(a) CH3-(CH2)14-C-OH 

 

                                                                                                     O 

                               (b) CH3-(CH2)7-CH=CH-(CH2)7-C-OH 
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                                                                                                                  O 

       (c) CH3-(CH2)7-CH=CH- CH2-CH=CH - (CH2)7-C-OH 

                                                                                               

       (d)    CH2-OH 

                                CH-OH 

                                CH2-OH 

                                                  O  

       (e)    CH2-O-C-R 

                         O   

                                CH-O-C-R’ 

                                                  O 

                                CH2-O -C-R” 

Fig. 2.10 Structural formula of (a) palmatic acid, (b) oleic acid, (c) linoleic acid, (d) glycerol, 

and   (e) a tryacylglycerol 

 

   Fig. 2.10 shows structural formulas for palmatic acid, oleic acid, linoleic acid, glycerol and 

tryacylglycerol. Castor seeds contain over 50 percent oil on a dry-weight basis, of which 

nearly 90 percent is ricinoleic acid. Castor beans used to be a major crop in the United 

States; production peaked in the 1950s and 1960s. It was abandoned in 1972 because of a 

dispute between seed and processors and oil buyers. Now castor beans are grown mainly in 

India and Brazil. The United States imports $30 million worth of castor oil annually (Thames 

et. al., 1998) 
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     The polymerization of triglycerides has recently received renewed attention in the context 

of producing new bio plastic materials. 

 

22..22..33  PPoollyymmeerrss  PPrroodduucceedd  bbyy  NNaattuurraall  MMiiccrroooorrggaanniissmmss  

Bacteria’s produce polymers, including polyhydroxyalkanoates (pronounced poly-hydroxy-

alkan-oh-ates)(PHAs) / bacterial cellulose, which typically occur as inclusion bodies 

deposited in granules in the cytoplasm.  

 

PPoollyy  ((hhyyddrrooxxyyllaallkkaannooaatteess))  

Polyhydroxyl alkanoates (PHAs) serve as energy and carbon storage materials in bacteria. 

PHAs accumulate when carbon is in excess but some other nutrient limits growth. They are 

consumed when no external carbon source is available.  

 

 

           (a)                                                   CH3                   O       
                                                                 

                                                         O -  CH - CH2 - C 

                                                                                                          n                          

 

 

 

(b)                                                     CH3 

                                                 CH2                 O 

                   O -  CH - CH2 - C 

                                                                                                         n 
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(c)                                                                                      O  

                                                  O - CH2 - CH2 - CH2 - C 

                                                                                                 n 

Fig. 2.11 Structural formulas of some PHAs (a) poly – 3 – hydroxyl bacteria (b) poly -3- 

hydroxyvalerate (c) poly – 4 – hydroxybutyrate  

 

The most abundant PHA is poly-3-hydroxybutyrate (PHB), shown in Figure 2.11 (c). Other 

PHAs have also been discovered, including those containing hydroxyvalerate units, as in 

poly-3-hydroxyvalerate (PHA), shown in Figure 2.11 (b).  

Naturally occurring polyesters, like the polyhydroxyalkanoates, are now produced 

commercially from micro-organisms through fermentation. In bioreactors, microorganisms 

are fed a carbon source substrate, such as glucose or sucrose for PHB, or propionic acid for 

PHV. Propionic acid can be produced by the fermentation of wood pulp waste or from 

petroleum (Steinbuchel et. al., 1991). 

PHAs are produced in a two-stage fermentation process consisting of cell growth followed 

by polymer accumulation, which proceeds to as much as 80 or 90 percent of the cell's dry 

weight, as is the case with Ralstonia eutropha (formerly named Alcaligenes eutrophus). To 

harvest the polymers the cell wall is ruptured and the polymers are collected and purified. 

Production of PHAs has reached approximately a million pounds a year. They are 

biocompatible as well as biodegradable and have biomedical applications in the areas of 

controlled drug release, surgical sutures, and others. These natural polyesters are another 

potentially large feedstock for biodegradable plastics (Steinbuchel et. al., 1991). 
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BBaacctteerriiaall  CCeelllluulloossee  

To date, bacterial cellulose is rather unexploited, but it represents a polymeric material with 

major potential (Iguchi et al., 2000). Bacterial strains of Acetobacter xylinum and A. 

pasteurianus are able to produce an almost pure form of cellulose (homo-beta-1, 4-glucan). 

Its chemical and physical structure is identical to the cellulose formed in plants (Brown, 

1996). Plant cellulose, however, has to undergo a harsh chemical treatment to remove 

lignin, hemicelluloses and pectins. This treatment severely impairs the material 

characteristics of plant cellulose: the degree of polymerisation decreases almost ten-fold 

and the form of crystallization changes.  

Bacterial cellulose is processed under ambient conditions and the degree of polymerization 

is 15000, 15 times longer than cellulose from wood pulp. Bacterial cellulose is highly 

crystalline. This results in outstanding material properties: a modulus as high as 15-30 GPa. 

Production costs of bacterial cellulose are high due to low efficiency of the bacterial process; 

approximately 10% of the glucose used in the process is incorporated in the cellulose. The 

high price of bacterial process hampers its applicability in low-added-value bulk products. 

Several high-added-value specialty applications have been developed. The material has 

been used as an artificial skin, as a food grade non-digestible fiber, as an acoustic 

membrane, and as a separation membrane (Van Damme et al., 1996). 

 

 

22..33  BBiiooppllaassttiiccss    

Bioplastics is a concise and suitable name of biodegradable plastics whose components are 

derived entirely or almost entirely from renewable raw materials. A bioplastic contains one or 

more biopolymeric substances as an essential ingredient. They are indeed plastics, but very 

special plastics. Although biopolymers are inherently biodegradable, processed materials 
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may or may not be a substrate for the same enzyme system that degrades the biopolymer. 

For a bioplastic to be practically biodegradable in a given environment requires that it be a 

substrate for microorganisms found in that environment. Bioplastics have to pass the test 

that they are practically, or environmentally, biodegradable. In nature, biopolymers are 

plasticized by components in their immediate surroundings (Williamson et. al., 1994). During 

the commercial processes of extraction and purification, the native plasticizing agents may 

be removed, but plasticizing agents can be reintroduced to produce non-brittle bioplastics. 

Other additives can enhance their properties. 

 

 Biopolymer(s)                     Plasticizer(s)                    Other Additives 

 

 

 

 

 

 

 

 

                                                                  BIOPLASTIC 

Fig. 2.12 Key ingredients in bioplastics 

 

The final formulation might consist of one or more biopolymers combined with one or more 

plasticizing agents, and one or more additives as shown in Figure 2.12. Each component 

will contribute particular properties to the final composition.   

Biopolymers that are thermoplastics can be processed with the same methods used with 

synthetic polymers, such as extrusion or compression molding. Products can be processed 
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into three dimensional objects as well as flat sheets. With biopolymers that are not 

thermoplastic sheets, can be made by casting. Post casting as the solvent is removed a gel 

state is typically produced and continued solvent removal results in solid bioplastic material. 

Bioplastic technologies are often water-based because many biopolymers are soluble or 

dispersible in water, or can be made to be so. Some naturally occurring low-molecular – 

weight biomolecules can be polymerized, at times forming thermoplastic materials. In other 

cases the final stages of polymerization might involve cross-linking to produce strong 

thermosets (Mossman et. al.,1999).       

 

22..33..11  HHiissttoorryy  ooff  BBiiooppllaassttiiccss    

Bioplastics are not new. Natural resins like amber, shellac, and gutta percha have been 

mentioned throughout the history, including during roman times and the Middle Ages. 

Animal bones - based on the protein collagen - and horns and hooves – containing the 

protein keratin – were sometimes boiled in water or oil, heated directly, or soaked in alkaline 

solution, then molded or pressed into sheets. Horn was used, perhaps as early as the 

thirteen century, to make drinking beakers and other containers (Brown et. al., 1998).  

In 1845 Christian friedrich schonbein, a german-born chemistry professor, was teaching at 

the University of Basel, Switzerland. Following earlier work by two French chemists, 

prepared a cellulose derivative from paper (cellulose nitrate) that was strong, transparent, 

waterproof, and as he wrote to Michael Faraday, “capable of being shaped out into all sorts 

of things and forms”. It also attracted attention as an explosive. Louis Menard, discovered in 

1846 that a solution of cellulose nitrate in ethanol, called collodion, dried into a tough elastic 

and waterproof solid but found no practical application for it. In 1848, J. Parker Maynard of 

Massachusetts discovered that collodium, when spread on open wounds, dried to form an 

airtight, waterlight dressing that promoted healing (Lauer et. al., 1999). The English inventor 
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Alexender Parkes produced pressure molded products from collodion that he called 

Parkesine. At the 1862 International Exhibition in London he displayed many heat-softened 

and pressure-molded objects, including boxes, artificial teeth, combs, buttons, knife handles, 

and other objects. In 1865, Parkes reported the improvement in texture uniformity and 

contractile properties brought about by adding 2 to 20 percent camphor to his formulations, 

and in 1866 he launched a commercial venture to market Parkesine. Commercially 

produced items included umbrella handles, combs, chess pieces, earrings and bracelets, 

and even a few billiard balls and dentures (Lauer et. al., 1999).  

By the mid-1800s, the widespread use of ivory for knife handles, piano keys, dice, chess 

pieces, jewelry, and billiard balls had already raised concerns that elephants were becoming 

endangered as a species and their ivory tusks very expensive. Significant amounts of ivory 

were specially consumed for billiard balls. Substitute materials, such as hard wood, were 

typically unsatisfactory for billiard balls on account of their poor rebounding properties. The 

American inventor John Wesley Hyatt Jr., working in Albany, New York, took up the 

challenge and in 1869 patented the use of almost-pure collodion for coating non-ivory 

billiard balls. But that early attempt was affected by the coating's flammability. Balls were 

occasionally ignited when lit cigars accidently came into contact with them. A Colorado 

billiards-saloon owner, testing the collodion-coated billiard balls, wrote to Hyatt describing 

how hitting the balls very hard would occasionally set off a mild explosive reaction, 

producing a sound similar to a gunshot. Hyatt-with his brother, Isaiah Smith Hyatt-continued 

working on the project and in 1870 patented a process for plasticizing cellulose nitrate with 

camphor. They found that billiard balls made with an outer layer of the new material-which 

they called celluloid-worked exceptionally well, and their commercial venture, the Albany 

Billiard Ball Company, thrived (Friedel et. al., 1983).  
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Fig. 2.13 Celluloid molded personal – grooming implements from 1892 catalog of John 

Wesley Hyatt’s Celluloid manufacturing company, UK. (Stevens et al., 2001) 

 

Through a separate enterprise, the Celluloid Manufacturing Company, and through 

licensees, many inexpensive popular items were produced, including combs, collars and 

cuffs, shoe horns, letter openers, and toilet ware as shown in Figure 2.13. Hyatt's 

inexpensive billiard balls contributed to the popularization of the game of billiards, a game 

previously played mainly by the wealthy. But Hyatt never received the gold prize, and 

apparently never even claimed it. It Is somewhat ironic that Parkes testified on behalf of the 

Hyatts, rather than on behalf of Spill, his former business associate, who was at that time 

manufacturing Parkesine. But Parkes did not at that point have high regard for Spill, and 

more than anything he wanted to counter Spill's patent-right claims. After all, it was Parkes, 

not Spill, who had introduced the use of camphor (Friedel et. al., 1983). 
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Scholars still debate the merits of the legal case Parker’s, Hyatt and who should be given 

primary credit for organizing what came to be the first widely applied plastic. In favor of 

Hyatt's claim to the title of originator of celluloid is the very practical point that Hyatt's 

commercial venture succeeded whereas Parkes's did not. There is also the fact that Parkes 

probably viewed comphor-ethanol only as a useful solvent for helping liquid collodion dry to 

a useful material, whereas Hyatt recognized the value of camphor as a plasticizer, which 

made the solid moldable-a thermoplastic. On the other hand, Parkes was the first to use 

camphor with cellulose nitrate, and Hyatt knew of that use. Although court cases ultimately 

require final decisions, history does not; what is important is that the contributions of each 

are known. 

   Celluloid was used in 1882 to make photographic film, and later for production of the first 

motion-picture films. It was also used to make windshields for carriages and eventually for 

automobiles, but there was a tendency for it to yellow in prolonged sunlight. Its flammability 

continued to be an important limitation. Today it still has a few applications, including Ping-

Pong balls and ballpoint pens. 

Casein was also widely used commercially, first for paints and glues, later for plastics. 

Eighteenth-century farmers used buttermilk-the liquid left after churning cream for butter-

mixed with lime and a colorant to produce a durable, waterproof “milk paint" for sheds and 

barns. Red was a popular color, partly because it was easy and inexpensive to produce with 

rust (iron oxide) or even with liver-stock blood. The Pennsylvania Dutch "buttermilk red" is 

casein paint. By the nineteenth century, casein powder and paste were commercial 

products, available to the public and used for painting furniture and toys (Robinson et. al., 

2000). 

   Casein was also used to make glue (it was sometimes preferred over gelatin) and for 

coatings on especially papers intended to imitate cloth. Casein was dissolved in an alkaline 

solution and extruded into a bath of formaldehyde, sulfuric acid, and glucose. The reaction 
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between formaldehyde and casein formed molecular cross-links, the sulfuric acid 

neutralized the alkalinity, and the glucose acted as a plasticizer. The fiber thus formed was 

cheap and durable, and was used to extend wool, which was more expensive (Robinson et. 

al., 2000). 

Towards the end of the nineteenth century a Bavarian chemist, Adolf Spitteler, invented 

moldable casein plastic, quite by accident. He kept a cat in his laboratory to keep it free of 

mice. One day the cat jumped up onto a lab bench and knocked over a flask of 

formaldehyde, which ran off the bench top and dripped into the cat's saucer of milk that was 

on the floor. When Spitteler discovered the accident he was surprised to find a hard waxy 

hornlike substance in the saucer. He immediately recognized the significance of his 

discovery and set about to commercialize it (Robinson et. al., 2000). 

   The commercial process that soon developed was based on first isolating pure casein 

from buttermilk or skimmed milk that was inexpensive and plentiful waste by-products of the 

dairy industry. Casein was mixed with water and heated, colorants were added-ranging from 

bright colors to soft pastels and then the mixture was extruded into a formaldehyde bath. 

The early extruders resembled an old fashioned food grinder, and could produce sheets, 

rods, tubes, or disks. In the formaldehyde bath, cross-linking produced a solid, which 

hardened and cured. If alum-aluminum potassium sulfate was used in the mixture, the 

resulting plastic could be machined before it had thoroughly set and hardened; making it 

possible to produce intricate shapes and surface designs. Casein plastics were durable and 

corrosion-resistant, and polishing produced a pleasant, hornlike appearance that made them 

popular for ornate decorative items, like buttons, beads, hat ornaments, brooches, and 

buckles, but they were also used for practical items including knitting needles, crochet 

hooks, pen barrels, knives, letter openers, and brush handles (Robinson et. al., 2000). The 

manufacture of casein plastics was a significant industry at the beginning of the twentieth 

century. 
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    Other bioplastics were also being produced at that time. Molded horn jewelry was very 

popular. Shellac, extracted from harvested lac insects, was not only used for paint and 

varnish but, mixed with fillers, for small solid articles. Soy protein, like casein, was reacted 

with formaldehyde to produce plastics. 

     Gelatin has had a long and interesting history as a commercial material. Mixed at high 

concentrations with water and plasticizer, it forms a slurry or viscose. When dried, the 

viscose forms a tough, hard solid. Bottle caps and printer rollers were made from gelatin on 

a large scale. Gelatin printer rollers are still used for special printing applications such as 

etching. Gelatin is also still widely used in pharmaceuticals as an encapsulating material, 

and in photography. 

     Machinery improvements were also being made during the nineteenth century, including 

forerunners of modern extrusion, masticating, injection molding, compression molding, and 

blow molding machines. 

     The history of plastics changed dramatically in the early 1900s when petroleum emerged 

as a source of fuel and of chemicals. The early bioplastics were simply displaced by plastics 

made from synthetic polymers. Phenolics were commercialized in 1907 and bakelite 

provided nonivory billiard balls, replacing celluloid. (Now a day’s billiard balls are made of 

other plastics; original bakelite billiard balls are valuable collector's items. Many other 

plastics followed in the 1920s. World War II brought on a large increase in plastics 

production, a growth that continues to this day. 

In the 1910s Henry Ford experimented with using agricultural materials in the manufacture 

of automobiles. Ford was partly motivated by a desire to find nonfood applications for 

agricultural surpluses, which existed then as they do now. He tried out many agricultural 

crops, including wheat. Coil cases for the 1915 Model T Ford were made from a wheat 

gluten resin reinforced with asbestos fibers. Eventually he focused on soybeans, and in the 
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1920s began promoting soybean products at every opportunity. He recruited Robert Boyer, 

a young chemist, to lead the research (Lougee et. al., 1940). 

   In the following few years, uses were found for soy oil in automobile paints and enamels, 

in rubber substitutes, and in the production of glycerol for shock absorbers. Viscous 

solutions of soy protein were extruded and "set" in a formaldehyde bath to form fibers for 

upholstery cloth. But Ford's special interest was in converting soy meal into plastics. Soy 

meal is what is left after soy-beans are crushed or ground into flakes and the soy oil 

extracted with a hydrocarbon solvent. Soy meal is about 50 percent protein and 50 percent 

carbohydrate-mainly cellulose (Sprague et. al., 1944). 

   The compositions of Ford's soy plastics, and the methods of their processing, evolved 

over time and varied according to the application. In general the resin core was made of soy 

meal reacted with formaldehyde to produce cross-linked protein (reminiscent of casein 

plastics and animal horn), but for added strength and resistance to moisture, phenol or urea 

was co condensed with the protein. The resulting resin was part phenol formaldehyde (or 

urea formaldehyde) and part cross-linked soy protein; the soy meal was not merely filler. 

The condensation took place in the presence of the cellulose and other carbohydrates that 

were part of the soy meal. Fillers, up to 50 to 60 percent, provided additional cellulose fibers, 

from wood flour or pulp from spruce or pine, cotton, flax, hemp, ramie, even wheat. The final 

mix was about 70 percent cellulose and 10 to 20 percent soy meal. When additional 

strength became necessary, glass fiber was also used. Relatively low pressures and 

temperatures were used in the molding process. 

  Soy meal plastics were used for a steadily increasing number of automobile parts-glove-

box doors, gear-shift knobs, horn buttons, accelerator pedals, distributor heads, interior trim, 

steering wheels, dashboard panels, and eventually a prototype exterior rear-deck lid 

(Sprague et. al., 1944). 
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Fig. 2.14 Henry ford developed prototype “soybean plastic” automobile in 1941.       

(Stevens et al. 2001) 

 

Finally Ford gave the go-ahead to produce a complete prototype "plastic car", including an 

entire plastic body. The body consisted of fourteen plastic panels fixed to a welded tubular 

frame (instead of the customary parallel I-beam frame).The panels and frame each weighed 

about 250 pounds. The total weight of the automobile was 1100 Kg, roughly two-thirds the 

weight of a steel model of comparable size (Fig. 2.14). 

Ford, a master at generating publicity, exhibited the prototype with great fanfare in 1941. But 

then, by late 1941, Ford no longer publicized the "plastic car," probably for a variety of 

reasons. World War II played a role: armament work took precedence over almost 

everything else, effort and materials had to be reallocated, and steel shortages limited all 

nondefense manufacturing. There were also production-related problems. Molded-plastic 
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technology was not yet well developed, limiting design options to easy-mold straight-line 

features and the prototype had a noticeable formaldehyde odor. Ford's 1941 soy plastic car 

did not survive, and its remains have been lost. Since then the use of plastic in automobiles 

has become common, but the use of plastics from renewable resources got sidetracked 

(Sprague et. al., 1944). 

One well-established bioplastic that has survived the growth of the synthetic plastics 

industry is cellophane, a sheet material derived from cellulose. Its manufacture begins with 

shredded wood pulp, which is treated with caustic soda. In water, cellulose swells but does 

not dissolve, because water only solvates the amorphous, non-crystalline regions. The 

crystalline regions of cellulose-around 30 to 40 percent in natural cellulose-are not 

permeable to water, and the crystalline regions keep cellulose from dissolving. Caustic soda 

disrupts the crystalline regions and produces a solution of alkali cellulose (Reiter et. al., 

1986). 

 Treatment of the solution with acid generates a cellulose gel, which is washed, purified, and 

bleached. Softening agents-often either glycerol or ethylene glycol-and other chemicals are 

then added. The resulting material is cast into a sheet, which is dried and wound onto large 

rolls (Reiter et. al., 1986). The solid sheet material is an example of "regenerated cellulose" - 

is much less crystalline than the original natural cellulose, and consists largely of a tangled 

amorphous felt of cellulose molecules. The sheet at this stage therefore interacts much 

more strongly with water vapor or water; it has high water-vapor permeability, and loses 

strength when wet, but it does have good resistance to oils and greases. 

    Coatings - on both sides of the sheet - are added to provide a barrier to moisture and 

other properties, such as barriers to gases, solvent salability, and heat salability; cellophane 

is not a thermoplastic, and the base sheet is not heat-sealable. The original coating 

formulation is similar to one that is still in use. It consists of four components, including a thin 
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nitrocellulose layer, a wax moisture-proofing barrier, a plasticizer, and a blending agent. The 

coatings add only 10 percent to the weight of the sheet. 

    An alternative treatment uses poly (vinylidene chloride) to enhance barrier properties 

instead of the nitrocellulose-wax coating. Either coating gives cellophane water - vapor 

permeability comparable to high density polyethylene, making it suitable for packaging 

applications in which particularly high moisture barriers are required. 

   Uses of waterproof cellophane as a packaging material began in the early 1930s. With its 

transparent and glossy allure, and its hygienic promise of protection and freshness, it soon 

became a prime packaging material (Reiter et. al., 1986). 

   Production of cellophane peaked in the 1960s at about 750 million pounds a year in the 

United States, but since then it has largely been replaced by synthetic plastics such as 

polypropylene. Cellophane is still used in food packaging for such items as potato chips, 

candies, and baked goods. It is transparent and glossy, and its stiffness allows bags to 

stand upright. Nonfood applications include cigarette packages, cigar wrappings, and 

others. It tears easily when notched; making it an excellent material for easy-opening 

packaging applications, and it has superior printability.  

   Uncoated cellophane film disintegrates in ten to fourteen days and totally biodegrades in 

one to two months. Nitrocellulose-wax coatings are totally biodegradable, in six months or 

so. Coatings of poly (vinylidene chloride), on the other hand, do not biodegrade. They 

disintegrate to a powder. 

  Cellophane is derived from wood, which is not a rapidly renewable resource, or from 

cotton, which is. Technologies for regenerating cellulose from other rapidly renewable 

sources, such as straw, have not been commercially competitive. Cellulose can be 

produced from microorganisms through fermentation, but the scale of such production is 

considered to be limited. Bacterial cellulose, for example, is used in the diaphragms of some 
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high-fidelity loud-speakers. Cellulose from the bacterium Acetobacter xylinum forms a paper 

like sheet material that is much stronger than paper. 

  Cellulose can be chemically modified to produce a wide variety of cellulosic plastics - some 

of which are thermoplastic - and fibers. Cellulose acetate is produced by reacting cotton 

fiber with acetic acid and acetic anhydride, using sulfuric acid as a catalyst. Cellulose 

acetate is a thermoplastic, and films are obtained by extrusion or casting from acetone 

solution. The film is clear and strong, and has high oxygen and water vapor permeability, 

making it excellent for fresh produce and baked goods - it "breathes" and does not fog. It is 

also resistant to both oils and greases (Reiter et. al., 1986). 

   Other thermoplastic cellulose derivatives are cellulose propionate, hydroxypropyl 

cellulose, and ethyl cellulose. Methyl cellulose and hydroxypropylmethly cellulose are not 

thermoplastic, but films can be cast from solvent. Some chemically modified cellulose does 

not have the biodegradability characteristic of cellulose. 

   Before 1950, cellulose derivatives were the most important group of thermoplastics, and 

today cellulosic fibers still make up about 8 percent of the fiber market. Some people refer to 

cellulose derivatives as "semi synthetics”, because they are chemical modifications of the 

natural material. But the polymers themselves are definitely not synthetic, and chemically 

modified cellulose derivatives could just as well - or even better - be referred to as "modified 

biopolymers."  

 

22..33..22    NNeeww  BBiiooppllaassttiiccss  

Growing environmental concern has revived interest in developing materials from renewable 

feedstocks, and new bioplastic technologies have begun to emerge. Some of the new 

technologies may not make the grade - for technical reasons others will prove to be 

technologically sound, but may not be able to attract the substantial amounts of investment 
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capital needed to develop commercial success. We are at the exciting stage of witnessing 

the birth of these new technologies, and we can expect a growing number of products to 

reach the marketplace. 

There are three important types of new bioplastic materials. They differ according to the 

means of commercially producing the resins from which the bioplastics are processed.  

 

22..33..33  PPllaassttiiccss  PPrroocceesssseedd  ffrroomm  PPoollyymmeerrss  EExxttrraacctteedd  DDiirreeccttllyy  ffrroomm  

tthheeiirr  NNaattuurraall  OOrriiggiinn  

There are many ready made polymers in nature available for use in manufacturing 

bioplastics. Starch is the prime example. It is important not only because it is the least 

expensive biopolymer but because it becomes thermoplastic when properly plasticized with 

water or other plasticizers. Starch formulations can therefore be processed by all the 

methods used for synthetic resins. For example, they can be film extruded, injection molded, 

and thermoformed (Simmons et. al., 1993). 

The limitations of starch formulations have been in their physical properties: poor water 

resistance and modest strength. Various strategies have been employed to get around 

these problems. In one of the earliest uses of starch in plastics, it was combined with 

polyethylene - typically to the extent of around 6 percent starch to form films. The strategy 

was to have biodegradation of the starch component lead to rapid fragmentation of the 

plastic film, and possibly hasten degradation of the polyethylene. Photo-catalytic additives 

aimed at further enhancement of degradation in sun exposed applications (Simmons et. al., 

1993). 

Starch-polyethylene formulations with higher starch contents, of 20 to 80 percent, have been 

developed as well. The acceptance of such formulations depends on the intended 

application, and on whether the polyethylene residue is tolerable and nontoxic. As 
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agricultural covers they have the advantage that they need not be collected at the end of the 

growing season, saving labor and disposal costs (Albertson et. al., 1995). That advantage 

has to be weighed against the effect of possible accumulations of non-degraded residue in 

the soil. Similarly, as compost bags with 23 to 25 percent, starch, they have the advantages 

of low cost and "curb sturdiness," advantages that have to be weighed against the possible 

presence of polyethylene residues in the compost for some indeterminate time. Questions of 

the final environmental fate and ecological effect of the polyethylene residues continue to be 

the subject of a considerable amount of study (Albertson et. al., 1995). 

 

 

 

Fig 2.15 Biodegradable blown films made from gelatinized starch and poly (vinyl alcohol). 

(Stevens et al., 2001) 
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Starch can be blended with poly (vinyl alcohol). Like polyethylene, poly (vinyl alcohol) is a 

synthetic polymer but, unlike polyethylene, it is totally biodegradable. The blends are 

thermoplastic and can be processed by extrusion, injection molding, blow molding, film 

blowing, and thermoforming. Products can be made that do not dissolve in cold or hot water, 

but swell to degrees that depend on additive composition and processing. There is some 

sensitivity to humidity (Bastioli et. al., 1992). Their mechanical properties at 55 percent 

relative humidity resemble polyethylene. Figure 2.15 shows blown films made from blend of 

gelatinized starch and poly (vinyl alcohol). 

The biodegradable rates of blends depend on composition and crystallinity. In degradation 

tests in activated sludge, more than 90 percent of some samples degrade in ten months, 

according to measurements of weight loss and carbon dioxide production. 

Water-soluble blends can be made, with the solubility depending on the amount and 

molecular weight of the poly (vinyl alcohol) component and on its crystallinity. Crystallinity 

varies according to the level of residual acetate groups that remain following the production 

of poly (vinyl alcohol) from the alcoholysis of poly (vinyl acetate). One application for such 

blends is making laundry bags for hospitals and other institutions, where the bags dissolve 

during the washing and biodegrade after disposal into sewage (Bastioli et. al., 1992). 

 Starch-polycaprolactone blends have also become important commercially. 

Polycaprolactone, like poly (vinyl alcohol), is a synthetic polymer, but it too is totally 

biodegradable. The resulting blends have significant strength; their specific properties 

depend on the relative amounts of starch and polycaprolactone (Averous et. al., 2000).  
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Fig. 2.16 Preparing thermoplastic starch sheet laminated with a water resistant coating of 

polycaprolactone  by coextrusion. (Stevens et. al., 2001) 

Thermoplastic starch sheeting can also be laminated with a polycaprolactone coating to 

make it water resistant (Fig. 2.16). 

Starch - based materials have been developed for a number of commercial applications, 

and several major companies produce starch - based resins. The resins have been used to 

manufacture agricultural covers; compost bags and trash bin liner; household items, such as 

disposable bowls, eating utensils, and straws; single- use disposable packaging film; diaper 

backings; disposable golf tees; and personal hygiene articles, like combs and disposable 

razors (Glenn et. al., 1996). 

 Extruded starch foam is used as a loose-fill packaging material in the form of pellets or 

peanuts. They are water soluble and biodegradable, yet have the resilience and 

compressibility of polystyrene (Shogren. et al., 1995). The material is processed under 

carefully controlled conditions of water content and extruder die temperature.  
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Fig. 2.17 Starch – poly (vinyl alcohol) foam articles for a variety of packaging and serving 

needs. (Stevens E. et al., 2001) 

Flash generation of steam as the starch leaves the die produces an expansion of the 

material to form a cellular structure, made up of numerous cells distributed throughout the 

material. Starch foam packaging peanuts now make up about 20 percent of the foam 

packaging market. Blending starch with poly (vinyl alcohol) increases the water resistance of 

the foam (Glenn et. al., 1996). The foam can then be made into shaped articles such as 

cups and plates (Fig. 2.17). 

Starch-based materials that include significant amounts of petroleum - derived polymers are 

not bioplastics as the term is used here. The technologies for producing them have been 

important not only because they were among the first aimed at making programmed 
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degradable plastics, but because the abundance and low cost of starch make the production 

of starch - based bioplastics stand as a continuing technological goal. 

Starch foam can also be made more water resistant without using a synthetic polymer, by 

derivatization - a chemical modification in which one reactive group in a molecules is 

replaced with another, giving more desirable properties. For example, starch can be 

acetylated, whereby some of the hydroxy (-OH) groups are converted into acetyl(-OCOCH3) 

groups.  

 

Fig. 2.18 Water – resistant foam packaging “peanuts” made by extruding starch acetate and 

water.  (Shogren. et al., 1995) 

 

The acetylated starch foam has a higher water resistance but remains biodegradable 

(Fig.2.18). Alternatively, starch foam can be coated with a layer of acetylated starch, but the 
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best results are obtained when acetylated starch is used to coat a starch-acetylated starch 

blend (Roessner et. al., 1996). Today, there is a particularly exciting - but formidable - 

challenge of discovering a commercially viable biodegradable starch based bioplastic made 

entirely from renewable raw materials and having adequate properties for a wide variety of 

applications. 

In addition to starch, other abundant polysaccharides extracted directly from their natural 

sources include chitin, cellulose, agar, carrageenan, peactin, and alginate. 

Chitin and chitosan materials have reached commercial production levels. Importantly, they 

are not thermoplastic but can be prepared as films by evaporation of solvent for a variety of 

film and fibers product applications. Films and fibers have good mechanical properties and 

films have low oxygen permeability. Chitin and chitosan are also used as cellulose additives 

to give increased wet-strength to paper towels, shopping bags, and diapers (Rathke et. al., 

1994). Blends of chitosan and poly (vinyl alcohol), plasticized with sorbitol and sucrose, 

have been studies in the laboratory (Rathke et. al., 1994). 

Chitin and chitosan have biomedical applications as well, in contact lenses and wound - 

healing treatments. Fibers of chitin or chitosan, blended with cellulose, silk fibroin, collagen, 

or glycosaminoglycans (including hyaluronan); have been studied with the aim of improving 

the biocompatibility of the fibers in wound dressing applications (Minami et. al., 1993). 

The use of mixed polysaccharides is a more recent development. Composites of finely 

divided cellulose and chitin or chitosan, although not thermoplastic, can be molded or 

prepared as films by evaporation of solvent (solvent casting). Starch-cellulose, starch-

derivatized cellulose and starch - pectin combinations have also been examined in the 

laboratory (Coffin et. al., 1994). 

Interesting starch-cellulose-mineral composites have been developed with the aim of 

providing low-cost, disposable, and compostable food packaging, like the distinctively 

shaped boxes ("clamshells") that are so widely used in the drive-through and take -out 
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services of the fast-food industry. The inexpensive raw materials are potato starch, cellulose 

(from wood pulp), and calcium carbonate (from limestone). The clamshells have an outer 

coating of poly (vinyl alcohol) and glycerol, and an inner waterproofing coating of modified 

paraffin wax (Breslin et. al., 1998). These novel biodegradable composite materials might be 

said to bridge plastics and ceramics. 

Abundant proteins include soy protein, zein, gelatin, and casein. With the renewed interest 

in biodegradable plastics, awareness of the value of soybeans has been revived (Ly et. al., 

1998). Soy protein, with and without cellulose extenders, can be processed with modern 

extrusion and injection molding methods. Mixtures of soy protein and starch are also 

thermoplastic and can be extruded and injection molded. Even soy protein-clay composites 

have been examined for possible applications in packaging for the fast-food industry (Ly et. 

al., 1998). 

Zein is thermoplastic and water insoluble. It resists microbial attack and forms fibers that are 

strong, washable, dyeable, and grease resistant (Parris et. al., 2001). Cloth products 

manufactured from zein fibers have already reached the marketplace. Gelatin is now widely 

used for drug and vitamin encapsulation, and for other miscellaneous biomedical 

applications, including artificial skin. It is, however, thermoplastic and is a potential feedstock 

for a wide range of plastics. Many water-soluble biopolymers such as starch, alginate, 

pullulan, gelatin, soy protein, casein, zein, wheat gluten, and whey protein also form flexible 

films when properly plasticized (Parris et. al., 2001). Thin films are often applied to foods 

where they act to preserve flavor, maintain optimum moisture content, enhance appearance, 

extend freshness, and provide protection. Even home bakers are familiar with the use of 

corn starch to produce a glaze on breads and rolls during the last few minutes of baking. 

Although such films are regarded mainly as food coatings, it is recognized that they have 

potential use of non-supported stand-alone sheeting for food packaging and other purposes. 

Their mechanical properties depend on plasticizer content and relative humidity. 
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Polysaccharide-protein composites that have received attention include starch-casein, 

starch-gelatin, starch-zein, and starch-soy protein combinations. They are all readily 

biodegradable. Starch-protein compositions are especially interesting because they satisfy 

the nutritional requirements for farm animals (Spence et. al., 1996). 

 Polysaccharides and proteins are already in large-scale commercial production. They are 

available now for use as bioplastics feedstock’s. Starch stands out in terms of its low cost (it 

is competitive with polyethylene) and its thermoplasticity. Its limited physical properties can 

be improved through chemical modifications, through coatings, and through use in 

combination with other biopolymers in blends and composites (Spence et. al., 1996).  

 

22..33..44  PPllaassttiiccss  PPrroocceesssseedd  ffrroomm  PPoollyymmeerrss  PPrroodduucceedd  CCoommmmeerrcciiaallllyy  iinn  

LLaarrggee--ssccaallee  FFeerrmmeennttaattiioonn  PPrroocceesssseess  

Through fermentation processes it is possible to induce micro-organisms to produce 

biopolymers on large scales. The substrates fed to microorganisms in the commercial 

fermentation processes are generally naturally occurring and of plant origin. 

  Polyhydroxyalkanoates - naturally occurring polyesters- have already played an important 

role in the commercialization of bioplastics. Polyhydroxybutyrate (PHB) plastics are brittle, 

but copolymers of hydroxybutyrate and hydroxyvalerate (PHBV) display a range of 

brittleness, strength and other properties according to the copolymer composition (Doi et.al., 

1990). 

  The ratio of feedstock’s-glucose and propionic acid-determines the composition of the 

copolymer. The polymer material, in the form of granules, is removed from the cells by 

aqueous extraction, resulting in a white powder. PHBV can display physical properties and 

processing behavior resembling polyethylene or polypropylene, and can range from a brittle 

plastic to an elastomeric. PHBV properties can be further modified with additives. 
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   PHBV is thermoplastic and can be processed by injection molding, extrusion blow 

molding, film and fiber forming, and a variety of coating and lamination techniques. It has 

been processed into a wide range of packaging materials, including bottles, toiletry articles 

such as disposable razors and combs, eating utensils, dishes, cups, credit cards, plant pots, 

golf tees, motor oil containers, and other products (Doi et.al., 1990).  

 

 

Fig. 2.19 Shellac layered starch foam cup and tray coated with water resistant PHBV. 

(Stevens E. et al. 2001) 

 

An early commercial application was in the manufacture of a blow-molded bottle for the 

shampoo industry. Hair shampoos are now usually biodegradable, and a biodegradable 

bottle is a fitting package. 
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PHBV has substantial water resistance, greater than most polysaccharides and proteins. 

Stored in humid air PHBV is stable, and its oxygen barrier and aroma barrier properties are 

not sensitive to relative humidity. In coated paper products PHBV can be used in place of 

polyethylene. When applied to starch foamed articles PHBV coatings can provide resistance 

to hot and cold water; an adhesive layer of shellac, a natural resin, prevents delamination 

(Fig. 2.19). 

PHBV is biodegradable in soil, river water, seawater, aerobic and anaerobic sewer sludge, 

and compost. For example, PHBV mineralizes in anaerobic sewer sludge to carbon dioxide 

and methane to the extent of nearly 80 percent in thirty days. Compression - molded into 

dog-bone shapes, it loses 60 percent of its weight after six months in municipal leaf 

compost. Its biodegradation rate, like its physical properties, depends on copolymer 

composition, molecular weight, degree of crystallinity, surface area, and the presence of 

biodegradable additives such as plasticizers (Kemmish et. al., 1993). 

   Biodegradation begins with bacteria or fungi colonizing the surface and excreting an 

extracellular depolymerase enzyme that degrades and solubilizes the polymer near the cell. 

Fragments are then absorbed through the cell wall and mineralized. At elevated 

temperatures, hydrolysis also contributes to degradation. Moreover, the formulation of 

PHBV makes it compatible with recycling and clean incineration. 

   PHBV has also been widely tested for biomedical uses. It is not only biocompatible but 

thermoplastic, so it can be molded into any desired shape. It biodegrades in the body solely 

by hydrolysis, which results in slow degradation rates - on the order of several months to a 

year or more. The degradation product-hydroxybutyric acid - is a mammalian metabolite and 

occurs in low concentrations in humans (Kemmish et. al., 1993). The applications that have 

been considered or are under development include drug delivery systems, sutures, staples, 

screws, clips, fixation rods, implants, and others. 
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    The future of large scale production and marketing of PHBV products is not clear, but the 

excellent properties of PHBV make it a strong candidate for eventual commercial success. 

    Pullulan, a polysaccharide, is also prepared commercially, through yeast fermentation. It 

can be processed into a bioplastic that is hard, strong, tough, and elastic. Pullulan has good 

oxygen barrier properties and has been developed for food-packaging applications. Fibers 

have been drawn from concentrated solutions (Foster et. al., 2000). 

    Bioplastics prepared with fermentation technologies typically have excellent physical 

properties. Their limitation is currently their cost. They are promising materials nevertheless, 

because the fermentation technologies that are now being developed may allow very large 

scale production levels and the accompanying lowered costs (Liggat et. al., 1995). 

 

22..33..55  PPllaassttiiccss  PPrroocceesssseedd  ffrroomm  RReessiinnss  PPoollyymmeerriizzeedd  ffrroomm  NNaattuurraallllyy  

OOccccuurrrriinngg  MMoonnoommeerrss  

In a third category of bioplastics are materials polymerized from naturally occurring low-

molecular-weight biomolecules. Polymerizations are carried out in some cases to produce 

thermoplastics, in others to produce sturdy thermosets. 

 

PPoollyy  ((llaaccttiicc  aacciidd))  

One important example is poly (lactic acid) (PLA), a polyester. The substantial commercial 

production of poly (lactic acid) has been made possible by recent developments in large-

scale fermentation technologies by which the monomer, lactic acid, can be produced. 

Poly (lactic acid) is thermoplastic and can be processed by most common methods; it can 

be sheet and film extruded, injection molded, blow molded, thermoformed, and fiber spun. 

PLA can be made flexible or rigid, and it is inherently clear but can be processed to be 
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opaque. PLA can accept fillers, and in some applications its high strength allows for down-

gauging-the use of thinner than usual sheets (Radano et. al., 2000). 

Importantly, PLA is insoluble in water and has good moisture and grease resistance. Its 

mechanical properties can be modified by varying its molecular weight and crystallinity 

(Radano et. al., 2000). Its properties can also be modified by copolymerization of the lactic 

acid with glycolic acid or caprolactone. 

Poly (lactic acid) is biodegradable in seawater and other environments, and is compostable. 

It degrades by hydrolysis, which can proceed even in the absence of enzymes. It can 

therefore be recycled back to the monomer, lactic acid (Karlsson et. al, 1998). 

Poly (lactic acid) resins are being developed and marketed through a number of commercial 

efforts. They are used for agricultural mulch film; compost bags for yard trimmings, food 

waste, and other compostables. Its clarity, high gloss, and stiffness also make it useful for 

recyclable and biodegradable packaging, such as bottles, yogurt cups, and candy wrappers. 

For the fast-food and institutional-food-service markets, it has been used to make 

disposable single-use items like plates, cups, cutlery, straws, and film wrap (Gross et. al., 

1996). 

Other non-packaging products include sporting and recreational products such as golf tees; 

coatings for paper and cardboard; and fibers - for clothing, carpets, sheets and towels, and 

well covering.  

Poly (lactic acid) has been approved for, and is used in, a number of biomedical 

applications. Poly (lactic acid-co-glycolic acid) has been used, for example, to fabricate 

microcapsules, microspheres, and nanoparticles for drug delivery systems. In one process, 

the polymer is first dissolved in an organic solvent to form a homogeneous solution (Sheth 

et. al., 1997). A bioactive agent- like hydrocortisone, progesterone, or taxol - is dissolved or 

dispersed in the solution and the organic solvent is removed to provide a solid particle, 

insoluble in water (Sheth et. al., 1997). 
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    A large volume of research is currently under way to develop specific delivery systems. 

For example, delivering heparin to blood vessel walls by oral ingestion is hindered by its 

easy degradation into inactive fragments, and administrating it into the blood stream 

requires continuous infusion. A novel local delivery system uses poly (lactic acid-co-glycolic 

acid) microspheres to encapsulate the heparin; the microspheres are then sequestered in 

an alginate gel. Controlled release of the heparin can be maintained over a period of twenty-

five days (Edelman et. al., 2000).  

Another system is being developed for delivering anticancer drugs into the brain by injection, 

for treatment of cerebral tumors. Microspheres of poly (lactic acid) encapsulating the drug 5-

flurouracil are coated with chitosan. After an initial rapid release of 25 percent of the drug, 

the release continues at a slower rate for a period of thirty days (Chandy et. al., 2000). 

Bone repair materials have also been targeted as another valuable application. In the United 

States over a million operations a year are performed involving bone repair, but current 

reconstructive methods are not without limitations. A bone graft from the patient (autograft) 

causes some donor-site morbidity and is limited in supply. A bone graft from another source 

(allograft), usually cadavers, risks rejection and diseases. Metal plates or rods sometimes 

result in stress shielding - the surrounding bone tissue is shielded from normal load-bearing 

stress and is reabsorbed by the body, leading to loss in bone density and the possible need 

for further surgery (Attawia et. al., 2000). 

Bioresorbable plastics provide an alternative orthopedic material for use in bone 

regeneration applications. One composite being studied contains the copolymer, poly (lactic 

acid-co-glycolic acid). The material supports the growth and adhesion of new cells, and can 

be made porous to provide a large, continuous surface for cell proliferation throughout the 

matrix. The degradable material maintains mechanical integrity while the bone heals itself. A 

poly (lactic acid) implant will degrade completely in a time that depends on its size and 

shape, but generally in less than twenty-four months. 
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In another use, poly (lactic acid) containing growth factors have been applied as a coating to 

metal implants used to stabilize bone fractures. 80% percent of the growth factor is released 

within 42 days, and improved healing is observed compared to an uncoated implant. 

Interestingly, even a poly (lactic acid) coating with no incorporated growth factor showed 

some improvement (Schmidmaier et. al., 2000). 

Poly (lactic acid) has many excellent properties and is suitable for a wide range of 

applications. Its future looks promising. 

 

PPoollyymmeerrss  ooff  TTrriiggllyycceerriiddeess  

Plant and animal triglycerides have become the basis for a new family of sturdy, durable 

composites that have long useful life times. The triglycerides are first converted to a more 

chemically reactive form capable of polymerizing - epoxidation is one method. The initial 

liquid resin is a low molecular - weight polymer that is then combined with catalysts and 

accelerators to facilitate the cross-linking reaction. It is injected into a mold containing a 

reinforcing fiber and then heat-cured in the mold to form a rigid thermoset. Genetically 

engineered oils, with increased and otherwise unattainable levels of fatty acid unsaturation, 

improve the properties of the final composite (Wool et. al., 1999). 

Soy oil resins with glass fiber reinforcement can be made into long-lasting, durable 

thermoset materials. Practical applications of these sturdy materials include agricultural 

equipment, the automotive industry, construction, and other areas. 

These new vegetable oil composites are only vaguely reminiscent of Henry Ford's soybean 

plastics; they are significantly improved versions. Ford's plastic involved cross-linking the 

soy protein that remained in the soy meal after the oils had been extracted. For strength, 

Ford's plastic had to have a substantial amount of phenol-formaldehyde or urea-
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formaldehyde resin. The new soy oil composites are based only on renewable raw 

materials, and are nevertheless strong. They are also free of formaldehyde. 

Plant oils other than soy oil, and fibers other than glass, can also be used in the process. 

Plant fibers from jute, hemp, flax, wood, and even straw or hay are alternatives- soy-based 

resins have a strong affinity for natural fibers. If straw could replace wood in compression - 

molded composites now widely used in the construction industry such as fiberboard it would 

provide a new use for an abundant, rapidly renewable agricultural commodity and at the 

same time conserve less rapidly renewable wood fiber. 

In the future it might be possible to use cellulose nanoparticles in place of glass fibers to 

produce strong, durable and biodegradable composites.     

Epoxidized soybean oil has also been polymerized with citric acid to form a coating on kraft 

paper, producing biodegradable agricultural mulch. The coating increases the wet strength 

of the paper and reduces its degradation rate so that the mulch can inhibit weed growth for 

more than ten weeks. Without the coating the paper degrades after about six weeks 

(Shogren et. al., 2000). 

Technologies for all the three types of bioplastics are under continuing development, and 

commercial products have begun to appear on the market. Several types of compost bags, 

for example, are already commercially available. Starch, microbial polyesters, poly (lactic 

acid), and other thermoplastic resins are playing especially important roles in the emerging 

bioplastics industry because they can be processed with the conventional equipment of the 

plastics industry (Shaw et. al., 1999). 
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22..44  BBiiooppllaassttiiccss  iinn  FFoooodd  PPaacckkaaggiinngg                                                                                                        

Food packages serve a number of important functions, including containment and protection 

of food, maintaining the sensory quality and safety of food, conferring convenience to food 

and communicating information about food to consumers (Robertson, 1993).  Most 

commonly used food packages clearly fall into primary, secondary or tertiary packaging 

categories. For a variety of food products, however, conventional packaging does not 

provide optimal conditions for product storage (Petersen et al., 1999) and a number of 

approaches are used to design packages for specific products. Such product-specific 

packaging includes applying edible films and coatings, active packaging, modified 

atmosphere packaging (MAP), and using combinations of packaging materials.                       

                                        

22..44..11  TTyyppeess  ooff  ppaacckkaaggiinngg  ((ii..ee..  PPrriimmaarryy,,  sseeccoonnddaarryy  aanndd  tteerrttiiaarryy  

ppaacckkaaggiinngg))                                                                                                                                                                                        

Primary packaging materials are those which are in direct contact with foods. Their functions 

are to contain, protect and facilitate distribution and storage of foods while satisfying 

consumer needs with respect to convenience and safety (Brown, 1992). The properties of 

the primary packaging materials should be tailored according to the requirements set by the 

packaged foods. Primary packaging is packaging where the material and food may be 

separated from each other. Thus, edible coatings do not fall into the primary packaging 

category. However, edible films may perform similar functions to primary packaging. 

Secondary packaging is often used for physical protection of the product. It may be a box 

surrounding a food packaged in a flexible plastic bag. It could also be a corrugated box 

containing a number of primary packages in order to ease handling during storage and 

distribution, improve stackability, or protect the primary packages from mechanical damage 

during storage and distribution. Secondary packaging may also provide crucial information 
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on lot number, production dates, etc. aimed at distributors and retailers. Furthermore, 

secondary packaging may be used for marketing purposes, e.g. a box that may be unfolded 

into retail display cabinets in the supermarket. Tertiary packaging incorporates the 

secondary packages in a final transportation package system. Again, the purpose is to 

facilitate storage and handling and to protect the packaged product against mechanical 

damage, weather conditions, etc. Examples of tertiary packaging are boxes, pallets and 

stretch foils.  

  

EEddiibbllee  ffiillmmss  aanndd  ccooaattiinnggss  

Edible coatings and films comprise a unique category of packaging materials differing from 

other biobased packaging materials and from conventional packaging by being edible. Films 

and coatings differ in their mode of formation and application to foods. Edible coatings are 

applied and formed directly on the food product either by addition of a liquid film-forming 

solution or molten compounds. They may be applied with a paintbrush, by spraying, dipping 

or fluidising (Cuq et al., 1995). Edible coatings form an integral part of the food product, and 

hence should not impact on the sensory characteristics of the food (Guilbert et al., 1997). 

Edible films, on the other hand, are freestanding structures, formed and later applied to 

foods. They are formed by casting and drying film-forming solutions on a levelled surface, 

drying a film-forming solution on a drum drier, or using traditional plastic processing 

techniques, such as extrusion. Edible films and coatings may provide barriers towards 

moisture, oxygen (O2), carbon dioxide (CO2), aromas, lipids, etc., carry food ingredients (e.g. 

antimicrobials, antioxidants, and flavour components), and/or improve the mechanical 

integrity or handling of the food product. Edible films and coatings may be used to separate 

different components in multi-component foods thereby improving the quality of the product 

(Krochta and De Mulder-Johnston, 1997). They may be used to reduce the amount of 
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primary synthetic packaging material used in a product or allow conversion from a multi-

layer, multi-component packaging material to a single component material. Edible coatings 

may also help maintain food quality by preventing moisture and aroma uptake/loss, etc. after 

opening of the primary packaging. 

 

AAccttiivvee  ppaacckkaaggiinngg    

Packaging is termed active when it performs a role other than providing an inert barrier to 

external conditions. Active packaging solutions could involve the inclusion of an oxygen 

scavenger or an antimicrobial agent if microbial growth is the quality limiting variable 

(Rooney, 1995). 

 

MMooddiiffiieedd  aattmmoosspphheerree  ppaacckkaaggiinngg                                                                                                                                                                                            

Modified Atmosphere Packaging (MAP) is defined as the enclosure of food products in a 

high gas barrier film in which the gaseous environment has been changed or modified to 

control respiration rates, reduce microbiological growth, or retard enzymatic spoilage with 

the intent of extending shelf-life (Smith et al., 1995). For example, red meats are packaged 

in atmospheres in which the oxygen and carbon dioxide contents are elevated, relative to 

air, to maintain product colour, yet inhibit microbial growth. 

 

CCoommbbiinnaattiioonn  mmaatteerriiaallss                                                                                                                                                                                                

Combining packaging materials in, for example, laminates or coextrudates may improve 

barrier characteristics significantly. One example is combining cardboard and plastics in 

gable top beverage packages. Cardboard provides stability and light protection while the 

plastics contribute to an optimal packaging solution by providing a water vapour barrier. 
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RReeqquuiirreemmeennttss  ffoorr  ffoooodd  ppaacckkaaggiinngg  

The packaging requirements of foods are complex. Unlike inert packaged commodities, 

foods are often dynamic systems with limited shelf-life and very specific packaging needs. In 

addition, since foods are consumed to sustain life, the need to guarantee safety is a critical 

dimension of their packaging requirements. While the issue of food quality and safety is first 

and foremost in the mind of the food scientist, a range of other issues surrounding the 

development of any food package must be considered before a particular packaging system 

becomes a reality. Biobased packaging materials must meet the criteria that apply to 

conventional packaging materials associated with foods. These relate to barrier properties 

(water, gases, light, aroma), optical properties (e.g. transparency), strength, welding and 

moulding properties, marking and printing properties, migration/scalping requirements, 

chemical and temperature resistance properties, disposal requirements, antistatic properties 

as well as issues such as the user-friendly nature of the material and whether the material is 

price-competitive. Biobased packaging materials must also comply with food and packaging 

legislation, and interactions between the food and packaging material must not compromise 

food quality or safety. In addition, intrinsic characteristics of biobased packaging materials, 

for example whether or not they are biodegradable or edible can place constraints on their 

use for foods. 

RReeppllaacciinngg  ccoonnvveennttiioonnaall  ffoooodd  ppaacckkaaggiinngg  wwiitthh  bbiioobbaasseedd  ppaacckkaaggiinngg          

One of the challenges facing the food packaging industry in producing biobased packaging 

is to match the durability of the packaging with product shelf-life. The biobased material 

must remain stable maintaining mechanical and/or barrier properties and functioning 

properly during storage of the food. Ideally, the material should biodegrade efficiently on 

disposal (Graaf de et. al., 1998). Thus, environmental conditions conducive to 
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biodegradation must be avoided during storage of the food product whereas optimal 

conditions for biodegradation must exist after discarding. This situation presents an 

interesting challenge for the design and use of biobased packaging materials since many of 

the factors that influence biodegradation (water activity, presence of microorganisms, 

temperature, composition of bio-material, etc.) also affect the rate of deterioration of the 

packaged food. In the case of edible films they may be required to operate as localized 

packages providing barriers to moisture or gases while the food is stored, yet they must 

become part of the food at the point of consumption. Like conventional packaging, biobased 

packaging may need to supply consumers with mandatory product information as well as 

optional information such as cooking directions, recipes, etc. These additional requirements 

provide further challenges for biobased packaging applications. For example, new 

technology may be required to provide labelling information on biodegradable packages. 

Biodegradable and/or edible adhesives, labels or inks and solvents may be considered 

(Graaf de et. al., 1998).    

  

FFoooodd  qquuaalliittyy  ddeemmaannddss  ffoorr  bbiioobbaasseedd  ppaacckkaaggiinngg      

Defining the requirements of packaging in terms of maintaining food quality depends on how 

food quality is defined. Factors that contribute to consumer perception of food quality include 

sensory attributes (e.g. appearance, flavour, texture), nutritional content, safety concerns 

(e.g. microorganisms, residues), ethical issues (e.g. humane production methods), and the 

price of the food (Guilbert et al., 1997). Deterioration in the sensory attributes, nutritional 

content and safety of foods is caused principally by physical and chemical changes in the 

food during storage and by microbial spoilage. Biobased packaging, like conventional 

packaging, should minimize these deteriorative changes in food products. Chemical 

changes in foods, leading to deterioration in quality, include browning reactions (non-
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enzymatic and enzymatic), hydrolysis of lipids and proteins, lipid and protein oxidation and 

glycolytic changes. To control these chemical reactions biobased packaging materials must 

have the capacity to control one or more of the following: the gaseous atmosphere around 

foods (oxygen, carbon dioxide, and nitrogen), water activity, light, and temperature. 

Deterioration in food quality due to microbial growth will be affected by the ability of the 

biobased packaging materials to control factors such as water activity, pH and nutrient 

migration. 

Table 2.1 Requirement for food packaging (Weber J. C. et al., 2000) 

Area Overall Specific 

Food Quality Maintain or enhance sensory 

properties 

 

Maintain the necessary 

microbial standards 

Maintain taste, smell, color, 

and texture 

 

Should not support the 

growth of unwanted 

microorganisms 

Manufacturing Offer simple, economic 

process for package 

formation 

Sheet, films, containers, 

pouches with adequate 

mechanical properties  

Logistical Facilitate distribution Conform to industry 

requirements 

Marketing 

 

Enhance point of sale appeal 

 

Good graphics, aesthetically 

pleasing, deliver the required 

functionality 

Environment Shouldn’t endanger human 

safety 

Safe food contact 

interactions 

Legislation National Laws Meet labeling, hygiene, 

migration conditions 

Financial  Cost effectiveness Acceptable price per food 

package  
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In addition to minimizing deteriorative changes originating from indigenous substrates within 

or on the surface of food products, packaging materials may be required to protect foods 

from exogenous influences. Food products may need to be protected from microorganisms 

originating from other sources or from bruising or crushing as a result of poor handling 

(Petersen et al., 1999). Table 2.1 shows requirements for food packaging. Physical changes 

associated with deterioration in food quality include softening, toughening, loss of water 

holding capacity, emulsion breakdown, swelling/shrinkage, and crushing/breakage 

(Petersen et al., 1999). Physical changes resulting from water uptake may be prevented by 

controlling moisture migration into foods or between different food components. Since 

chemical and physical changes do not occur independently of each other, controlling 

chemical reactions and microbial deterioration with biobased packaging materials may also 

contribute to the physical stability. 

 

BBiioobbaasseedd  ppaacckkaaggiinngg  ooff  ffooooddss      

The use of biobased packaging materials for food depends on availability, quantities, prices 

and properties of the materials. To date, considerable resources have been allocated to 

research, development and pilot scale studies, but usage of biobased packaging materials 

in the food industry is relatively limited. Technical packaging considerations as well as 

marketing aspects are important criteria when selecting a given packaging material or 

technique. These criteria are illustrated by numerous feasibility studies carried out for small 

and large food companies encompassing both technical and market-oriented aspects (Cuq 

et. al., 1995). Producers of the coating materials or manufacturers of food products may not 

yet consider them to be of commercial interest because: (i) the coating materials, 

themselves, make up a minor part of the food product (typically 0.001-0.01%) and (ii) the 

application of the edible coating or film requires an extension of the processing line with 



CHAPTER 2: Literature Review 
 

 

70 | P a g e  

 

either spraying, dipping or pan coating unit. Not all factories have room for the extension or 

the cost for additional coating equipment is simply too high compared to the benefit obtained 

with the coating. Thus, while many applications of edible coatings/films have been 

investigated and identified and found to be very interesting from an academic point of view, 

there have undoubtedly been some successful commercial applications when it comes to 

large-scale use and implementation in the food industry the adoption of the listed 

applications is rather limited (Guilbert et al., 1997). 

 

PPootteennttiiaall  ffoooodd  aapppplliiccaattiioonnss  

Research and Development activities in the area of food bio packaging have intensified over 

the last decade. However, the lack of food biobased packaging materials on the market is 

evident and it appears that scientific studies on these materials are still very much in their 

infancy. Food manufacturers and packaging producers are currently testing biobased 

packaging materials for foods, but because of the confidential nature of the work it is difficult 

to get information on the findings (Hänggi, 1995). Thus, it is difficult to present the state of 

play in the market at present or to predict what will happen in the near future. In this section, 

potential biobased packaging materials for particular food products are presented bearing in 

mind product-specific requirements and that biobased packaging materials should, at least, 

meet the same food packaging requirements as conventional packaging materials. Different 

food categories are discussed in terms of deteriorative reactions that limit their shelf life. 

Some of the materials presented are not directly applicable presently and further 

optimization will be needed. However, the examples give an indication of the potential for 

biobased food packaging in the future (Hänggi, 1995).  
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 FFrreesshh  mmeeaatt  pprroodduuccttss  

Two factors are critical in the packaging of red meats: colour and microbiology (Robertson, 

1993). In order to preserve the red colour of fresh meat, attributed to oxymyoglobin, a high 

oxygen level over the product surface is required. This level can be obtained by using 

oxygen permeable films in the packaging process. On the other hand, oxygen also 

supports the growth of bacteria, and discoloration, attributed to the brown pigment 

metmyoglobin, occurs rather quickly. This surface discoloration is even more pronounced 

in ground meats where the exposed surface area is hugely increased. As a result of its 

high water activity, unprotected chilled meat will lose weight by evaporation and its 

appearance will deteriorate (Robertson, 1993). Thus, low water vapour permeability is 

important in packaging of fresh meat. In cured meat products the pigment 

nitrosylmyoglobin oxidizes rapidly in the presence of light and oxygen. The onset of 

oxidative rancidity is also accelerated in the presence of light and oxygen. Thus, low 

permeability to oxygen and light are required of packaging materials for cured meat 

products. Raw poultry support microbial growth due to its high pH (5.7-6.7). Hence, 

packaging in modified atmospheres with a high level of CO2 or vacuum extends shelf-life 

considerably. The myoglobin content of poultry is much lower than in beef and in other 

meats resulting in a relatively high colour stability of the product (Taylor, 1996). Fresh 

meats are typically packed in oxygen permeable packs, vacuum packs or modified 

atmosphere packs. Where residual oxygen must be maintained at a very low level, 

vacuum packaging minimizes the colour and flavour defects associated with oxidation of 

muscle myoglobin and lipids, respectively. Modified atmosphere packaging (MAP), with 

70-80% O2 to maintain oxymyoglobin and 20-30% CO2 to inhibit microbial growth is 

commonly used to package fresh red meats. White meats, such as poultry meats, are 

often packed in a mixture of CO2 and N2. However, some authors point out that more than 
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25% CO2 may cause discoloration and off-flavour formation in poultry (Bartkowski et al., 

1982). The “snug-down” effect obtained at high CO2, when the CO2 is dissolved in the 

water phase, is undesirable for several products giving the package a vacuum packaged 

look. It is possible to prevent the snug down effect by using N2 in the gas-mixture (Parry, 

1993). Active packaging, involving the use of oxygen-absorbing sachets, has been found 

to be useful in reducing photo-oxidation in cured meat products (Andersen and 

Rasmussen, 1992). Starch is hygroscopic in nature and starch-based absorbent pads are 

expected to provide a potential alternative to the conventional absorbent pads for meat 

exudation. To avoid drying out it is important to design the pads for the specific product. 

Many biobased packaging materials have a relatively high oxygen permeability which 

would make them suitable for packaging fresh meats packed in air. A suggestion for 

biobased packaging of such meat products is a combination of a film based on plasticized 

proteins which has high oxygen permeability, e.g. wheat gluten, whey, and a tray based on 

starch, pulp, PLA and/or PHB. Lids may be produced from PLA, cellulose acetate or 

cellophane. Furthermore, coating of meat might be useful for the reduction of oxidation. 

 

RReeaaddyy  mmeeaallss  

The major challenge encountered with the shelf-life of ready meals arises from their 

heterogeneity (Labuza, 1982). The shelf life of ready meals in chill-storage is largely 

determined by the extent of oxidative changes and the growth of microorganisms. To reduce 

deteriorative reactions in ready meals it is recommended to use packaging materials with 

low oxygen permeability and water vapour permeability. In cooked meats, oxidative changes 

occur rapidly and lead to the formation of the characteristic off-flavour described as “warmed 

over flavour” (WOF) (Stapelfeldt et al., 1993). Modified atmosphere packaging (MAP) with 

nitrogen to replace oxygen and carbon dioxide to inhibit microorganisms is often applied. 
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Exclusion of oxygen is also important in pre-cooked frozen foods where lipid oxidation is a 

major contributor to deterioration (Labuza, 1982). Packaging methods include vacuum 

packaging, modified atmosphere packaging (e.g. 30% CO2/70% O2), and packaging in 

atmospheric air (Stapelfeldt et al., 1993). PE or laminate foil with low oxygen permeability is 

used (Stapelfeldt et al., 1993). Cardboard is often used around the primary packaging to 

protect the packaging from mechanical injuries during transportation and handling. Vacuum 

packaging and MAP require packaging materials with low permeability towards gases. 

Available biobased packaging materials do not posses these properties and further 

optimization of the materials is required in order to make them useful for ready meals. A 

flexible film wrapped around a tray, both based on PHB, may be an option because of the 

relatively low oxygen (O2) and water vapour permeability of the material (Hänggi, 1995; 

Krochta and De Mulder-Johnston, 1997). Paperboard coated with PHB might be a potential 

biobased packaging material for ready meals in the future. Unfortunately, coating of paper or 

board with PHB or other biobased materials is more difficult than coating with PE. This 

problem is caused by the lower adhesion of the biobased materials to paper or board. 

Furthermore, the sealing window for biodegradable plastics is narrower than for PE with the 

result that, in addition to the higher material cost, the requirements of the packaging line are 

higher. These problems need to be solved before paperboard coated with biobased 

materials will offer an alternative to conventional packaging for food applications. PHB is 

presently not flexible enough for forming films or foils. PHB also tends to become brittle and 

to lose water vapour barrier properties (Hänggi, 1995). Thus, use of PHB in films or foils 

requires further process optimization before being considered for ready meals. Since ready 

meals often require re-heating, heat resistance, to allow heating of the food directly in the 

pack, is an additional need. The requirement for partitioning between food constituents in 

ready meals would appear to present a range of potential applications for edible films and 

coatings. Since most biobased packaging materials are compostable, distribution of ready 
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meals in compostable trays might be appealing in closed systems such as hospitals and 

residential homes for elderly people, because of the possibility of composting both food and 

trays directly after use.  

 

DDaaiirryy  pprroodduuccttss  

Milk, cream, fermented milk products, and processed cheese require low oxygen 

permeability packaging to avoid oxidation and growth of undesirable microorganisms. In 

addition, light initiates the oxidation of fats in dairy products and leads to discoloration, off-

flavour formation and nutrient loss, even at temperatures found in refrigerated display 

cabinets. The oxidative reactions initiated by light may continue even if the products are 

subsequently protected from light. Dairy products should be protected from water 

evaporation, absorption of odours from the surroundings and high storage temperature to 

maximize shelf life. Different packaging technologies apply to different products. Thus, cold 

filling is used for milk, cream and fermented products, aseptic packaging is used for Ultra 

heat treatment (UHT) milk, hot filling is used for butter and yoghurts, MAP packaging is used 

for milk powder, MAP packaging and hot filling is used for cheese. Several researchers have 

recommended fresh cheeses (e.g. cream cheese, decorated cream cheese, soft cheese, 

cottage cheese) to be packaged in modified atmospheres with N2 and/or CO2 replacing the 

O2 in the package (Mannheim and Soffer, 1996; Fedio et al.,1994; Moir et al., 1993). 

However, spoilage caused by yeast and especially bacteria may still occur even at very low 

O2 and elevated CO2 levels (Westall and Filtenborg, 1998). Semi-soft and hard cheeses 

(whole, sliced, or shredded) have a relatively high respiration rate requiring a packaging 

material somewhat permeable to CO2 to avoid blowing of the packaging. O2 must be kept 

out to avoid fungal spoilage and oxidation of the cheese. Mold ripened cheeses, such as 

white cheeses and blue-veined cheeses, contain active fungal cultures. As a consequence, 
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the O2 content should not be too low as this may cause anaerobic respiration and production 

of off-flavours. Instead, these products require a balanced oxygen and carbon dioxide 

atmosphere tailored to each product to prolong shelf-life (Haasum and Nielsen, 1998; 

Nielsen and Haasum, 1997). The packaging materials commonly used include: glass, PE-

coated paperboard, plastic containers (HDPE) for milk; plastic containers, PE-coated 

paperboard cartons/with or without aluminium for UHT milk; plastic tubs (PS or 

PP)/aluminium foil heatsealed to the rim of the container, PE-coated paperboard, glass 

bottle with foil cap, blow-moulded PE containers sealed with a close fitting plastic cap for 

cream; aluminium foil/greaseproof paper or vegetable parchment, paper, parchment, plastic 

tubs (PS or PVC) with a tight-fitting lid of the same material for butter; PA/PE, APET, PET or 

PVC/PVC or PVdC coating/LDPE or EVA or ionomer, PS, PP for cheese; air tight packages, 

metal cans, aluminium foil/plastic laminates with paper for milk powder. PLA or PHB/V 

bottles or paperboard cartons coated with PLA or PHB/V could be used as packaging 

materials for milk because of their high moisture and oxygen barrier properties compared to 

the conventional HDPE bottles and PE-laminates. Exclusion of light from the bottles may be 

obtained by adding e.g. pigments to the polymer blend. Since cheeses respire, packaging 

materials with relatively high carbon dioxide permeability are required in order to avoid 

inflation of the packages. Cardboard coated with a mixture of biobased/biodegradable 

materials to obtain the proper mechanical and barrier properties is suitable for yoghurt, feta 

cheese, sour cream, fromage frais, cottage cheese or processed cheese. However, the 

lower adhesion of biobased materials remains an issue. Application of medium-chain-length 

PHA latex as cheese coating for prevention of moisture loss due to a low water vapour 

permeability is reported to be an alternative to conventional used cheese coatings (Van der 

Walle et al., 2000). 
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BBeevveerraaggeess  

Factors limiting the shelf-life of beverages include microbial growth, migration/scalping, 

oxidation of flavour components, nutrients and pigments, non-enzymatic browning, and, in 

the case of carbonated beverages, loss of carbonation. Thus, requirements of the packaging 

materials for beverages include low gas transmission and light permeability and resistance 

towards scalping (migration from food product to package). Packaging materials with high 

water vapour barrier properties are required to prevent penetration of the beverage through 

the package. For packaging of acidic beverages the material must be resistant to acids 

(Petersen et al., 1999). Packaging methods for packaging of beverages include aseptic 

packaging with or without nitrogen injection (Sizer et al., 1988), hot (McLellan et al., 1987) 

and cold filling. The packaging materials commonly used include: glass, HDPE, 

PP, PC, PET, PVC, PE/paper/PE/Al/PE, PE/paper/PE/Al/special coating (gable top 

packaging types) for water; glass, metal, HDPE, PE/paper/PE/EVOH/PE, 

PE/paper/PE/SiOx/PE, PE/paper/PE/Al (gable top packaging types) for juice; glass, 

metal, PET for carbonated soft drinks; glass, metal, PET for beer. A Danish project on 

packaging fresh unpasteurized orange juice suggests that PLA and PHB bottles or cups 

could be used for packaging beverages (Haugaard and Festersen, 2000). The results 

showed PLA-cups to have relatively low water vapour permeability and high resistance 

to scalping compared to PE. Since PHB has much lower oxygen transmission rate than 

PLA (Krochta and De Mulder-Johnston, 1997) and PHB has high water resistance 

(Hänggi, 1995), coating of PLA with PHB is expected to give a useful biobased 

packaging materials for beverages. Packaging materials based on 100% PHB are also 

expected to be useful for beverages. Paperboard coated with PHB, PLA or modified 

starch in order to improve the moisture and oxygen barrier properties of the paperboard 

could also be of potential use in packaging beverages. While the barrier properties of the 
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suggested biobased packaging materials may match the beverage requirements, the 

mechanical strength is at present insufficient for the production of gable top type 

packaging materials. 

  

FFrruuiittss  aanndd  vveeggeettaabblleess  

Fruits and vegetables continue to respire, transpire and produce the ripening hormone 

ethylene even after harvesting with the result that concentration of carbon dioxide, oxygen, 

water and ethylene change over time inside storage packs. Changes in gas composition 

may have a positive influence on the colour and flavour of the products, but they may also 

induce negative effects on texture, colour, shelf-life and nutritional quality (Lee et al., 1995). 

Short-term preservation by reducing respiration and transpiration rates can be obtained by 

controlling factors such as temperature, relative humidity, gas composition (ethylene, 

oxygen and carbon dioxide), light, and by applying food additives and treatments such as 

waxing and irradiation. Physical damage (e.g. surface injuries, impact bruising) may 

stimulate respiration and ethylene production and accelerate the onset of senescence. The 

choice of proper packaging material is complex because it depends on the specific 

respiration and transpiration rates of the different products and the conditions in the supply 

chain. If the chosen packaging material is impermeable to CO2, O2 and H2O, an anaerobic 

environment inside the packaging will develop and lead to microbial fermentation and 

product deterioration. If the packaging material is too permeable to water vapour, the 

products will dry out and the atmosphere in the packaging will contribute to a reduced 

storage life. The ideal packaging material has a permeability that takes the respiration 

processes of the products into account so that the atmospheric balance (CO2/O2 ratio) inside 

the packaging is optimal (Yam and Lee, 1995; Day, 1993). The packaging material should 

retain desirable odours, prevent odour pick-up, provide protection from light and give 
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sufficient protection against mechanical damage. Reduction of the O2 content to less than 

10% by using a passive or active modified atmosphere in the packaging (e.g. rigid tray 

wrapped in or sealed with plastic films) provides a tool for controlling the respiration rate and 

slowing down senescence although an adequate O2 concentration must be available to 

maintain aerobic respiration. Packaging with bags, incomplete sealing or perforation of 

packages, individual shrink wraps, or bulk display where the consumers pick the product 

themselves, are used for fruits and vegetables. Among the packaging materials used for 

fruits and vegetables are: monolayer PVC, perforated thin LDPE, LDPE/MDPE with EVA, 

kraft paper, LDPE, HDPE, white pigmented PVC or PP, expanded (foamed) PS, LLDPE, 

shrinkable film, regular net stocking or expanded (foamed) plastic netting, PET, moulded 

paper pulp with a thermoformed plastic liner, sleeve packs. A potential application is net 

stocking carriers made of biobased materials for fruit and vegetables. Even though the 

gluten-based film has not yet been approved for food contact it may be a potential biobased 

packaging material for products such as mushrooms since it will provide beneficial MAP 

conditions and has a low price compared to conventional packaging materials. The 

properties of PLA-based materials may also be well-matched with the requirement of 

mushrooms for relatively high water vapour permeability and relatively low gas permeability 

(Haugaard and Festersen, 2000). Other possibilities for fruits and vegetables in general 

include perforated PLA, cellulose acetate and cellophane films wrapped around starch-

based trays. In preventing microbial growth, oxidation or loss of moisture edible coatings 

from, e.g. wheat gluten, pectin, and beeswax could be used. 

 

SSnnaacckkss  

The most common modes of deterioration of snack foods are loss of crispiness and 

development of fat rancidity. Thus, low water vapour and oxygen permeability is of the 
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utmost importance. Mechanical strength is required of packages for snack foods and the 

exclusion of light has also been suggested (Quast and Karel, 1972). Most snack foods are 

packaged by form fill sealing (Matz, 1993). For some snack products the air is removed and 

packages are flushed with nitrogen gas to protect against moisture absorption and retard the 

development of rancidity (Labuza, 1982). Fried, extruded, and puffed snack foods are 

typically packaged in multi-layer structures. Packaging materials are usually pigmented, 

metallized, or placed inside paperboard cartons (Robertson, 1993). Spiral-wound, 

paperboard cans lined with aluminium foil or a barrier polymer are used for e.g. chips and 

nuts. In addition, metal cans are used for fried nuts; the container usually being gas flushed 

with nitrogen. 

Biobased packaging materials based on whey protein isolate, hydroxypropyl cellulose, and 

zein have already been investigated for roasted peanuts (Maté et al., 1996; Ramos et al., 

1996). As a result of the requirements for low permeability towards oxygen and water, 

paperboard coated with PHB, PLA, or modified starch for example, could potentially be used 

as biobased packaging materials for snacks traditionally packed in paper cans or cartons. In 

order to minimize penetration of light, the biobased materials could be combined with 

titanium oxide or other pigments. 

 

 FFrroozzeenn  pprroodduuccttss  

The common modes of deterioration in frozen foods are pigment and vitamin degradation 

and oxidation of lipids (Petersen et al., 1999). Thus, requirements of packaging materials for 

frozen products include a high moisture barrier property to reduce moisture loss and freezer 

burn and oxygen and light barrier properties for protection against oxidation (Bak et al., 1999; 

Robertson, 1993; Christophersen et al., 1992). The packaging material should be resistant 

to tearing and puncturing (Labuza, 1982). For common polymeric films, satisfactory water 
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vapour transmission rates are obtained at freezer temperatures below -20°C (Robertson, 

1993). However, at the low temperature mechanical properties may be affected making the 

polymeric materials more brittle and sensitive to mechanical forces. Most frozen products 

are air packed, with exception of fatty fish which is vacuum packaged or packaged in 

nitrogen (Labuza, 1982). The majority of frozen fruits and vegetables are packed in 

polymeric films the major component being LDPE. Some films contain white pigments to 

prevent light penetration. Other conventional materials include waxed carton-board wrapped 

in a moisture-proof regenerated cellulose film and folding cartons with a hot melt coating of 

PVC/PVdC copolymer (Robertson, 1993). Films and wraps used for meat and seafood 

include cellophane, aluminium foil, PVdC, PE, and PS trays surrounded by films and wraps, 

and coated paper and cartons (Labuza, 1982). Biobased packaging materials can be used 

for frozen products if their permeability under low temperature conditions can be reduced to 

levels comparable to those of conventional packaging materials. Packaging materials based 

on corn zein (Padua et al., 2000), PLA, PHB/V or modified starch might then be of potential 

use for frozen products. As an example, cardboard coated with PHB/PHV in which the 

cardboard gives low light transmittance and PHB/V gives medium transmittance of gas and 

low water vapour transmittance could be applied to frozen food products. PHB/PHV is not as 

brittle when folded as PLA, and it has a higher adhesion to paper. Edible coatings could also 

find application in the prevention of water loss from frozen products. 

 

DDrryy  pprroodduuccttss  

The most critical factors for dry products in relation to packaging are moisture uptake 

leading to loss of crispiness and oxidation of fats resulting in development of rancidity. Other 

modes of deterioration include oxidation of vitamins, breakage of products, loss of aroma, 

discoloration, mould growth, staling, and fat bloom depending on the product. Thus, the 
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most important requirements for the packaging materials include high moisture, oxygen, and 

light barrier properties and high mechanical strength. Most dry products are packaged under 

atmospheric conditions. Commercialization of MAP for bakery products is widespread in 

Europe whereas it is more seldom seen in the rest of the world. Packaging materials for dry 

products include: underground pits or containers, piles of bagged grains and storage bins of 

different sizes, shapes and construction types for grains; bags, bulk bins, multi-walled Kraft 

paper bags, sometimes with an LDPE liner for flour; paperboard carton with a plastic 

window (cellulose acetate) or coated LDPE films for dried pasta; LDPE bags in which the 

end is twisted and sealed with a strip of adhesive tape or perforated LDPE bags for bakery 

products; regenerated cellulose films coated with LDPE or PVC/PVdC copolymer and often 

with a layer of glassine in direct contact with the product if it contains fat, for biscuits; 

cookies and crackers, aluminium foil/LDPE sometimes containing a layer of paper, either 

between the foil and the LDPE or on the outside of the foil, PVC/PVdC copolymer/LDPE, 

molded PVC trays wrapped in aluminium foil or placed inside paperboard boxes or metal or 

glass containers for chocolate (Robertson, 1993). There are many opportunities for using 

biobased materials for dry products especially because the materials have relatively high 

water vapour barriers. Board and paper coated with biobased materials, e.g. PLA or PHB, 

are expected to be very useful for dried foods. Board and paper confer mechanical strength 

thus protecting products from breakage.  

Packaging of foods is a challenging task because food materials are complex and diverse. 

Using biobased materials to package foods brings additional challenges since biobased 

materials themselves possess diverse characteristics. To date, published information of the 

development of biobased packaging solutions for foods has primarily been the focus of 

academics as indicated by the state-of-the-art findings presented in this study (Labuza, 

1982). Food packagers have not used biobased materials for a number of reasons among 

them being a lack of knowledge about the materials themselves and their compatibility with 
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existing packaging technology, an inability to recoup the additional cost of using biobased 

materials in large scale product packaging, and a reluctance to face the legislative hurdles 

that need to be overcome to permit the use of biobased materials. However, food 

manufacturers in collaboration with producers of biobased packaging materials are now 

testing biobased packaging for specific products. Availability of the raw materials for 

production of biobased materials, including PLA, at more favourable costs, will increase in 

the near future and food products packaged in biobased materials are likely to be introduced 

into the market place in the coming years. Potential applications of biobased materials for 

specific food products have been identified using the product as a starting point. Product 

categories with the potential to utilize biobased materials include meat and dairy products, 

ready meals, beverages, snacks, dry products, frozen products and fruits and vegetables. In 

the short term, biobased materials will most likely find application in foods requiring short 

term chill storage, such as fruits and vegetables since biobased materials present 

opportunities for producing films with variable carbon dioxide/oxygen and moisture 

permeability’s. However, to succeed, biobased packaging of foods must be in compliance 

with the quality and safety requirements of the food product and meet legal standards and 

should preferably enhance the value of the product to justify any extra material cost. In this 

context, shelf-life testing is vital along with testing of durability and migration and verification 

of consumer acceptance of the packages. Close dialogue between food scientists and the 

manufacturers of biobased packaging materials is imperative if biobased materials are to 

make a significant impact on the food packaging sector (Labuza, 1982). 
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3.1 Introduction 

In this chapter the first section (3.2) describes the constituents of milk with their detailed 

chemical properties and usages. The focus of section 3.3 is the usage of whey as a raw 

material for producing biodegradable packaging. In the next section (3.4) various 

properties that are important to any packaging material are described. Section 3.5 

explains drawbacks of using biopolymer based packaging. Strategies to enhance 

properties that are lacking in biodegradable packaging are discussed in section 3.6. 

Finally current strategies and procedures for making whey based packaging are 

discussed in section 3.7. Section 3.8 gives the references for this chapter. 

 

3.2 Milk Constituents  

The three main constituents present in whole cows’ milk are (Tamine A. et al. 2009): 

1. Carbohydrate (~5%): Lactose 

2. Proteins (3.5%): Caseins, Whey Protein 

3. Fat (~3.5%): Saturated, Monosaturated and Polysaturated.  
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Fig. 3.1 Protein fraction of cow’s milk (Linden G. et al. 1999) 

 

3.2.1 Proteins in Milk 

Figure 3.1 shows that milk contains 32–35 g of nitrogenous substances per 100 g in 

cows’ milk, out of which only 5% is non-protein nitrogen (NPN) substance. There is no 

appreciable quantity of peptides in milk. The NPN substances remain in solution when 

the proteins have been precipitated by adding coagulating/denaturing agents like 

trichloroacetic acid. These comprise of numerous substances that have low molecular 

mass (less than 500 Da); the most abundant is urea (0.25 g l-1), together with metabolic 
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intermediate products (orotic acid) and free amino acids. This fraction is significantly 

involved in the growth of bacteria. αs1-, αs2-, β- and κ-caseins are the molecules that 

form casein micelle. With the ʏ-caseins they form over 75% of the total nitrogen. They 

are phosphorylated by an ester bond with serine or threonine, which accentuates their 

acid behaviour. They have the essential characteristic of precipitating at pH 4.65 at 

ambient temperature. These are small proteins, with a molecular mass in the region of 

20,000–25,000 Da; however, in their native state they are always found strongly 

combined with each other in relatively large micelles which also contain minerals (Linden 

G. et al. 1999). 

Whey proteins are much less abundant than the caseins. They do not participate in 

enzymatic coagulation; however, they have a higher nutritional value, mostly because of 

their sulphuramino acid and lysine content. Proteins that constitute whey includes β-

lactoglobulin, α-lactalbumin, immunoglobulins, albumin serum and proteose-peptomes 

as shown in Fig. 3.1. β-lactoglobulin (approximately 3 g l-1) which despite its name ought 

really to be ranked alongside the albumins because of its low molecular mass of 18,360 

Da, its high solubility, its electrophoretic mobility and holoprotein nature. α-lactalbumin 

(molecular mass 14,200 Da), in addition to its role as a regulator of the activities of 

lactose-synthetase, is characterised by its high tryptophan content. 

Immunoglobulins (Ig) are present in all milks. In cow’s milk they form only a tenth of the 

whey proteins (0.5–0.7 g l-1); however, their proportion increases significantly in 

colostrum (12 g/l at the end of the first day and 80 g/l in the first hour’s colostrum). This 

increase is the result of the movement of the blood Igs, because the biosynthesis of the 

other components is not reduced. However, not all the milk Igs come directly from the 

blood; some are synthesised in the mammary gland. Proteose-peptones constitute the 

minor protein fraction of whey. They remain soluble after heating to 95°C and 
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acidification at pH 4.6. Two principal classes can be differentiated: Constituents resulting 

from the enzymatic proteolysis of major proteins. A fraction of thermostable 

glycoproteins having a marked hydrophobic character. The spatial structure of caseins is 

very different from that of whey proteins. It is very open because of the high content of 

uniformly distributed proline residues which limits the α-helix and β-sheet formation, and 

because of the absence of disulphide bridges. This results in a conformational state 

which is not particularly sensitive to thermal denaturation but can easily be accessed by 

enzymes. The role played by the nature and distribution of amino acids, as well as by 

the number and position of certain groups with regard to the functional properties of 

caseins, is also of interest. The distribution of seven phosphate groups located between 

the amino acid residues 42 and 80 as well as the distribution of the amino acid residues 

provides the casein as1 with a very hydrophilic region and three hydrophobic regions. β-

casein has an N-hydrophilic terminal region and a hydrophobic C terminal region. The 

amphiphilic nature of these proteins therefore gives them the ability to orientate and 

diffuse towards the oil/water or air/water interfaces, thus producing good emulsifying and 

foaming properties. On the other hand, the structure and the properties of whey proteins 

differ from those of caseins because of the uniform distribution of hydrophilic and 

hydrophobic amino acid residues all along the polypeptide chain. In addition, a low 

concentration of proline residues and the presence of disulphide bonds give whey 

proteins a very compact globular conformation. By comparison with caseins, whey 

proteins are found in a soluble state; they do not precipitate at their isoelectric point but 

are quite unstable to heat and precipitate during thermal processing in the following 

order: immunoglobulins, β-lactoglobulin, serumalbumin and α-lactalbumin. At around the 

denaturation temperature, the protein structure opens up and unfolds. This reaction can 

be reversible, but more often the irreversibly denatured proteins aggregate and 

precipitate. Under certain conditions, denatured proteins can result in a gel. The 
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amphiphilic character of dairy proteins allows them to move towards the oil/water or 

air/water interface and to lower surface tension. For example, in an emulsion or foam, 

proteins migrate towards the interface where they form a film and loose some of their 

conformation and hydration energy in reducing surface tension. The stability of the 

system strongly depends on the nature and properties of the film (steric and electrostatic 

factors, thickness, elasticity and viscosity of the film) (Linden G. et al. 1999). 

 

Fig. 3.2 Constituents of milk fat (Linden G. et al. 1999) 

 

3.2.2  Milk Lipids 

Fat in milk, constitutes of predominantly glycerides that are solid at ambient temperature 

(Fig. 3.2). It is almost completely free and is finely dispersed in the fat globules. Polar 
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lipids which are mostly phospholipids form part of the lipid fraction; they are mainly found 

in a combined form in the globular membrane. Liposoluble, non-saponifiable substances, 

principally carotenes and vitamins A and D, form the rest. An analysis of the composition 

of the fatty acids in milk reveals that two-thirds of fatty acids are saturated and the 

remaining third are unsaturated. Although palmitic acid is predominant, short chain (C4–

C10) fatty acids are found in significant proportion compared with most everyday fats 

and oils apart from coconut and palm-kernel oil (Tamine A. et al. 2009).  

 

3.2.3 Isolation of Whey 

Over the past 20 years, nearly all available techniques for protein seperation have been 

used to isolate and fractionate whey proteins (Linden G. et al. 1999). Traditionally the 

product known as lactalbumin, which results from heat-induced precipitation of whey 

protein, is commerically produced in several countries. Total manufacture was small, 

however because denaturaton of the proteins resulted in limited applications for the 

products in formulations of food products. The lactose industry also prduced an early 

type of whey protein concentrate in the form of a mother liquor, which has been used for 

many years as a stock food. This product is referred as first generation whey protein 

(Linden G. et al. 1999). 

 Commercial success of second generation of whey protein, known as whey protein 

concentrate (WPC) and whey protein protein isolate (WPI), obtained by the use of 

ultrafiltration and ion exchage, has resulted in increasing production in recent years.  

Current industrial procedures for manufacturing WPC usually involve the following series 

of processing treatments (Linden G. et al. 1999):  
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1. Fresh cheese is pretreated to remove insoluble materials including fat, casein residue 

and colloids. 

2. The pretreated whey is concentrated by ultrafiltration (UF) to reduce the volume down 

to 20-25% of initial volume. 

3. The UF retentate (concentrate) is spray dried. The more the retentate is concentrated 

by UF, the higher the protein content in the product. Using only UF, it is difficult to 

concentrate the protein, although concentration to 80% protein can be achieved by using 

diafiltration. 

 

3.3 Whey in Packaging 

Whey  as discussed in the previous sections is a by product of cheese production that in 

conjuction with other waste streams is a part of dairy waste. 50% of this whey is utilised 

in making whey protein concentrates, whey protein isolates and in production of other 

whey based food products, the other 50% is utlised in undervalued uses like cow feed. It 

is therefore necessary to develop new applications of whey protein to minimize the 

waste (Krochta et. al., 2001). Packaging is one such application for which whey has 

been explored for the past two decades. There are two different stategies for utilizing 

whey, firstly as coating on existing plastic packaging films, and secondly as an active 

functional component of packaging material.  In both cases whey cannot be used as it is 

without modification since it forms films that are highly brittle. To impove the properties 

of whey physical and chemical methods are utilized. Physical methods for modifying 

properies of whey include extrusion and compression moulding. Co-extrusion of whey 

with potato starch, glycerol and other polysaccharides has been extensively studied 

(Krochta et. al., 2001). Whey reacts with starch by Maillard reaction. Maillard reaction 
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involves the combination of hydroxyl functionality of starch with amine functionality of 

whey protein. Although there have been extensive studies on starch-protein blends still 

the problem of low stregth and high water vapour permeability exists due to the highly 

hydrophilic nature of starch. Compression molding of whey with glycerol to form 

plasticized films has also been studied (Krochta et. al., 2001). Chemical methods used 

for modification of whey films include γ-radiation, crosslinkers, chaotropic agents and 

plasticizers (Kim and Maga, 1987). Solvent casting is a methodology used for film 

formation at the laboratory scale. A detailed description of each of these methods and 

processes is discussed in the following sections. 

 

3.3.1 Whey Extrusion and Compression Molded Films 

Extruders contains parts including shearing screws that rotate at varying speeds and 

impart significant structural changes to food components including proteins. A 

demonstrated benefit of high shear processes is the ability to change the molecular 

structure of proteins (Batterman-Azcona and Hamaker, 1998). Though protein 

denaturation by thermal extrusion is not well established (Taylor and Fryer, 1994), whey 

proteins can be modified using chemicals, heat, or by shear in the extruder (Kim and 

Maga, 1987). Chemical treatments alter reactive groups of the amino acids and result in 

changes in the non-covalent forces that influence conformation such as van der Waals 

forces, electrostatic interactions, hydrophobic interactions and hydrogen bonding. 

Extrusion processing at elevated temperature modifies the conformational structure of 

proteins through partial denaturation, which exposes amino acids and peptides that are 

normally concealed in native protein. As discussed previously whey contains two major 

proteins with β-lactoglobulin at 50–70 wt% and α-lactalbumin at 15–25 wt%. Skim milk is 

used to determine denaturation temperature of α-lactalbumin  and β-lactoglobulin (Lyster 
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et.al., 1970). The denaturation of α-lactalbumin is a first-order reaction; between 90 °C 

and 155 °C. The kinetic constant k1 in s−1 is given by the equation  
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�                         3.3.1.1 

where T is temperature in oK. 

The denaturation of β-lactoglobulin in skim-milk is second order with respect to time, and 

the kinetic constant k2 in g–1 s–1 is given by 2 equations, valid for different temperature 

ranges (Lyster et. al., 1970).  

Between 68 °C and 90 °C, 
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Between 90 and 135 °C  
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where T is temperature in oK. 

Globular proteins such as β-lactoglobulin and α-lactalbumin are also susceptible to 

unfolding and denaturation because of shear, an effect that has been observed in an 

extruder at temperatures as low as 50°C, increasing by an order of magnitude every 

25°C. The resulting changes in the characteristics of the proteins, which may be 

characterized by rheological measurements, create the possibility for their use in a wide 

range of products such as high-protein snacks and meat replacers. 

To increase utilization of whey proteins, efforts are needed to improve their functionality 

in the presence of other components such as starches, flours, and other non-dairy 

proteins. This can be accomplished by first texturizing the whey proteins through 
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denaturing their globular structure, or unfolding and realigning the proteins, before 

inclusion with other matrices.  

The extrusion processing history of proteins and interaction of proteins with 

carbohydrates significantly affects their functionality (Onwulata, Konstance, Cooke, & 

Farrell, 2003). Extruded whey protein has unique properties as a food ingredient 

compared to spray-dried whey protein. Whereas spray-dried whey protein can impart 

undesirable textural and functional qualities to food products, extruded whey protein is 

more amenable to introduction into some food products (Onwulata et al., 2003). As food 

manufacturers develop processes incorporating extruded whey proteins into food 

products, the drying properties of extruded whey proteins will be useful to determine 

drying conditions which will optimize their properties. Extruding whey protein solutions 

with corn and soy to obtain a product with a more desirable combination of amino acids 

was first attempted by Aguilera and Kosikowski in 2002.                                        

Generally, compression molding of sheets is studied as a precursor to extrusion, in order 

to demonstrate material flowability and fusion and identify conditions suitable for 

extrusion. Production of glycerol (Gly)-plasticized whey protein isolate (WPI) sheets by 

compression molding has been demonstrated and the water vapour permeability (WVP) 

and solubility results have been reported (Sothornvit, Olsen, McHugh, & Krochta, 2002). 

These Gly-plasticized WPI compression-molded sheets show promise, but they require 

further evaluation, including testing of tensile properties. Tensile properties are 

important, because they reflect film strength, flexibility and elongation (stretchability). 

Development of compression-molded edible films useful for food applications requires 

an understanding of film properties. Utilizing compression molding to produce edible 

films is the first step toward a continuous extrusion process. Soy protein with added 

starch, corn zein, and starch-based films have been manufactured using compression 
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molding and extrusion (Foulk and Bunn 2001; Zhang et.al., 2001). The advantage of 

compression molding films compared with solvent casting films is that the former 

requires less processing time (2 to 3 min) and space. 

 

3.3.2 Chemically Modfied Solvent Cast Whey Films 

Modification during the processes discussed above (extrusion and compression 

molding) is difficult, since the reaction rates of proteins are highly sensitive to moisture 

and temperature. Extrusion and compression molding offer superior temperature control 

and dispersability when components used in formulations were limited to few (Zhang 

et.al., 2001). When multiple additives are used solvent casting is found to be better in 

terms of dispersion and thickness distribution. The advantages of solvent casting 

includes  

• Uniform thickness distribution 

• Maximum optical purity  

• Extremely low haze 
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Table 3.1. Comparison of different film foriming techniques for forming whey films 

Technique Principal effect Advantages: Cost 

and 

commercialization 

Advantages: Film 

properties 

Disadvantages 

Compression 

moulding 

• Material 

flowability 

• Fusion 

• Lower 

processing time 

(Krochta et. al., 

2003) 

• Space (Krochta 

et. al., 2003) 

 

• Greater tensile 

strength due to 

crosslinking 

between whey 

polypeptides by 

pressure and heat 

• Loss of tensile strength due to loss 

of moisture during compression 

(Krochta et. al., 2003) 

• Need of plasticizer with higher 

hyrophilicity which means more 

phdrophilic films (Krochta et. al., 

2003) 

Extrusion (twin 

screw 

extruder) 

• Denaturation 

by shear 

• Crosslinking 

by shear 

• Lower 

processing time 

(Krochta et. al., 

2003) 

• Space (Krochta 

et. al., 2003) 

 

• Induction of 

insolubility 

(denaturation) in 

films (Onwulata et. 

al., 2003) 

• Positive changes 

in mechanical 

properties due to 

non bonding 

interations during 

extrusion 

(Onwulata et. al., 

2003) 

• Unknown and complex interations 

between polypeptides induced by 

shear and heat (Hernández et. al., 

2007) 

• Poor texture formation (Hernández 

et. al., 2007) 

Solvent casting • Solution 

blending 

• Denaturation 

by heat 

• Solvent 

removal 

• Higher 

procesing time 

(Krochta et. al., 

2003) 

• Cost (Krochta 

et. al., 2003) 

• Uniform thickness 

distribution 

• Knownn 

mechanism of 

interation between 

additives (Krochta 

et. al., 2003) 

• Commercialization 

• Cost 

 

Comaprison of solvent casting, compression moulding and extrusion for forming 

whey films is shown in Table 3.1. The optical orientation of solvent cast films is 

virtually isotropic and the films have excellent flatness and dimensional stability.  
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Fig. 3.3 Solvent casting production process (Seimann et. al., 2005) 

On an industrail scale solvent casting process is divided into four different process 

steps and is shown in Fig. 3.3. The first step is the collection of raw materials that 

include polymer, additives and solvent. The second step is the sope preparation 

where the solid polymer in various geometrical shapes such as flakes, granules 

chips or powder is dissolved in pure solvents or mixtures. The polymer is then mixed 

with additives by horizontal and vertical mixing vessels and is followed by deaeration 

and filteration. The third step is the solvent recovery process in which frame and 

plate, candle type and back-flash type filters are used in distillation. The final and 

fourth step is the film casting step. In this step drum casting lines are used for 

making thin films which are dried in drying assemblies connected to drum casting 

lines.  It is possible to apply coatings to the film during the drying process. Coating 
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equipment is integrated into the middle of the drying track. Organic solvent or water-

based coatings are dried on the film surface before it comes into contact with the 

next roller which winds the film into a roll (Seimann et. al., 2005).   

 

Fig. 3.4 Solvent casting procedure for whey film formation 

The process of making solvent cast whey films involves dissolution of protein in a 

suitable solvent and thereafter different chemicals are added to this solution to 

enhance the properties of the film. In case of whey solvent casting is the 

predominant process used for formation of whey films and the methodology is shown 

in Figure 3.4.  
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Formation of solvent cast whey films involves the following steps: 

1. Dissolution of whey protein concentrate isolate in water at ambient conditions for 

2-3 hours. 

2. Denaturing of whey solution by heating the solution at 78 – 82oC for 30-45 

minutes. 

3. Cooling the solution to room temparature and adjusting the pH to 7.0. 

4. Adding plasticizers, crosslinkers or other biopolymers. 

5. Casting the prepared solution on a plastic or teflon coated aluminium petri dish. 

6. Evapourating the solvent (water in this case) by heat (30 – 50 oC) or in ambient 

conditions. 

In step 1 during dissolution it has been found in the past that dissolving whey for less 

than 2 h at room temperature is unable to fully hydrate the protein chains, while 

dissolving for more than 3 h at room temprature activates the protein degradation 

induced by bacteria (McHugh and Krochta 1994b). Step 2 involves denaturing the 

protein solution by heating it. Denaturing process exposes the S-H and other 

hydrophobic groups that are unexposed in whey dissolved in water. Denaturation 

promotes the formation of intermolecular S-S and hydrophobic bonding upon drying 

(McHugh and Krochta 1994b). Whey, like other proteins has an isoelectric point which 

corresponds to pH at which the net charge on the protein chains is zero. In case of whey 

the isoelectric point is 7.0. For this reason the denatured solution is adjusted to PH 7 to 

replace repulsive forces between the proteins (as is the case below isoelectric point) by 

attractive forces. These attractive forces increase the viscosity of the whey solution 

enabling the formation of films with improved elongation. Since the plasticity of the 

protein chains is still not enough to form flexible films it is necessary to incorporate 

plasticizers in the film forming solution. A plasticizer is defined as a nonvolatile molecule 



Chapter 3: Bioplastic Whey 
 

 

108 | P a g e  

 

which when added to polymeric materials changes its tridimensional structure, decrease 

intermolecular forces and create free volume and film mobility. Plasticizer molecules 

reduce the attractive forces between the protein chains, increasing the mobility and 

flexibility of the filmogenic matrix. Polyols, such as glycerol, sorbitol and propylene 

glycol, have been extensively used for this purpose (Coupland et al., 2000).   

Mechanical properties of protein-based films may be further improved by crosslinking of 

protein chains. Crosslinking of proteins has been reported to decrease solubility, 

improve mechanical strength, and barrier properties of the films (Gennadios 2002). 

Protein crosslinking may be achieved enzymically or by physical and chemical means. 

Enzymes, such as transglutaminase, have been used in the crosslinking of milk proteins 

(Motoki and others 1987a, 1987b; Mahmoud and Savello 1990; Mahmoud and Savello 

1993). However, the limited availability and high cost of transglutaminase in the past has 

limited its application. Physical treatments, such as γ-irradiation, have also been used to 

crosslink caseinate films (Ressouany and others 1998; Perez-Gago and Krochta 1999). 

Mezgheni et. al, 1998 have demonstrated that the biodegradation time of calcium 

caseinate films is found to be directly proportional to irradiation dose used. Crosslinking 

of sodium caseinate films using UV treatment has been reported by Rhim et. al.,1999. 

Other physical means to improve the properties of protein-based edible films include 

heat curing (Gennadios and others 1996; Miller and others 1997), which may elicit 

additional crosslinking of proteins. Chemical agents used for covalent crosslinking of 

proteins in the past include glutaraldehyde, glyceraldehyde, formaldehyde, glyoxal, 

dialdehyde starch, carbonyldiimidazole, and lactic acid (Gennadios 2002). 

Whey, when modified by plasticizers and crosslinkers, forms films with good mechanical 

and barrier properties but relatively high water vapour permeability, and solubility in 

water, limiting their applications. To lower water vapour permeability and solubility whey 
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has been combined with polysaccharides and proteins by various research groups in the 

past (Tien et.al. 2000). In these researches whey has been extensively combined with 

animal, plant based polysaccharides and other proteins such as soy protein and gelatin. 

In most cases polysaccharides or proteins are dissolved in solvents and are blended 

with whey protein solutions before casting. Addition of cellulose as a matrix in whey films 

has been researched by Tien et.al., 2000. In their study crosslinked protein was 

entrapped in cellulose and prepared biofilms had good mechanical properties, increased 

resistance to enzymatic attack and reduced solubility in water. The use of gelatin as a 

stabilizing agent improved film appearance and prevented dehydration phenomena. 

Heating and �-irradiation were responsible for crosslinking the proteins and improved 

the film’s mechanical stability and resistance to proteolysis. In addition to covalent 

crosslinking, cellulose-cellulose, protein-protein, or cellulose-protein hydrogen bonding is 

supposed to contribute to film stability (Tien et.al., 2000).  

 

3.3.3  Whey Coated Synthetic Polymer Films  

A number of different polymers in combination are often employed when their individual 

properties can be of benefit in providing part of the required protection. Usually synthetic 

polymer packaging materials may be combined by processes such as lamination, 

extrusion coating or co-extrusion to form multilayer structures which can be 

subsequently formed into flexible pouches, wraps, tubes or containers. Regarding the 

barrier properties of packaging materials, the critical compounds that can penetrate the 

packaging materials and degrade food quality are water vapour and oxygen of the 

surrounding atmosphere (Hernandez et. al, 2000). While water is only weakly and 

reversibly held to foods by hydrogen bonding, oxygen is strongly and irreversibly 

reacted. The ingress of oxygen leads to a permanent change in the nature of food 
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products. Thus the protection of the contents against oxygen is one of the most 

important challenges in packaging of food products. Good oxygen-barrier properties are 

critical for achieving a long shelf life for the packaged product. Oxygen-barrier layers in 

food packaging materials usually consist of expensive synthetic barrier polymers 

including ethylene vinyl alcohol (EVOH) copolymers and polyvinylidene chloride (PVDC), 

which are commonly used in the form of laminates (Hernandez et. al, 2000). 

Alternatively, excellent barrier properties may be obtained by deposition of evaporated 

aluminum or by plasma assisted deposition of inorganic layers such as SiOx on common 

polymer films (Hernandez et. al, 2000). However, these surface modifications require 

high technical efforts (for example, vacuum or plasma) and expensive materials. 

Conventional laminates, such composite polymeric structures are not biodegradable and 

cannot be recycled. Therefore, there is increasing interest in the development of 

biodegradable polymers for packaging materials that have suitable application properties 

and can be disposed of after use in an economically and ecologically acceptable way. A 

novel approach may be explored for the use of biodegradable and edible polymers 

(biopolymers) possessing oxygen-barrier ability in combination with common synthetic 

polymers to produce a laminated structure. Biopolymers derived from various natural 

sources can be reportedly formed as either coatings or stand alone films. Properties and 

potential uses of biopolymer films and coatings based on polysaccharides, lipids, and 

protein materials have been reviewed (Cuq et. al, 1998). Whey protein, a by-product of 

the cheese industry, is already known as an excellent barrier to oxygen, aroma, and oil 

and can be used as a coating material for improving the oxygen barrier property of food 

packaging (Miller and Krochta 1997). Although it is relatively expensive and available in 

limited amounts compared to commodity synthetic polymers in use for packaging 

materials, the price and availability of whey protein are expected to improve with 

increased production of cheese and fractionation of whey. Oxygen permeability (OP) of 
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whey protein films has been reported to be very low and comparable to that of EVOH 

polymer at low or intermediate RH conditions (McHugh and Krochta 1994). With whey 

protein as a new kind of oxygen-barrier coating material, it is expected to be possible to 

obtain a high oxygen barrier property on common plastic films. In addition, whey protein 

coatings can be separated chemically or enzymatically from the substrate layer, 

enhancing recyclability and re-utilization of the plastic layer.  

 

3.4 Properties of Interest in Food Packaging Films  

Properties of whey and films produced from it depends on the additives used and on the 

(chemical) modifications during production. Water vapour permeability, oxygen 

permeability and tensile test are the most frequently used parameters to determinate 

characteristics of food packaging films. In addition biodegradability and glass transition 

temperature are also important parameters used in evaluating the rate of biodegradation 

in natural compost or enzymatic conditions and temperatures of processing / handling. In 

this section each of these properties in reference to whey protein films will be discussed. 

 
 
3.4.1 Barrier Properties - Permeability 

A key characteristic of glass and metals as packaging materials is their barrier properties 

to gases and vapours. While polymers can provide an attractive balance of properties 

such as flexibility, toughness, lightweight, formability and printability, they do allow the 

transport of gases and vapours to some extent. The selection of a barrier polymer for a 

particular application typically involves tradeoffs between permeation, mechanical and 

aesthetic properties as well as economic and recycling considerations. Quality and shelf 

life are reduced when food, through interaction with the outside environment, gains or 
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loses moisture or aroma, takes up oxygen (leading to oxidative rancidity), or becomes 

contaminated with micro-organisms (Krochta M. et. al. 1997). There is ongoing interest 

in optimising property sets of barrier polymers to provide an efficient and economical 

method for packaging and for extending the shelf life of packaged foods and beverages 

(Freeman et. al. 2002). Barrier properties are determined by the steady-state rate of 

mass transport through the films (Robertson et. al. 1993 and Paul, et. al. 1999). The 

permeability coefficient, P, can be defined by Paul, et. al. 1999: 
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The permeability coefficient is not only a function of the chemical structure of the 

polymer, but also depends on many physical factors such as density, crystallinity, 

orientation, crosslinking, plasticizers, moisture sensitivity and temperature. Thus, film 

properties should be compared at as near identical testing conditions as possible as the 

conditions at which the test or analysis is carried out affect the results. Oxygen 

permeability (OP) and water vapour permeability (WVP) are two of the most important 

parameters that affect food. The challenge in use of the barrier properties of proteins is 

to select biopolymer, plasticizer and film-formation conditions that optimize the desired 

barrier properties, while achieving other desirable properties such as film flexibility and 

strength. 

 

3.4.1.1 Oxygen Permeability 

The transfer of oxygen from the environment to food has an important effect on food 

quality and shelf life. Oxygen causes food deterioration such as lipid and vitamin 
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oxidation, leading to sensory and nutrient changes (Anker et. al. 2000). Due to the 

presence of large number of hydrogen bonds biopolymer films are poor barriers to polar 

substances (water vapour) and excellent barriers to non-polar substances, such as 

oxygen and some aroma compounds (Miller et. al. 1997). This hydrophilicity makes their 

gas barrier properties very much dependent on the humidity conditions during 

measurement. That is why the gas permeability of these materials may increase 

significantly when humidity increases.  

 

 

Figure 3.5 Comparison of oxygen permeability of biobased materials compared to 

conventional synthetic polymers. (Olabarrieta I. et al. 2005) 

Modification of polymer structure combined with optimised selection of plasticizer may 

produce, at low to intermediate RH, biodegradable films with oxygen barrier properties 

that are as good as those of poly(vinylidene chloride) (PVDC) and ethylene vinyl alcohol 
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copolymer (EVOH) films (Figure 3.5). Gas permeability measurements of wheat gluten 

films, generally conducted at fixed temperature and dry conditions have shown high 

oxygen barrier properties (Gennadios et. al. 1990, Aydt et. al. 1991, and Gontard et. al. 

1996). Many biopolymer film research studies are focused on oxygen and carbon 

dioxide permeability since these two gases influence the rates of oxidation and 

respiration in the enclosed food, such as fruits and vegetables (Pavlath et. al. 1993, 

Gennadios et. al. 2002, Farber et. al. 2003, and Emmambux et. al. 2003). In most cases 

a biopolymer showing good oxygen permeation, will also be a good barrier to carbon 

dioxide, as well as many organic vapours and odours (Salame et. al. 1986). The 

development of edible films and coatings with selective gas permeability is potentially of 

great interest for controlling respiratory exchange and achieving a modified atmosphere 

effect (Gontard et. al. 1996, Farber et. al. 2003, and Makino et. al. 1997). 
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Figure 3.6 Water vapour permeability (WVP) of biobased polymers compared to 

conventional synthetic packaging materials. (Olabarrieta I. et al. 2005) 

 

3.4.1.2  Water Vapour Permeability 

Natural biodegradable materials are good barrier to oxygen, but their hydrophilic state 

makes them unsuitable for food packaging application, because they are too water 

sensitive (Fig.3.6). 

Normally, protein films have quite high water vapour permeability compared to waxes, 

which are often used as moisture barrier coatings on fruits, vegetables, confections and 

drugs, and low density polyethylene (LDPE) packaging film, which is commonly used to 

protect food and drugs from moisture (Krochta et. al. 2002). The poor resistance of 

wheat gluten films to water vapour is due to the hydrophilic nature of the protein and to 
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the substantial amount of hydrophilic plasticizer added to impart adequate film flexibility. 

Understanding the mechanism of transport of water vapour through the film is important 

for improving the moisture barrier properties of wheat gluten films. Water vapour 

transport through polymer films proceeds through (Debeaufort et. al. 1994): 

(i) absorption of water vapour on to the polymer surface 

(ii) solution of water vapour in the polymer matrix 

(iii) diffusion of water vapour through the polymer 

(iv) desorption of water vapour from the other surface of the polymer 

Permeability is the rate of transport of a molecule through a polymer as a result of the 

combined effects of diffusion and solubility. The permeability coefficient (P) is the 

product of the diffusion (D) and solubility (S) coefficients: 

                               P (mol/m.s.Pa) = D P (mol/m.s.Pa) = D P (mol/m.s.Pa) = D P (mol/m.s.Pa) = D (m(m(m(m2222/s) x S (mol/m/s) x S (mol/m/s) x S (mol/m/s) x S (mol/m3333.Pa).Pa).Pa).Pa)                                                    3.4.1.2.1    

The diffusion coefficient indicates how fast a permeant will move within the polymer, 

while the solubility coefficient gives the amount of the permeant taken (absorbed) by the 

polymer from a contacting phase. Ideally, when no interaction occurs between a polymer 

film and the permeating water vapour, P is independent of the apparent equilibrium 

water vapour pressure corresponding to the water activity (aw) of the film. Water vapour 

permeabilities of hydrophobic films, such as polyethylene, are independent of the water 

vapour pressure. However, protein-based films, similar to other hydrophilic films, exhibit 

water vapour pressure-dependent permeability. Hydrophilic biopolymer materials, such 

as protein films, deviate from this ideal behavior due to interactions of permeating water 

molecules with polar groups in the film structure (Miller et. al. 1997, Ali 1997, and 

Gennadios et. al. 1993).  
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3.4.2 Mechanical Properties 

Mechanical properties are as important to edible and biodegradable films as barrier 

properties are. Having adequate mechanical strength and being free of minor defects 

ensure the integrity of a film. Interactions between hydrocolloids and small molecules, 

including water, plasticizers, lipids, and other additives dispersed in the space of the 

matrix, contribute to the mechanical behavior of films. Quantitative information on the 

mechanical parameters of edible films is also essential for the packaging design process 

(Anker et. al. 1996). Among the many mechanical properties of plastic materials, tensile 

properties are the most frequently considered, evaluated, and used throughout the 

industry. Tensile testing provides: yield strength, fracture strength (ultimate tensile 

strength), modulus of elasticity (Young's modulus), and elongation at yield and break 

(Nielsen et. al. 1994). Tensile strength is the maximum tensile stress that a film can 

sustain. Elongation at break is the maximum change in length of the test specimen 

before breaking. Elastic modulus is the fundamental measure of film stiffness (McHugh 

et. al. 1994). The test conditions are important since the mechanical properties of 

hydrophilic films are also affected by interactions with the surrounding environment. The 

stress-strain behavior of these polymers is strongly dependent on temperature and 

relative humidity. Films conditioned in an environment of 50% RH are weaker than films 

equilibrated at lower RH because of the plasticizing effect of the water molecules (Anker 

et. al. 1996). As temperature increases, Young’s modulus and the tensile yield strength 

as well as maximum tensile strength generally decrease. However, the elongation at 

yield and break tend to increase. Additives and plasticizers also affect the mechanical 

properties. As the plasticizer content increases, tensile strength decreases and 

elongation increases (Anker et. al. 1996, McHugh et. al. 1994, and Sothornvit et. al. 

2000). 
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3.4   Plasticizers in Protein Films 

Proteins by themselves, including whey and wheat gluten, form brittle films due to 

extensive interactions between protein chains through hydrogen bonding, electrostatic 

forces, hydrophobic bonding, and/or disulfide crosslinking (Gennadios, A., et. al. 2002). 

This brittleness makes these films useless in packaging film applications. The usual 

approach to enhance flexibility is to add a plasticizer. Plasticizers are hydrophilic low 

molecular weight liquids that reduce protein chain-to-chain interaction. Gluten protein 

plasticization is a complex phenomenon that can be primarily explained by the ability of 

the hydrophilic plasticizer molecules to share hydrogen bonds with the protein network 

(Mangavel, C. et. al. 2003). The result is an increase of the free volume and the mobility 

of polymer chains, lower glass transition temperature and more flexible and soft films. 

The most commonly used plasticizers are polyfunctional alcohols, such as poly(ethylene 

glycol), glycerol and sorbitol (Sothornvit, R. et. al. 2000, and Irissin-Mangata, J. et. al. 

2001). In this study glycerol was used. Glycerol is a high boiling point plasticizer that is 

water soluble, polar, nonvolatile and protein miscible. It is also harmless as a plasticizer 

for films in contact with foodstuffs, and is frequently used as sweetener in foodstuffs 

(McHugh, T. et. al. 1994). These properties make glycerol a suitable plasticizer to use 

with a compatible water soluble polymer (Mahmoud, R. et. al. 1992). The increase in film 

flexibility is accompanied by an increase in film permeability, which depends on the type 

and amount of plasticizer (McHugh, T. et. al. 1994, and Sothornvit, R. et. al. 2000). The 

increase in permeability is undesirable for food quality, so there is a need to optimize the 

use of plasticizer to offer the best balance of desired mechanical and barrier properties 

for the desired application (Gennadios, A., et. al. 2002, Ali, Y. 1997, Irissin-Mangata, J. 

et. al. 2001, and Hernandez-Munoz, P. et. al. 2002). Water is the most ubiquitous and 

uncontrollable plasticizer for hydrophilic biopolymer material films, thus the ambient 
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relative humidity has a large effect on film properties (Gontard, N. et. al. 1996). The 

plasticizing and/or swelling effect of water on hydrophilic (polar) polymers also results in 

increased permeability (Gontard, N. et. al. 1996, and McHugh, T. et. al. 1994). 

 

 

3.5 Drawbacks of Biopolymer Films                                                                       

During this introduction the potential of biodegradable films for applications in food 

packaging has been pointed out. Nevertheless, despite the benefits that these polymers 

offer there are still significant obstacles that must be overcome, such as retailer and 

consumer scepticism, material costs, and the added costs of switching technologies. 

Moreover, biopolymer film properties still have some restrictions and drawbacks which 

limit their use in large-scale applications. Apart from as yet not competitive mechanical 

properties, biopolymer films are still difficult to process in comparison with synthetic 

polymers. Some of the main drawbacks and limitations of biopolymer films are listed 

below. 

 

3.5.1  Water Sensitivity                                                                                       

As pointed out earlier the major challenge for the material manufacturer is the intrinsic 

hydrophilic behavior of many biobased polymers, as many food applications demand 

materials that are resistant to moist conditions. Most of the biobased materials are not 

soluble or are difficult to dissolve in water but they show large water uptake (swelling) 

and high water permeability. Moreover, films made from biological materials change their 

mechanical and barrier properties in high moisture conditions, which is also a great 

disadvantage. This water sensitivity can develop into more spontaneous, rapid, non-
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controllable degradation under the influence of bacteria (the disadvantage of 

biodegradability). 

 

3.5.2 Aging of Biodegradable Polymers      

 One of the challenges for the successful use of biodegradable polymer products is to 

achieve controlled lifetime. Products must remain stable and function properly during 

storage and intended use, but after that they should biodegrade efficiently. Only by 

appropriately controlling water activity, pH, nutrients, temperature, oxygen levels and 

time can package integrity and microbial stability be assured. Thus, biodegradable 

polymer films may be safely stored in dry environments and used with dry food products 

over a relatively long period of time, whereas acceptable time of storage in moist 

environments or time of use with moist foods would be limited (Krochta M. et. al. 1997). 

Biodegradable polymers suffer a change in their properties during time (aging), which 

make them not suitable for commercial applications. The aging of a biodegradable film 

can be due to physical or chemical reactions in the polymer matrix. The most common 

aging processes that films go through are: 

 

Physical aging: Migration of additives from the matrix. This is a physical process that 

the films suffer when plasticizers migrate to the surface. Generally, migration of these 

low molecular compounds leads to stiffer and less extendable polymers, which may 

decrease the protective function of the packaging and consequently reduce the shelf life 

of the packaged food. Plasticizer molecular weight, concentration and hydrophobic or 

hydrophilic character influence the migration. Water, as one of the most powerful 

plasticizers for these types of films, also migrates with time from the matrix to the surface 

and evaporates leaving a more brittle film (Gontard, N. et. al. 1996). 
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Chemical aging: Some studies have shown that formation of disulfide bonds by thiol 

oxidation occurred during wheat gluten film storage, even in conditions (temperature and 

relative humidity) under which the mobility of molecules is reduced. Thus mechanical 

properties of the films might be changed with film aging, depending on the rate of thiol 

oxidation during film drying and storage (Morel, M. et. al. 2000, and Micard, V. et. al. 

2000). The sulfhydril in the cystein amino acid is responsible for the formation of 

disulphide cross links during oxidation (Gällstedt, M. et. al. 2004). This process is 

accelerated when heating the film solution to make films, and it is of major importance 

for achieving good mechanical properties of the final product (Roy, S. et. al. 1999). 

During the time of storage, oxidation of unreacted thiol groups and reorganisation of the 

intramolecular disulfide bonds to intermolecular disulfide bonds via thiol-disulfide 

exchange reactions can occur. This will induce an increase of protein aggregation and 

brittleness of the film structure (Lindsay, M. et. al. 1999). 

 

3.6    Strategies to Enhance Properties of Biopolymer Films 

Attempts to improve the properties of biopolymer films have been made in several ways 

by different researchers. Most of them have applied their modifications as 

‘pretreatments’, meaning that the changes occur in the film-forming solution. Other 

attempts used ‘post-treatments’ (applied on the film) (Micard, V. et. al. 2000). Here the 

most commonly used methods are summarized: 

 

Plasticizer 

In response to the problems caused by the use of a low molecular weight plasticizer 

such as glycerol (increase in diffusion of gas and water vapour through the film, and 
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migration of the plasticizer), it is possible to replace glycerol with a higher molecular 

weight compound that has hydrophobic substituent’s (Mangavel, C. et. al. 2003, and 

Pommet, M. et. al. 2003). This may help to decrease WVP and plasticizer migration and 

hence improve the fracture strain of gluten films (Irissin-Mangata, J. et. al. 2001). 

Substances studied as possible replacements for glycerol are amphiphilic substances, 

including fatty acids (lauric, stearic and oleic acids) (Pommet, M. et. al. 2003), octanoic 

and palmitic acids, dibutyl phthalate and tartrate. Trying to reduce the plasticizer 

migration, many other studies have been done comparing the effects of various 

hydrophilic plasticizers (differing in their chain length) on the mechanical properties of 

protein films (McHugh, T. et. al. 1994, and Anker, M. et. al. 2001). 

 

Crosslinking 

Crosslinking of proteins is a common method used to improve tensile strength, aqueous 

solubility, barrier properties and environmental stability of protein films (Gennadios et. 

al., 2002). There are three types of crosslinking mechanisms that have been used in the 

past: 

• Chemical  

• Enzymatic  

• Physical  

 

Chemical crosslinkers react with amine residues in protein polypeptides to form 

crosslinked polypeptide network. There are different kinds of chemicals that can be used 

as crosslinking agents. The most common crosslinker for whey protein include 

glutaraldehyde, glyceraldehydes, formaldehyde, glyoxal, dialdehyde starch, 

carbonyldiimidazole, and lactic acid (Gennadios et. al., 2002).     
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Enzynmatic crosslinking with transgluminase has been performed with whey protein 

(Mahmoud, et. al., 1992, and Mahmoud, et. al., 1993). In these studies transglutaminase 

actively crosslinked whey proteins over a wide pH range (6.5 to 8.0). Crosslinking 

gradually increased with increased incubation time to 4 h. Reconstituted commercial 

whey and modified whey powders contained sufficient Ca2+ for crosslinking by .92 units 

transglutaminase/ml of reconstituted whey powder (2% protein) and modified whey 

powder solutions (1 to 5% protein). Reconstituted whey and modified whey powder (35% 

protein) served as protein sources for crosslinking by transglutaminase without further 

adjustment of pH or Ca2+. Dithiothreitol was required to crosslink the whey protein.  

The limited availability and high cost of transglutaminase in the past has limited its 

application.  

Gamma irradiation as pre-treatment of the film-forming solution has also been applied. 

Crosslinking induced using gamma irradiation was found to be an effective method for 

the improvement of both barrier and mechanical properties of some edible films and 

coatings (Ciesla, K. et al. 2004, Sabato, S. et. al. 2001, Lacroix, M. et al. 2002, and 

Rhim, J. et. al. 1999). Another weaker form of electromagnetic radiation is ultraviolet 

(UV) radiation (Micard, V. et. al. 2000). This irradiation method has been used (Rhim et. 

al. 1999) to crosslink protein films. 

Thermal treatment of the solution: Properties of several proteins have been substantially 

modified by controlled thermal treatments (Miller, K. et. al. 1997, Ali, Y. 1997, and Roy, 

S. et. al. 1999). These studies have shown that heating at elevated temperatures 

increases film strength and water resistant properties due to the formation of 

intermolecular disulfide bonds necessary to form intact film (Gennadios, A. et. al. 1990, 

Ali, Y. 1997, and Fischer, S. et. al. 2005). 

 

Blends 
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One extensively used method to enhance the water vapour barrier properties of films 

has been the incorporation of hydrophobic compounds such as lipids into the film-

forming solution (Wong, D. et. al. 1992, Fairley, P. et. al. 1996 and McHugh, T.H. et. al. 

2000). The incorporation of lipid compounds (waxes and fatty acids) helps to limit 

moisture migration since the lipids help lessen water vapour transmission and the 

proteins or polysaccharides give the films strength and thus help improve structural 

integrity (Gontard, N. et. al. 1994). Various investigations have examined and confirmed 

the effectiveness of composite edible films with fatty acids (stearic or palmitic acids), 

paraffin or beeswax, fatty acid esters and carnouba wax (Carrado, K. et. al. 2000, and 

Bertan, L. et. al. 2005). Morillon et. al. 2002 and McHugh et. al. 2000 has published 

extensive reviews of the factors involved in the water permeability of edible films based 

on lipid incorporation. 

The still unfavorable properties of biopolymer films prevent any direct use on the market. 

However, the use of these films in multilayer packaging seems to be a good alternative. 

By laminating biopolymer films between synthetic films their lack of structural integrity 

and characteristic functionality can be solved (Makino, Y. et. al. 1997). 

Preparation of composite films through combined use of compatible polysaccharides and 

proteins to improve properties of biopolymers is another way of trying to improve film 

mechanical properties (Corradini, E. et. al. 2004). Natural fibre reinforced composites 

are an attractive research area because natural fibres are eco-friendly, sustainable, 

inexpensive, have low density, in combination with acceptable mechanical properties 

and biodegradability. Additionally, these fibres have excellent thermal and sonic 

insulation properties. Natural fibres from grass, hemp, and ramie have been reported as 

reinforcements for polymer films. 

A fairly new group of composites has emerged, called nanocomposites, in which the 

reinforcing material has dimensions ≤1 µm. Some examples of nano reinforcements are 
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nanoclays, cellulose nanowhiskers, ultrafine titanium dioxide and carbon nanotubes 

(Fischer et. al., 2005). In the study by Fischer et. al., 2005 two different strategies were 

followed to try to improve the material properties. First a composite structure with a 

highly crystalline biodegradable material (PCL) was made. In addition a nanocomposite 

clay-gluten system was tried. 
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4.1 Introduction 

This chapter describes the methods used for preparing films and the characterization 

techniques used for measuring the barrier and mechanical properties and biodegradability. 

Section 4.2 introduces the raw materials used in this research. Section 4.3 describes the 

instrument used to measure tensile strength and elongation at break and the necessary 

calculations. Water vapor permeability was measured by method described in section 4.4. 

Section 4.5 describes the oxygen permeability instrument and methods of calculating oxygen 

permeability. Glass transition temperature measurement is described in section 4.6. Scanning 

electron microscopy was used to analyze the surface morphology of the films and is described 

in section 4.7. To investigate the bonding chemistry of the films infrared spectroscopy was 

utilized and is described in section 4.8. Lastly section 4.9 overviews the procedure for 

measuring biodegradability of the films.  

 

 

4.2 Film Preparation 

The films formed consisted of raw materials that can be classified into two categories, namely 

biopolymers and additives. The biopolymers were an integral component of the films and their 

function was to enhance the properties of the films. This category consisted of whey and gelatin. 

The second category is of additives that included guanidine thiocyanate, propylene glycol, 

glycerol and glutaraldehyde. These additives use chemical and physical mechanisms to disrupt 

the chemical structure of biopolymers to enhance mechanical and barrier properties. 
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4.2.1 Raw Materials: Biopolymers and Additives 

 

Whey 

The whey protein used in this research was whey protein concentrate powder consisting of 75% 

protein, 10% lactose and 4-5% fat, the remainder being other residues including casein. Whey 

protein concentrate was supplied by New Zealand Milk Products (NZMP), and was used as 

received without any further purification or chemical modification.  

 

Gelatin 

The gelatin was 290 bloom number supplied by Sigma Aldrich, USA. The origin of the gelatin 

was collagen extracted from pig skin. The immunogenicity of the material was not specified in 

the information sheet from the supplier and was not measured as it was not considered to be 

part of this study. The gelatin was used without any purification or chemical modification. 

 

Plasticizer 

A plasticizer is a compound that makes the polymer chains mobile by disrupting short range 

intermolecular forces, in this case hydrogen bonding, and therefore increases the plasticity.  

 

 

Fig. 4.1 Chemical structure of glycerol 

 

Glycerol is a colourless and odorless viscous liquid commonly used in the food, pharmaceutical 

and biopolymer industries. It has three hydrophilic hydroxy groups as shown in Fig. 4.1 that are 

http://en.wikipedia.org/wiki/Hydrophilic
http://en.wikipedia.org/wiki/Hydroxyl_group
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responsible for its solubility in water and its hygroscopic nature. The glycerol substructure is a 

central component of many lipids. Glycerol is sweet-tasting and of low toxicity. 

Glycerol is used in biopolymer processing as plasticizer at the presence of three hydroxyl 

groups makes it ideal for disruption of hydrogen bonds present in biopolymer solutions. In the 

current research it was utilized as plasticizer for whey films. It was supplied by Sigma Aldrich, 

USA and used without further purification or chemical modification. 

 

 

Fig. 4.2 Chemical structure of propylene glycol 

 

Propylene glycol was the second plasticizer used in the research. The reason for using 

propylene glycol was to overcome the high mobility of glycerol in films, which leads to 

decreased life of the protein films as the plasticizer eventually diffuses to the surface making the 

films brittle over longer times of storage. Propylene glycol (1,2 propanediol or propane 1,2 diol 

(Fig. 4.2)) is a colourless, nearly odourless, viscous liquid that is miscible with water, chloroform 

and acetone.     

Propylene glycol was supplied by Sigma Aldrich, USA and used without further purification or 

chemical modification. 

 

Chaotropic agent 

A chaotropic agent is an agent which causes molecular structure to be disrupted, in particular 

structures formed by nonbonding forces such as hydrogen bonding, van der Waals forces, and 

the hydrophobic effect (Moelbert and Rios, 2003).  

 

http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Hygroscopy
http://en.wikipedia.org/wiki/Lipid
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Fig. 4.3 Chemical structure of guanidine thiocyanate 

 

Chaotropic agents are specific anions or polar carbamide derivatives which are widely used to 

dissociate aggregated proteins by increasing the solubility of hydrophobic regions of the 

proteins in aqueous environments (Valdes et. al. 2002). In this research guanidine thiocyanate 

was used as a chaotropic agent, it consists of guanidine cation and thiocyanate anion as shown 

in Figure 4.3. Guanidine thiocyanate was supplied by Sigma Aldrich, USA and used without 

further purification or chemical modification. 

 

 

                                       Fig. 4.4 Chemical structure of glutaraldehyde 

 

Crosslinking agent 

Glutaraldehyde (1,5 pentanedial) is a colourless liquid with a characteristic aldehydic smell. It is 

commonly used as disinfectant in the medical industry and in tissue fixtures. In the current 

research glutaraldehyde was used as a crosslinker for whey/gelatin blends. Glutaraldehyde was 

supplied by Sigma Aldrich, USA and used without any further purification or chemical 

modification. Figure 4.4 shows structural formula of glutaraldehyde. 
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4.2.2  Preparation of Film Forming Solution  

Step 1: Preparation of Denatured Whey Solution (Solution 1) - Whey protein concentrate (10+/-

0.0001 g) was weighed into a conical flask. 10% (w/v) solution was formed by dissolving whey 

in 100 ml deionized water and stirred with a magnetic stirrer for 60 min at 2500 rpm. The reason 

for choosing 2500 rpm is the fact that rpm greater than 3000 formed bubbles and froth.  Bubbles 

cause discrepancies in volume and heat transfer during denaturation.  The second step in the 

preparation was denaturation of whey solution. A water bath was set to heat to 78oC with ramp 

rate 1oC min-1. The whey solution water heated in the water bath for 30 min then cooled to room 

temperature. The pH of the cold solution was adjusted to 7.0 with 1 M sodium hydroxide 

(NaOH) solution, and the solution was stored in a sealed conical flask. 

Step 2: Preparation of gelatin solution (Solution 2): Gelatin (5+/-0.0001 g) was weighed into a 

conical flask. Water (100 ml) was added and the mixture heated for 30 min in a water bath at 

40oC with magnetic stirring to allow the gelatin to completely dissolve. 

 

Whey films with guanidine thiocyanate and glycerol 

To solution1 glycerol was added in 0, 5.0, 10, 15, 20 and 25% (w/v) relative proportions, and the 

solution was stirred for 20 min. Guanidine thiocyanate was then added to give a final 

concentration of 1.2wt% and the solution stirred for 20 min.   
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Table 4.1 Amount of whey protein, glycerol and guanidine thiocynate added to 100ml deionized 
water 
 

 Formulation Whey (mg) Glycerol 
(ml) 

Guanidine 
thiocynate (mg) 

10% whey+1.2 wt% 
guanidine thiocyanate 

10 0 1.26 

10% whey+5% Glycerol+1.2 
wt% guanidine thiocyanate 

10 5.25 1.39 

10% whey+5% Glycerol+1.2 
wt% guanidine thiocyanate 

10 10.50 1.47 

10% whey+5% Glycerol+1.2 
wt% guanidine thiocyanate 

10 15.75 1.56 

10% whey+5% Glycerol+1.2 
wt% guanidine thiocyanate 

10 21.00 1.64 

10% whey+5% Glycerol+1.2 
wt% guanidine thiocyanate 

10 26.25 1.72 

 

Table 4.1 shows actual amount of whey protein concentrate, glycerol and guanidine thiocynate 

added in the formulation. 

 

Whey films with gelatin, propylene glycol and glutaraldehyde 

Solution 1 and solution 2 were mixed in a conical flask with magnetic stirring at 2000 rpm for 15 

min to achieve intermixing of whey protein chains and gelatin chains. To this solution propylene 

glycol (5, 6, 7, 8 and 9% w/v) was added. The solution was stirred for 20 min, 1.4% (v/v) 

glutaraldehyde added, and the mixture stirred for a further 20 min to obtain the final film forming 

solution.  
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Table 4.2 Amount of whey protein, gelatin, propylene glycol and glutaraldehyde added to 100ml 
deionized water 
 
 Formulations  Whey (mg) Gelatin (mg) Propylene 

glycol (ml) 
Glutaraldehyde 

(ml) 

10% whey+1.2 wt% 
guanidine thiocyanate 

10 0 5.5 / 6.6 / 7.7 / 
8.8 / 9.9  

(5 / 6 / 7 / 8/ 
9%) 

1.39 – 1.44 

10% whey+5% 
Glycerol+1.2 wt% 
guanidine thiocyanate 

9 1.04 5.45 / 6.54 / 
7.63 / 8.72 / 

9.81                           
(5 / 6 / 7 / 8/ 

9%) 

1.37 – 1.42 

10% whey+5% 
Glycerol+1.2 wt% 
guanidine thiocyanate 

8 2.07 5.40 / 6.48 / 
7.56 / 8.64 / 

9.72                           
(5 / 6 / 7 / 8/ 

9%) 

1.36 – 1.41 

10% whey+5% 
Glycerol+1.2 wt% 
guanidine thiocyanate 

7 3.09 5.35 / 6.42 / 
7.49 / 8.56 / 

9.63                           
(5 / 6 / 7 / 8/ 

9%) 

1.34 – 1.39 

10% whey+5% 
Glycerol+1.2 wt% 
guanidine thiocyanate 

6 4.10 5.30 / 6.36 / 
7.42 / 8.48 / 

9.54                           
(5 / 6 / 7 / 8/ 

9%) 

1.33 – 1.39 

 
10% whey+5% 
Glycerol+1.2 wt% 
guanidine thiocyanate 

 
5 

 
5.10 

 
5.25 / 6.30 / 
7.35 / 8.41 / 

9.45                           
(5 / 6 / 7 / 8/ 

9%) 

 
1.32 – 1.37 

 

Table 4.2 shows actual amount of whey protein concentrate, gelatin, propylene glycol and 

glutaraldehyde added in the formulation. 

 

4.2.3  Film Casting 

Films were formed by the solvent casting technique in 14 cm polystyrene petri dishes on leveled 

surfaces. Water was allowed to evaporate in either ambient or circulated hot air conditions. The 
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thickness of the films was controlled by using known volumes of solution. Films were dried in an 

air circulating oven maintained at 30oC for 24 h. This temperature provides a reasonably rapid 

drying rate without compromising the integrity of the resulting films (homogeneous in 

appearance, no visible defects). After 24 h the petri dishes were removed from the oven and the 

translucent films peeled off intact from the surface of the dishes.  

 

4.2.4 Film Thickness   

The thickness of the films was determined to the accuracy of 0.001 mm using a digital 

micrometer (Mitutoyo, Japan). While measuring it was ensured that the films did not adhere to 

the micrometer contact surfaces by moving the film between the contacts. Adhesion of film to 

the contacts could potentially generate false readings. Thickness values were taken as the 

average of 10 readings at different regions of the surface. 

 

4.2.5 Film Conditioning  

Before measuring mechanical and barrier properties, film specimens were stored at specified 

relative humidity for a minimum of 48 h. This was performed by placing the films in glass 

desiccators containing appropriate saturated salt solutions, prepared according to the method 

described in ASTM E104 (2002).  

 

                Table 4.3 Preparation of saturated salt solutions 

 Salt Relative 

Humidity (%) 

Amount 

Used (g) 

Distilled Water 

(ml) 

Potassium Carbonate 43.2 225 100 

Sodium Chloride 75.3 330 100 
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Potassium carbonate and sodium chloride supplied by Sigma Aldrich, USA were used for the 

purpose. The selected salts and quantities used are list in Table 4.3.  

Procedure for making salt solution: A quantity of salt was placed in a large glass beaker. 

Distilled water was then added in 2 ml increments. After each addition the mixture was 

thoroughly stirred. The resulting saturated solution was left undisturbed for 2 h to stabilise 

before being transferred to suitable containers. This solution gave a relative humidity of 50±5%.  

 

               

4.3 Tensile Strength and Elongation at Break 

4.3.1 Introduction 

A packaging film must have a substantial amount of flexibility so it can deform to the shape of 

the product, and will not chip or crack during storage. Efficient mechanical properties are 

important when considering commercial films for food packaging applications (Donnelly,1997). 

Mechanical properties with particular importance to packaging films are impact strength, flexural 

strength, peel strength, flexibility, stability to temperature change, and resistance to many types 

of environmental and physical stresses. Tensile strength (TS) and elongation at break (EB) are 

the two most important mechanical properties of packaging films (Guilbert, 1986; Krochta, 

2002). Tensile strength is a measure of the maximum stress developed in a film during 

elongation. Elongation at break is the maximum change in length of a film before breaking 

(Guilbert and Gontard, 1994). 

 Mechanical properties of biodegradable films are influenced by additives, film-forming material, 

film thickness, environmental conditions, degree of cohesion, relative humidity (RH) and storage 

time. In general, addition of plasticizer decreases tensile strength and increases elongation at 

break of films (Park and co-workers., 1992; 1994c). 

 



 

 

 

Fig. 4.5 The stress-strain curve, illustrating th

piece under load 

Tensile strength is an important characteristic of 

use and elongation gives a good 

of a film to absorb energy before breaking (Pad

stress strain diagram in which the sample

strength of the sample is indicated by the maximum stress that can be applied before a neck 

begins to form. After that, a decreasing amount of strain 

fracture point.  

 

4.3.2 Preparation of Samples

Film samples were cut into rectangular strips 100 mm long and 15 mm wide

predesigned cutting tool in a hydraulic press

and 50±5% relative humidity for not less than 48
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strain curve, illustrating the stretching (or straining) of a 

piece under load (or stress) (Britannica, 1995) 

 

Tensile strength is an important characteristic of packaging films with potential for heavy

use and elongation gives a good indication of toughness. A large elongation indicates the abi

energy before breaking (Padua and Wang, 2002). Figure 4.5 shows a typical 

stress strain diagram in which the sample stretches at an increasing rate. The ultima

is indicated by the maximum stress that can be applied before a neck 

begins to form. After that, a decreasing amount of strain is required to stretch the sample

.2 Preparation of Samples 

cut into rectangular strips 100 mm long and 15 mm wide

predesigned cutting tool in a hydraulic press. The rectangular strips were conditioned at 21

ve humidity for not less than 48 h using salt solutions as mentioned in 4.2.5
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e stretching (or straining) of a                                     

films with potential for heavy-duty 

indication of toughness. A large elongation indicates the ability 

Figure 4.5 shows a typical 

stretches at an increasing rate. The ultimate tensile 

is indicated by the maximum stress that can be applied before a neck 

is required to stretch the sample to its 

cut into rectangular strips 100 mm long and 15 mm wide using a 

were conditioned at 21±2°C 

mentioned in 4.2.5. 
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After conditioning, films were carefully removed from desiccators and the thickness of the film 

samples were measured using a digital micrometer (Mitutoyo, Japan) as described above. Five 

samples for each formulation are analyzed; this is in accordance with ASTM D882-02.   

 

4.3.3 Experimental Apparatus 

The tensile strength and the elongation at break of whey/gelatin films were determined 

according to ASTM standard D882-02 using an Instron Universal Testing Instrument, model 

5567 (Instron Ltd, U.K.). 

This instrument employs a constant rate of separation between two jaws gripping the ends of a 

film specimen of known dimensions. The inner sides of the gripping jaws were covered with 

sandpaper to minimize slippage and uneven stress distribution. % elongation and tensile 

strength can be measure using extensometer or crosshead displacement.  

 

 



 

 

(a)                                                                           

Fig. 4.6 Photographs of (a) Instron Universal testing instrument, (b) film specimen clamped by 

gripping jaws at the Center of Advanced composite materials (CACM), The University of 

Figure 4.6 shows a photograph of the instrument

high-resolution encoder. When

measurement of that movement is often more accurate than for many

when a specimen is applied tensile or compressive

crosshead movement becomes dependent on the system compliance.  

tendency of the various components of a test

the system can be considered to be

the components of the system deflects,
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                                                                          (b) 

Photographs of (a) Instron Universal testing instrument, (b) film specimen clamped by 

gripping jaws at the Center of Advanced composite materials (CACM), The University of 

Auckland. 

 

shows a photograph of the instrument. Crosshead displacement is measured using a 

esolution encoder. When the crosshead is moved with no specimen installed, the

measurement of that movement is often more accurate than for many extensometers

tensile or compressive load, the accuracy of the measurement of 

dependent on the system compliance.  Compliance refers to the 

tendency of the various components of a test system to deflect under load. Every component 

the system can be considered to be equivalent to a very stiff spring. When a load 

the components of the system deflects, including major component such as a crosshead
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Photographs of (a) Instron Universal testing instrument, (b) film specimen clamped by 

gripping jaws at the Center of Advanced composite materials (CACM), The University of 

is measured using a 

specimen installed, the 

extensometers. However, 

accuracy of the measurement of 

Compliance refers to the 

very component of 

a load is applied all 

such as a crosshead, either 
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by bending, stretching, or compressing. If it is a very stiff spring the deflection is tiny, but still 

measurable. Compliance is the inverse of stiffness; the stiffer, the less compliant (Instron 

manual, 2002).  

As a rule of thumb, if the compliance of the specimen is around 100 times greater than the 

compliance of the load frame and the load string components, it can be assumed that the 

reported crosshead movement is equivalent to the deflection experienced by the specimen 

(Instron manual, 2002).  

Films made in this research can be considered as soft samples and the compliance of the 

specimen was found to be more than 100 times greater than the compliance of the load fame, 

which makes cross head displacement suitable and accurate enough to measure tensile 

properties of whey/gelatin films.   

 

 

4.3.4 Procedure 

A film specimen of known dimensions was carefully positioned and tightened lengthwise 

between the gripping jaws. Five replicates were used for each sample. 

 

Settings: 

Loadcell: Interface 1000 N, SN G69700 

Crosshead Speed 1:5.00 mm min-1 

Crosshead Speed 2:500.00 mm min-1 

Gauge Length 50 mm 
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4.3.5 Calculation 

The maximum load experienced by the film M in kilograms was converted to force by multiplying 

by the acceleration due to gravity (9.80665 m s-2). 

                                         F=M*aF=M*aF=M*aF=M*a                                                          (4.3.1) 

Tensile strength (TS) is defined as the maximum stress (σmax, force per original cross-sectional 

area) on a stress-strain curve. Therefore: 

                                                            TS=σTS=σTS=σTS=σmaxmaxmaxmax= F= F= F= Fmaxmaxmaxmax/A/A/A/Aoooo                                                                                                                                                                                                                                                                (4.3.2) 

The original cross-sectional area for the specimen=width × thickness, and the SI unit for TS is N 

mm-2 or MPa. 

 

Elongation to break is obtained by dividing the extension at the moment of rupture of the 

specimen (l) by the original length (lo) and converting to a percentage (ASTM D882-2, 2002): 

                                                        % Elongation=% Elongation=% Elongation=% Elongation=    l/lo l/lo l/lo l/lo * 100* 100* 100* 100                                  (4.3.4) 

 

 

4.4  Water Vapour Permeability  

4.4.1 Introduction 

Permeation of water becomes an important factor in potential applications of packaging films. 

Food products inside packages are not only protected by mechanical support but also by 

controlled moisture and gas migration into the packaging (Rico-Pena and Torres, 1990). 

Moisture content and water activity can strongly influence the texture and storage stability of 

foods (Labuza, 1984). In general, the rate of moisture transfer within a food will increase as the 

water activity (aw) gradient is increased, the particle size is decreased (closer contact between 

components), and the temperature is increased (King, 1968; Matz, 1965). Moisture migration 



 

 

will continue as long as a vapour pressure gradient (or concentration gradient) exists. Control of 

these factors will reduce the rate of moisture transfer; however moisture migration will continue 

as long as a vapour pressure gradient exists in the food.

 

4.4.2 Preparation of Samples

Films were cast in 8 cm petri dish

evaporate at room temperature. Film thickness was measured at the beginning and end of 

experimentation. 

 

4.4.3 Procedure 

The water vapour permeability of 

ASTM E 96 Standard Method (‘cup method’)

Gennadios et al., 1994.  

Figure 4.7 Permeation cell with whey/gelatin film

Tamaki campus, The University of Auckland.
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will continue as long as a vapour pressure gradient (or concentration gradient) exists. Control of 

these factors will reduce the rate of moisture transfer; however moisture migration will continue 

re gradient exists in the food. 

.2 Preparation of Samples 

Films were cast in 8 cm petri dishes using 10 ml of solution, and water was allowed to 

at room temperature. Film thickness was measured at the beginning and end of 

The water vapour permeability of modified whey films was measured using modifications of the 

ASTM E 96 Standard Method (‘cup method’), a procedure similar to that descr

 

Permeation cell with whey/gelatin film at the Polymer science and coatings lab, 

Tamaki campus, The University of Auckland. 
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water was allowed to 

at room temperature. Film thickness was measured at the beginning and end of 

modifications of the 
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at the Polymer science and coatings lab, 
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The cell (Fig. 4.7) consists of a cylindrical cup made from poly(vinyl chloride) with inner diameter 

46 mm, outer diameter 100 mm and depth 25 mm, sealing O-ring, matching annular lid and four 

screws to clamp the film between the sealing ring and the lid.  

Cups were filled with approximately 20 g of desiccant (silica gel), covered with the film to be 

tested, and the lid clamped in position. The exposed film area was calculated to be 0.001662 

m2. After assembly, the test cells with films were weighed to ±0.01 g and placed in desiccators 

containing a saturated solution of sodium chloride (RH=50%) at room temperature (21oC). Cells 

were weighed with precision ±0.0001 g at daily intervals, and to mix the desiccant the 

permeation cells were shaken horizontally after each weighing. The following assumptions are 

made regarding this procedure: 

1. Most of the water vapour permeates through the film  

2. Moisture unable to permeate is held in the film, results in swelling and /or weight gain of 

the films 

The experiment was terminated after steady-state conditions were reached when the 

permeation cell weight became constant. 

 

4.4.4 Calculation 

The water vapour permeability was calculated from the following equation: 

 

    WVP = [(WWVP = [(WWVP = [(WWVP = [(Wf f f f ----    WWWWiiii))))××××    ((((    ttttiiii----ttttffff////1000) / a1000) / a1000) / a1000) / af f f f     ××××    (T*3600)  ((p(T*3600)  ((p(T*3600)  ((p(T*3600)  ((p××××RRRRHHHHo) o) o) o) ––––    (p(p(p(p××××RHi))] RHi))] RHi))] RHi))] ××××    101010109999                    (4.4.1)  

 

WVP=water vapour permeability (ng m/m2 s Pa)  

W i=initial weight of the cell (g) 

Wf=final weight of the cell when the experiment was terminated (g)  

ti=film thickness before the experiment (um) 

tf=film thickness after the experiment (um) 

af=exposed films area = 0.001662 m2 
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T=time of exposure (h)  

p=vapour pressure of the saturated solution (Pa)  

RHo=relative humidity outside the cell at the start of the experiment (%)  

RHi= relative humidity inside the cell at the start of the experiment (%). 

RHo is 50% since the experiment is conducted inside desecrator with constant humidity of 50%. 

RHi is measured as the humidity of the room in which experiment was conducted. This was 

measured by using a hygrometer.  

 

4.5 Oxygen Permeability 

4.5.1 Introduction 

The most important aspect of the barrier properties of food packaging films is permeability of 

gases, mainly oxygen, carbon dioxide and water vapour. Permeability is a steady-state property 

that describes the extent to which a permeating substance dissolves and then the rate at which 

the permeant diffuses through a film, with driving force related to the difference in concentration 

of the permeant between the two sides of the film (Krochta, 2002). Oxygen permeability is 

defined as the ratio of gas transmission rate to the difference in partial pressure of the gas on 

the two sides of the film, multiplied by film thickness (ASTM D3985-02, 2002). In addition to 

moisture, the permeability of a food packaging film to oxygen is of fundamental importance, as 

many foods suffer loss of freshness when oxygen diffuses into the food to cause irreversible 

oxidation (Krochta, et. al. 1992).  Gas permeability for materials without pores and imperfections 

involves dissolution of gas in the film, diffusion through the film, and release at the opposite side 

of the film (McHugh and Krochta, 1994; Krochta, 2002). There are various factors that affect gas 

permeability, such as chemical structure, degree of crystallinity, polymer chain length, density 

and molecular weight, as well as the presence of additives. Oxygen permeability of films made 

from whey blended with chaotropic agent and different concentration of plasticizer was 
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measured at constant temperature 21°C and constant humidity (RH=50%) and compared with 

literature. 

4.5.2 Preparation of Samples 

Films with diameter 14 cm were prepared as previously described in section 4.2.3.  

 

4.5.3 Experiment Apparatus    

Diffusion cell                                                                                                                                                               

A permeability diffusion cell constructed in the laboratory was used to measure oxygen 

permeability.  

 



 

 

Fig. 4.8 Oxygen permeability instrument located at Centre for Advanced Composite Materials, 

The apparatus is shown in Fig

separated by the film specimen. Both chambers have inlet and outlet valves for the gases. The 

upper chamber of the cell is connected to the test gas (oxygen) via an i

lower chamber is connected to carrier gas (nitrogen) in the same manner. The upper side of the 

film is the test gas (oxygen) side and the lower side is the carrier gas side. The rim of the upper 

chamber has a groove to hold a rubber O

The lower chamber of the cell is fitted with an oxygen sensor to measure the oxygen 

concentration inside the chamber.
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Fig. 4.8 Oxygen permeability instrument located at Centre for Advanced Composite Materials, 

The University of Auckland. 

 

is shown in Fig. 4.8. The circular stainless steel chambers of the cell are 

separated by the film specimen. Both chambers have inlet and outlet valves for the gases. The 

upper chamber of the cell is connected to the test gas (oxygen) via an inlet valve, while the 

lower chamber is connected to carrier gas (nitrogen) in the same manner. The upper side of the 

film is the test gas (oxygen) side and the lower side is the carrier gas side. The rim of the upper 

chamber has a groove to hold a rubber O ring which prevents gas leaks when the cell is closed. 

The lower chamber of the cell is fitted with an oxygen sensor to measure the oxygen 

concentration inside the chamber. 
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Fig. 4.8 Oxygen permeability instrument located at Centre for Advanced Composite Materials, 

. The circular stainless steel chambers of the cell are 

separated by the film specimen. Both chambers have inlet and outlet valves for the gases. The 

nlet valve, while the 

lower chamber is connected to carrier gas (nitrogen) in the same manner. The upper side of the 

film is the test gas (oxygen) side and the lower side is the carrier gas side. The rim of the upper 

ring which prevents gas leaks when the cell is closed. 

The lower chamber of the cell is fitted with an oxygen sensor to measure the oxygen 
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4.5.4 Procedure                                                                                                                   

Films were conditioned for a minimum of one day at 50% relative humidity and 21oC. A thin 

layer of silicone grease was applied to the rim of the lower chamber to seal the film to the rim. A 

conditioned specimen was carefully placed on the lubricated rim of the lower chamber to avoid 

wrinkling. The upper chamber was lowered on to the film specimen and the two halves clamped 

tightly together. The clamps were tightened sufficiently to prevent gas leakages without 

damaging the film. The gas outlets were immersed in water to avoid back flow of air into the cell. 

Oxygen gas then allowed passing through the upper chamber while nitrogen was flowing 

through the lower chamber. Steady and slow flow rate was required to prevent damage to the 

film. A flow rate of 40 cm3 min-1 was used for gas streams. When both chambers were flushed 

with respective gases for about 1 h, the oxygen detector showed zero oxygen level for a non-

leaking film. Then the valves of the cell were closed and gas supply was stopped. At this stage 

the upper chamber contained 100% oxygen gas and lower chamber had 0% oxygen. Changes 

of oxygen concentration in the lower chamber were recorded at time intervals for up to 24 h. 

 

 

4.5.5 Calculation 

Oxygen permeability P in mol m-1 s-1 Pa-1 for film is calculated using the following equation:  

                   P = [5.390VX/AT (2GP = [5.390VX/AT (2GP = [5.390VX/AT (2GP = [5.390VX/AT (2Gcccc----GGGG1111----GGGG0000)]*[(G)]*[(G)]*[(G)]*[(G1111----GGGG0000)/t)/t)/t)/t)])])])]                (4.5.1) 

 

 V=volume of lower (test) chamber (235.4 cm3)  

 X=film thickness (m) 

A = test area (63.62 × 10 -4 m2),  

T = temperature (K) 

t = change in time (1 day) 
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G1 = final oxygen concentration in lower chamber (% after 1 day) 

G0 = initial oxygen concentration in lower chamber (0%)  

Gc = concentration of oxygen initially supplied to the cell (100%)  

 

Derivation of equation (4.5.1) starts from the definition of permeability (4.5.2) and ends with 

4.5.9 which is same as equation 4.5.1. 

For a film with no pores or imperfections, permeability (P: m2 mg s-1 ml-1) is equal to the product 

of the diffusion coefficient (D: m2 s-1) and the solubility (S: mg ml-1): 

                                                                                                                                                                                            P = DSP = DSP = DSP = DS                                    (4.5.2) 

4.5.2 can be modified in the steady state to: 

                                                                                                                                                                                        P=QX/AtpP=QX/AtpP=QX/AtpP=QX/Atp                                (4.5.3) 

where X is the film thickness (µm), A is the film area (m2), t is time and p is pressure (kPa). 

Equation (4.5.2) is the general expression for permeability. The following equations are 

expressions for the quantity of permeate, Q (cm3), passing through the film, and the partial 

pressure difference delta p across the film, in terms of the experimental set up used to measure 

the oxygen concentration. They are therefore valid for the specific method used in this research. 

The quantity of permeate Q passing through the film is obtained from the fractional change in 

oxygen concentration (measured as a percentage) in the test chamber at the end of the 

experiment, multiplied by the volume of the chamber V (cm3): 
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                                              Q= (G1Q= (G1Q= (G1Q= (G1----G0)/100G0)/100G0)/100G0)/100****VVVV                                        (4.5.4)                                      

 where G0 and G1 are the initial and final concentrations, respectively, of oxygen in the test 

chamber.                                                                                                                                           

The quantity of permeate Q can be converted to standard temperature and pressure (STP) by 

dividing by the standard pressure (101.3 kPa) and multiplying by the standard temperature (273 

K) (Charles and Boyles Laws): 

                            Q(STP) = {(G1Q(STP) = {(G1Q(STP) = {(G1Q(STP) = {(G1----G0)/100)}*(P/101.3)*(27G0)/100)}*(P/101.3)*(27G0)/100)}*(P/101.3)*(27G0)/100)}*(P/101.3)*(273/T)3/T)3/T)3/T)            (4.5.5) 

where P is the pressure of the surrounding air and T is temperature. The partial pressure 

difference delta p is the difference in the two partial pressures, Pm and Pn: 

 

                                               Delta p = PmDelta p = PmDelta p = PmDelta p = Pm----Pn    Pn    Pn    Pn                                                                                                                        (4.5.6) 

 

The oxygen partial pressure in the upper chamber Pm is proportional to the concentration of 

oxygen initially supplied to the chamber Gc; the oxygen partial pressure in the lower chamber 

Pn is proportional to the change in concentration at the end of the experiment (Pn inversely 

proportional to G1-G0). 

For small concentration changes (G1 – G0 < 1%), the partial pressure difference delta p can be 

approximated by the mean partial pressure P0 across the film (Weng, 1993): 

                                                        Delta Delta Delta Delta p = P0         p = P0         p = P0         p = P0                                                                                                                                                                             (4.5.7)                                             



CHAPTER 4: EXPERIMENTAL PROCEDURE  
 

158 | P a g e  
 

At the beginning of the experiment, the concentration of oxygen in the upper chamber is Gc, 

and the concentration in the lower chamber is G0. At the end of the experiment, the 

concentration in the upper chamber remains approximately the same, i.e. Gc (for G1-G0 < 1%), 

and the concentration in the lower chamber is G1. 

The mean partial pressure P0 is the half sum of the partial pressures at the beginning and the 

end of the experiment: 

                    P0 = [{(Gc P0 = [{(Gc P0 = [{(Gc P0 = [{(Gc ––––    Go) + (GcGo) + (GcGo) + (GcGo) + (Gc----G1)}/2] G1)}/2] G1)}/2] G1)}/2] ****    p/100p/100p/100p/100                            (4.5.8) 

Simplifying equations (4.5.5) and (4.5.8), and substituting into equation (4.5.3) yields: 

                    P = [5.390VX/AT (2GP = [5.390VX/AT (2GP = [5.390VX/AT (2GP = [5.390VX/AT (2Gcccc----GGGG1111----GGGG0000)]*[(G)]*[(G)]*[(G)]*[(G1111----GGGG0000)/t)])/t)])/t)])/t)]                      (4.5.9) 

 

 

 



 

 

Fig. 4.9 – Illustration of the oxygen permeability 

chamber showing opened gas valves of the bottom chamber and closed valves of the top 

chamber (A). Cross-sectional view of the testing chamber showing the gas inlets and outlets, an 

O-ring, the two platforms which hold the film in place during testing, and an oxygen sensor

the lower region of the chamber which is connected to a digital oxygen percentage monitor (B).
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Illustration of the oxygen permeability instrument. Gas inlets and outlets of the test 

opened gas valves of the bottom chamber and closed valves of the top 

sectional view of the testing chamber showing the gas inlets and outlets, an 

ring, the two platforms which hold the film in place during testing, and an oxygen sensor

the lower region of the chamber which is connected to a digital oxygen percentage monitor (B).
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. Gas inlets and outlets of the test 

opened gas valves of the bottom chamber and closed valves of the top 

sectional view of the testing chamber showing the gas inlets and outlets, an 

ring, the two platforms which hold the film in place during testing, and an oxygen sensor in 

the lower region of the chamber which is connected to a digital oxygen percentage monitor (B). 
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4.6 Glass Transition Temperature 

4.6.1 Introduction 

Differential scanning calorimetry (DSC) is commonly used to detect the glass transition 

temperature, Tg, which is characterized by a step change in specific heat capacity (ASTM 

E1356-03, 2003). As the temperature of a polymer drops below Tg, it behaves in an increasingly 

brittle manner, whereas at temperatures above Tg the polymer chains become more mobile and 

the polymer becomes more elastic (Encyclopedia of Polymer Science and Engineering, 2003).  

For amorphous and semicrystalline materials, determination of Tg may lead to information about 

their thermal history, processing conditions, stability, progress of chemical reactions, and 

mechanical and electrical behaviour. The glass transition temperature is one of the most 

important parameters that determine the scope of application of the polymers (Eisenberg, 

1993). 

Glass transition temperature depends on many factors such as molecular weight, chain 

branching, covalent and non-covalent bonding (such as hydrogen bonding and hydrophobic 

interactions) within the molecular structure ratio of amorphous and crystalline regions (Sperling, 

1986). Plasticization increases polymer mobility and decreases Tg, which depends primarily on 

molecular conformation. 

The influence of plasticizer on permeability can be explained in terms of the free volume theory. 

Free volume theory states that a penetrant permeates into a polymer solid at a rate determined 

by the availability of free volume within the system (Manabe, 1996). 

Diffusion is possible provided the free volume exceeds the critical value defined by the size of 

the diffused penetrant. This critical value can be achieved by increasing temperature (Gontard 

and co-workers, 1996). At temperatures less than Tg mobility is controlled by the pre-existence 

of pores in the material (glassy state), whereas at temperatures above Tg mobility is affected by 
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polymer relaxation and porosity. Plasticizers in theory can lower Tg, by facilitating 

conformational changes (Encyclopedia of Polymer Science and Engineering, 2003). 

Reducing Tg increases free volume, leading to an increase in diffusion rate (and thus 

permeability). Attempts were made to measure glass transition temperatures for films cast from 

plasticized whey/gelatin solutions. 

 

4.6.2 Preparation of Samples 

Cast films of known composition were conditioned at 50%RH at 21oC for 24 h prior to the 

experimentation. Conditioned films were cut into small rectangular pieces (4 mm wide) using a 

blade. 5 samples were prepared for each composition by encapsulating 10 mg of sample in an 

aluminum pan.  The aluminum pans were sealed by using hand press supplied with the DSC-

Q1000 instrument.  

 

4.6.3 Experimental Apparatus 

Thermal analysis experiments to determine the dependence of glass transition temperature on 

film composition and plasticizer type were performed using differential scanning calorimetry 

(DSC), model DSC-Q1000 (TA Instruments, USA).  



 

 

Figure 4.10 Photograph of DSC

composite materials (CACM), The University of Auckland. 

 

A photograph of the instrument is show

a sample pan and a reference pan. The two pans are heated or cooled uniformly while the 

temperature difference the two was monitored. During the experiment, differences in the 

temperature between the sample and reference were detected by the instrument

by the software into a plot of the differential heat flow between the reference and sample cell as 

a function of temperature. 

 

4.6.4 Procedure 

Approximately 10 mg of film sample was weighed directly in

matching lid was crimped onto the pan

prepared in the same manner. Both pans were placed in the cell unit, and purged with nitrogen 

gas at a flow rate of 10 cm3 min-1

at 10oC min-1, thereafter cooled to 0
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DSC-Q1000 (TA Instruments, USA) located at Center of advanced 

composite materials (CACM), The University of Auckland.  

ument is shown in Fig. 4.10. DSC-Q1000 consists of two sealed pans: 

nd a reference pan. The two pans are heated or cooled uniformly while the 

difference the two was monitored. During the experiment, differences in the 

between the sample and reference were detected by the instrument

a plot of the differential heat flow between the reference and sample cell as 

sample was weighed directly in an aluminum encapsulation pan. A 

to the pan using a hand press. An empty pan as a reference was 

prepared in the same manner. Both pans were placed in the cell unit, and purged with nitrogen 

1. Film samples were scanned from room temperature to 200

cooled to 0oC at 10oC min-1 three such heating/cooling cycles were 
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located at Center of advanced 

consists of two sealed pans: 

nd a reference pan. The two pans are heated or cooled uniformly while the 

difference the two was monitored. During the experiment, differences in the 

between the sample and reference were detected by the instrument and converted 

a plot of the differential heat flow between the reference and sample cell as 

an aluminum encapsulation pan. A 

press. An empty pan as a reference was 

prepared in the same manner. Both pans were placed in the cell unit, and purged with nitrogen 

canned from room temperature to 200oC 

three such heating/cooling cycles were 
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repeated. This procedure was followed for measuring glass transition temperature of whey 

protein concentrate and gelatin. The purpose of this was to remove residual moisture contained 

in whey and gelatin. 

To measure glass transition of all other films single cycle experiments from 0oC to 200oC at 

10oC min-1 were ran. 5 replicates for each film composition were used. The moisture was not a 

problem in using DSC since each pan was sealed before experiment and was checked post 

experiment. This checking was done to make sure the moisture content didn’t loose from the 

sample during heating. Experiments were repeated in cases when pans leaked.  

 

 

4.7 Scanning Electron Microscopy 

4.7.1 Introduction 

Scanning electron microscopy (SEM) is a method for high-resolution imaging of surfaces. It is 

analogous to reflected light microscopy, although different radiation sources serve to produce 

the required illumination (Gabriel, 1985). Whereas the reflected light microscope forms an 

image from light reflected from a sample surface, the SEM uses electrons for image formation. 

Electrons have much shorter wavelength than light photons, and shorter wavelengths are 

capable of generating higher-resolution information. Enhanced resolution in turn permits higher 

magnification (up to 100,000 x) without loss of detail. Another difference between light and 

scanning electron imaging concerns the ability to maintain focus across a field of view 

regardless of surface roughness. The dimension of depth is suppressed when recording an 

image with diffuse light source. By contrast, SEM micrographs maintain the three-dimensional 

appearance of textured surfaces. 

 

 



 

 

Fig. 4.11 Schematic working diagram of SEM

 

The scanning electron microscope 

system consists of an electron gun and several magnetic lenses that generate the electron 

beam and focus it onto the specimen. The information system comprises the specimen and data 

signals released during irradiation as

analyze the data. The display system is simply a monitor synchronized with the electron 

detectors such that an image can be observed and recorded. Lastly, the vacuum system 

removes gases that would otherwise interfere with operation of the scanning electron 

microscope column. 

An electron gun in the imaging system produces an electron beam which is scanned in a 

rectangular raster over the specimen. The electron 

range 200 to 30000 V and focused by electromagnetic lenses. When the electron beam hits the 

specimen in the vacuum chamber, the specimen emits secondary electrons. The secondary 

electrons are received at the detectors and the amplitude of the secondary elec
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Schematic working diagram of SEM (Encyclopedia Britannica, 2008)

The scanning electron microscope (Fig. 4.11) can be subdivided into four systems. The imaging 

system consists of an electron gun and several magnetic lenses that generate the electron 

beam and focus it onto the specimen. The information system comprises the specimen and data 

signals released during irradiation as well as series of detectors that discriminate among and 

the data. The display system is simply a monitor synchronized with the electron 

detectors such that an image can be observed and recorded. Lastly, the vacuum system 

therwise interfere with operation of the scanning electron 

An electron gun in the imaging system produces an electron beam which is scanned in a 

rectangular raster over the specimen. The electron beam is accelerated by a voltage 

ange 200 to 30000 V and focused by electromagnetic lenses. When the electron beam hits the 

specimen in the vacuum chamber, the specimen emits secondary electrons. The secondary 

electrons are received at the detectors and the amplitude of the secondary elec
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(Encyclopedia Britannica, 2008) 

ided into four systems. The imaging 

system consists of an electron gun and several magnetic lenses that generate the electron 

beam and focus it onto the specimen. The information system comprises the specimen and data 

well as series of detectors that discriminate among and 

the data. The display system is simply a monitor synchronized with the electron 

detectors such that an image can be observed and recorded. Lastly, the vacuum system 

therwise interfere with operation of the scanning electron 

An electron gun in the imaging system produces an electron beam which is scanned in a 

is accelerated by a voltage in the 

ange 200 to 30000 V and focused by electromagnetic lenses. When the electron beam hits the 

specimen in the vacuum chamber, the specimen emits secondary electrons. The secondary 

electrons are received at the detectors and the amplitude of the secondary electron signals 
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varies with time according the topography of the specimen, thus generating contrast in the 

images processed and displayed on a computer monitor. 

 

4.7.2 Preparation of Samples and Procedure 

The fracture surface morphology of the samples was examined using a scanning electron 

microscope (Philips XL30 FEG, Holland). Because the SEM utilizes vacuum conditions and 

uses electrons to form an image, special preparations were required.  

Before experiment, all film samples were stored in desiccators with 50%RH for 48 h to condition 

the films. Samples were attached to stainless steel stubs with double-sided adhesive carbon 

tape. Then the entire film samples were made conductive by sputtering a thin layer of platinum 

and examined using an accelerating voltage of 15 kV. 

 

 

4.8 Fourier Transform Infrared (FT-IR) 

4.8.1 Introduction 

Infrared spectroscopy (IR spectroscopy) is the subset of spectroscopy that deals with the 

infrared region of the electromagnetic spectrum. It covers a range of techniques, the most 

common being a form of absorption spectroscopy. As with all spectroscopic techniques, it can 

be used to identify compounds or investigate sample composition. The infrared portion of the 

electromagnetic spectrum is divided into three regions; the near-, mid- and far-infrared, named 

for their relation to the visible spectrum (Grifitths, et. al., 1997). The far-infrared, approximately 

400–10 cm−1 (1000–30 µm), lying adjacent to the microwave region, has low energy and may 

be used for rotational spectroscopy. The mid-infrared, approximately 4000–400 cm−1 (30–2.5 

µm) may be used to study fundamental vibrations and associated rotational-vibrational 

http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Infrared
http://en.wikipedia.org/wiki/Electromagnetic_spectrum
http://en.wikipedia.org/wiki/Absorption_spectroscopy
http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Wavenumber
http://en.wikipedia.org/wiki/Microwave
http://en.wikipedia.org/wiki/Rotational_spectroscopy
http://en.wikipedia.org/wiki/Rovibronic_excitation
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structure. The higher energy near-IR, approximately 14000–4000 cm−1 (2.5–0.8 µm) can excite 

overtone or harmonic vibrations. The names and classifications of these subregions are merely 

conventions. They are neither strict division nor based on exact molecular or electromagnetic 

properties (Grifitths, et. al., 1997). 

Infrared spectroscopy exploits the fact that molecules have specific frequencies at which they 

rotate or vibrate corresponding to discrete energy levels (vibrational modes). These resonant 

frequencies are determined by the shape of the molecular potential energy surfaces, the 

masses of the atoms, and by the associated vibronic coupling. In order for a vibrational mode in 

a molecule to be IR active, it must be associated with changes in the permanent dipole. In 

particular, in the Born–Oppenheimer and harmonic approximations, i.e. when the molecular 

Hamiltonian corresponding to the electronic ground state can be approximated by a harmonic 

oscillator in the neighborhood of the equilibrium molecular geometry, the resonant frequencies 

are determined by the normal modes corresponding to the molecular electronic ground state 

potential energy surface (Grifitths, et. al.,1997). Nevertheless, the resonant frequencies can be 

in a first approach related to the strength of the bond, and the mass of the atoms at either end of 

it. Thus, the frequency of the vibrations can be associated with a particular bond type. 

Simple diatomic molecules have only one bond, which may stretch. More complex molecules 

have many bonds, and vibrations can be conjugated, leading to infrared absorptions at 

characteristic frequencies that may be related to chemical groups. For example, the atoms in 

CH2 group, commonly found in organic compounds, can vibrate in six different ways: 

symmetrical and anti-symmetrical stretching, scissoring, rocking, wagging and twisting. 

An IR spectrometer consists of three basic components: radiation light source, monochromator, 

shutter and detector.  

 

 

http://en.wikipedia.org/wiki/Overtones
http://en.wikipedia.org/wiki/Harmonic_%28mathematics%29
http://en.wikipedia.org/wiki/Energy_level
http://en.wikipedia.org/wiki/Resonant_frequency
http://en.wikipedia.org/wiki/Resonant_frequency
http://en.wikipedia.org/wiki/Potential_energy_surface
http://en.wikipedia.org/wiki/Vibronic_coupling
http://en.wikipedia.org/wiki/Born%E2%80%93Oppenheimer_approximation
http://en.wikipedia.org/wiki/Molecular_Hamiltonian
http://en.wikipedia.org/wiki/Molecular_Hamiltonian
http://en.wikipedia.org/wiki/Ground_state
http://en.wikipedia.org/wiki/Quantum_harmonic_oscillator
http://en.wikipedia.org/wiki/Quantum_harmonic_oscillator
http://en.wikipedia.org/wiki/Molecular_geometry
http://en.wikipedia.org/wiki/Normal_modes
http://en.wikipedia.org/wiki/Atomic_mass
http://en.wikipedia.org/wiki/Organic_compound


 

 

4.12 Basic functioning in Infrared spectroscopy 

A schematic diagram of a typical 

radiation source for the IR spectrometer is an in

1800°C. Three popular types of sources are Nernst glower (constructed of rare

Globar (constructed of silicon carbide), and Nichrome coil. They all produce continuous 

radiations, but with different radiation energy profiles.

disperse a broad spectrum of radiation and provide a continuous

electromagnetic energy bands of determinable wavelength or frequency

gratings are the dispersive components used in conjunction with variable

mirrors, and filters. For example, a grating rotates to focus a narrow band of

mechanical slit. Narrower slits enable the instrument to better distinguish more closely spaced 

frequencies of radiation, resulting in better resolution. Wider slits allow more light to reach the 

detector and provide better system sensiti

is exercised in setting the desired slit
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Basic functioning in Infrared spectroscopy (Grifitths, et. al., 1997)

 

A schematic diagram of a typical dispersive spectrometer is shown in Fig. 4.12

radiation source for the IR spectrometer is an inert solid heated electrically from

1800°C. Three popular types of sources are Nernst glower (constructed of rare

structed of silicon carbide), and Nichrome coil. They all produce continuous 

different radiation energy profiles. The monochromator is a device used to 

disperse a broad spectrum of radiation and provide a continuous calibrated series o

electromagnetic energy bands of determinable wavelength or frequency range. Prisms or 

gratings are the dispersive components used in conjunction with variable-slit mechanisms,

mirrors, and filters. For example, a grating rotates to focus a narrow band of frequencies on

mechanical slit. Narrower slits enable the instrument to better distinguish more closely spaced 

of radiation, resulting in better resolution. Wider slits allow more light to reach the 

and provide better system sensitivity (Grifitths, et. al., 1997). Thus, certain compromise 

is exercised in setting the desired slit width.  
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(Grifitths, et. al., 1997) 

.12. The common 

ert solid heated electrically from 1000°C to 

1800°C. Three popular types of sources are Nernst glower (constructed of rare-earth oxides), 

structed of silicon carbide), and Nichrome coil. They all produce continuous 

The monochromator is a device used to 

calibrated series of 

range. Prisms or 

slit mechanisms, 

frequencies on a 

mechanical slit. Narrower slits enable the instrument to better distinguish more closely spaced 

of radiation, resulting in better resolution. Wider slits allow more light to reach the 

. Thus, certain compromise 



 

 

4.8.2 Preparation of Samples and P

Samples for analysis were cut into 1 cm 

diamond ATR cell for direct detection probe. % absorbance was collected 

range 500–4000 Hz. 25 scans were done for each sample to ensure accuracy of results. The 

data obtained were corrected for baseline by automatic/manual correction tool

analyzing software by Thermo Corporation.

 

4.13 FT-IR – Nicolet 6700 (Thermo 

Tamaki Campus, The University of Auckland,
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.8.2 Preparation of Samples and Procedure 

Samples for analysis were cut into 1 cm × 1 cm squares. These samples were kept

direct detection probe. % absorbance was collected in the

ans were done for each sample to ensure accuracy of results. The 

ned were corrected for baseline by automatic/manual correction tools provided in the 

analyzing software by Thermo Corporation. 

(Thermo Corporation) located at Polymers and coatings laboratory, 

Tamaki Campus, The University of Auckland, 
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4.9 Biodegradability 

4.9.1 Introduction 

Biodegradation is the chemical breakdown of materials by a physiological environment. The 

term is often used in relation to ecology, waste management and environmental remediation 

(bioremediation). Organic material can be degraded aerobically with oxygen, or anaerobically, 

without oxygen. A term related to biodegradation is bio-mineralization, in which organic matter is 

converted into minerals. Biosurfactant, an extracellular surfactant secreted by microorganisms, 

enhances the biodegradation process (Tien et.al., 2000). 

Biodegradable matter is generally organic material such as plant and animal matter and other 

substances originating from living organisms, or artificial materials that are similar enough to 

plant and animal matter to be put to use by microorganisms. Some microorganisms have the 

astonishing, naturally occurring, microbial catabolic diversity to degrade, transform or 

accumulate a huge range of compounds including hydrocarbons, polychlorinated biphenyls 

(PCBs), polyaromatic hydrocarbons (PAHs), pharmaceutical substances, radionuclides and 

metals (Gennadios, et.al., 1993). 

To evaluate biodegradability two different types of techniques are adopted by researches. The 

first technique is compostability studies and the second enzymatic biodegradation. Each of the 

techniques offers different advantages and disadvantages. In compostability studies conditions 

similar to soil are generated and time of degradation for biodegradable polymers is calculated 

based on weight loss for a period of few months. In case of enzymatic degradation the 

conditions of biodegradation are less natural but the time required to study biodegradability is 

considerably less than compostability. Pancreatin and trypsin are commonly used in enzymatic 

biodegradation studies (Letendre, M., Mateescu, M. A., et. al., 2000). 
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4.9.2 Procedure 

Materials 

Pancreatin enzyme extracted from pancreas of pig was supplied by Fisher Scientific Co., Fair 

Lawn, NJ.  Potassium phosphate buffer tablets were supplied by Sigma Aldrich, USA. 

 

Method 

Preparation of 1% Pancreatin Solution: 50 mM potassium phosphate buffer solution was 

prepared by dissolving potassium phosphate buffer tablets in deionized water. This solution was 

used to prepare 1% pancreatin solution. 1 g of pancreatin enzyme powder was dissolved in 100 

ml of 50 mM potassium phosphate buffer and the solution was stirred at 2000 rpm for 10 min. 

 

Biodegradability test:  100 ml pancreatin solution was equally weighed in 10 of 50ml beakers. 

The initial weight readings were recorded. To each of these flasks pre-cut 8.5 cm diameter 

(500mg of protein) film pieces were immersed at 21oC. Weights were measured at 5 min 

intervals up to 120 min. Three replicates for each sample were used and the yield was 

calculated according to the following formulae: 

 

                                    YieldYieldYieldYield    %%%%    (Y(Y(Y(Y) =) =) =) =    [(QPF [(QPF [(QPF [(QPF ----    QPL)/QPF] x 100QPL)/QPF] x 100QPL)/QPF] x 100QPL)/QPF] x 100                        (4.8.1) 

 

QPF: Quantity of protein in the films 

QPL: Quantity of soluble protein liberated in the medium 

QPF was measured as difference in weight of film after 5 min intervals. This was done post 

immersion of films in 1% pancreatin enzyme and films were weighed with precision ±0.0001 g. 
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QPL is defined as the difference between quantity of total proteins in medium and the quantity 

of enzyme. The Bradford (1976) method was used to determine soluble protein (Bradford, et. 

al., 1976). 

 Yield is inversely proportional to the biodegradability and provides a faster way of evaluating 

the biodegradability in pancreatin solution. 
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WHEY, GLYCEROL AND GUINIDINE 
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5.1 Introduction 
 
This chapter presents experimental results of films formed by whey protein modified by 

plasticizer (glycerol) and chaotropic agent (guanidine thiocyanate). The suitability of these films 

for packaging was analyzed by evaluating mechanical properties, water vapor permeability, 

glass transition temperature and morphology.  

 

5.2 Whey Films Containing WPC, Glycerol and Guanidine 

thiocyanate 

Films with different relative compositions of whey protein concentrate (WPC), glycerol and 

guanidine thiocyanate were formed using the methods described in Chapter 4. The films were 

translucent, moderately flexible and homogeneous without any surface defects. The 

concentration of whey was kept constant at 10 wt%. The glycerol concentration (w/v) was varied 

from 0 (control) to 25% (maximum) to observe the effect of varying plasticizer content on 

different properties including mechanical and barrier properties.  
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Table 5.1 Formulations of whey protein films containing 10 wt% of whey protein concentrate and 

1.2 wt % of guanidine thiocyanate, with various proportions of glycerol. 

 

# Formulation Full formulation Thickness (µm) % Glycerol (v/v)  

1 10% Whey 110 0 

2 10% Whey 5% 

Glycerol 

1.2 wt% Guanidine 

thiocyanate 

113 5 

3 10% Whey               

10% Glycerol 

1.2 wt% Guanidine 

thiocyanate 

121 10 

4 10% Whey               

15% Glycerol 

1.2 wt% Guanidine 

thiocyanate 

123 15 

5 10% Whey               

20% Glycerol 

1.2 wt% Guanidine 

thiocyanate 

130 20 

6 10% Whey               

25% Glycerol 

1.2 wt% Guanidine 

thiocyanate 

138 25 

 

Guanidine thiocyanate in conjunction with glycerol was added to give a final concentration of 1.2 

wt%. Table 5.1 summarizes formulations of whey protein films containing 10 wt% of whey 

protein concentrate and 1.2 wt % of guanidine thiocyanate, with various proportions of glycerol.  
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5.2.1 Tensile Strength and Elongation at Break 

Tensile strength is one of the most important properties for packaging films. Good tensile 

strength is needed so that films can withstand load of packaged product. Together with tensile 

strength it is important for packaging films to possess moderate elongation. The purpose of this 

section is to find optimum amount of plasticizer (glycerol) and chaotropic agent (guanidine 

thiocyanate) to provide optimum tensile strength and elongation at break as close as possible to 

synthetic packaging films.  

 

Table 5.2 Tensile strength and elongation at break for whey/glycerol/guanidine thiocyanate films   

Present Study 

# Formulation             Conditions Tensile Strength (MPa) %Elongation 

1 21 oC /50% 0.98 15 

2 21 oC /50% 0.81 19 

3 21 oC /50% 0.63 31 

4 21 oC /50% 0.54 47 

5 21 oC /50% 0.38 61 

6 21 oC /50% 0.21 76 

 

Literature reports (Lawton, 2002) 

# Formulation             Conditions Tensile Strength (MPa) %Elongation 

Corn Zein + 17 
-39% Glycerol 
+ PEG 500 

25 oC /50% 8.4 – 35.5 3 - 94 

Whey protein 
isolate + 
ascorbic acid 
(1.5 wt%) 

20 oC /50% 0.921 95.5 

Casein + 
glycerol (5 
wt%)  

30 oC /50% 0.83 123.2 
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Soy protein + 
glycerol (10 
wt%) 

20 oC /50% 3.48 80.9 

Low density 
polyethylene 
(LDPE) 

23 oC /50% 13.00 500.00 

High density 
polyethylene 
(HDPE) 

23 oC /50% 26.00 300.00 

 

Mechanical properties of films plasticized by glycerol, guanidine thiocyanate and their mixtures 

were assessed by measuring tensile strength (TS) and elongation at break (EB). The results are 

compared with previously published results in Table 5.2. 

 

Fig. 5.1 Tensile strength vs % Glycerol for 10% whey+1.2 wt% guanidine thiocyanate films 
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Effect of plasticizer content on tensile strength and elongation 

Table 5.2 shows tensile strength and % elongation for whey/glycerol/guanidine thiocyanate 

films. Increasing glycerol content decreased tensile strength of the films as shown in Fig. 5.1. 

Film without glycerol was the strongest with mean tensile strength value of 0.98 MPa. Film with 

25% glycerol was the weakest with 0.21 MPa. Increasing glycerol content adds hydrophilic 

plasticizer molecules in the films. This addition of glycerol inserts hydrophilic regions in the films 

which increase flexibility and reduce tensile strength of the films by solvating polar groups via 

hydrogen bonding interaction with the glycerol OH groups. In effect glycerol-protein interactions 

are stronger than protein-protein interactions.  

 

Fig. 5.2 Elongation at break vs % Glycerol for 10% whey 0.1 M guanidine thiocyanate films 

Fig. 5.2 shows changes in elongation at break of whey films with respect to increasing glycerol 

concentration. The trend in elongation at break with plasticizer content was opposite to that of 

tensile strength, i.e elongation at break increased with increasing glycerol content. Whey film 

without glycerol showed 15% increase in elongation while film with 25% glycerol showed 76% 

increase in elongation. The reason for this uptrend is the interference of glycerol molecules in 
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intermolecular hydrogen bonds between protein chains, lowering brittleness and adding 

flexibility to whey films. 

 

5.2.2 Glass Transition Temperature (Tg) 

Glass transition temperature is an important characteristic of polymers. It signifies the 

temperature at which the transition from the glassy to the rubbery state occurs. Glass transition 

temperature for whey films plasticized with glycerol/guanidine thiocyanate was determined by 

the method discussed in section 4.6. Films were conditioned at 50% RH and 21oC for 24 h prior 

to experimentation. The conditioning is done to make sure that the changes in glass transition 

temperature are due to composition of plasticizer and chaotropic agent rather than moisture 

content, which can also plasticize the protein. Experimentally determined glass transition 

temperature of whey films are listed in Table 5.3. Solvent cast whey protein films are brittle at 

ambient conditions, and addition of plasticizer is necessary to enhance flexibility. Glass 

transition temperature is often defined as the temperature at which the collective activation 

energy for the movement of polymer chains exceeds the Gibbs free energy (Nemilov, et. al., 

1994). As the temperature of the polymer is raised and it approaches the glass transition 

molecular chains of polymer start sliding past each other and creates free volume that allows 

the polymer chains to move spatially. This results in increased plasticity.  

When plasticizer with relatively small molecule is added to a polymer matrix it increases the 

spacing and free volume thus allowing polymer chains to move past each other at a much lower 

temperature (Kern et. al., 1982).  
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There are different strategies to lower the glass transition temperature of biopolymers including 

but not limited to the following (Kern et. al., 1982): 

 

1. Addition of plasticizers to the biopolymer examples include glycerol, polyethylene glycol, 

sorbitol, solketal etc. 

2.  Physiochemical combination of biopolymer with polymers having lower glass transition 

temperature than the biopolymer  

3.  Chemically modifying the polymer by addition of side chains to the monomer 

4.  Grafting new polymer chains onto the main biopolymer 

5. Chemically cross linking the biopolymer  

In the first strategy of addition of plasticizer with the biopolymers the mobility between 

biopolymer chains increases due to the entrapment of plasticizer molecules in between polymer 

chains resulting in lowering of temperature at which transition occurs from glassy state to 

rubbery state i.e glass transition temperature.  Several theories have been developed to 

account for the observed characteristics of the plasticization process. According to the 

lubricating theory of plasticization, as the polymer is heated the plasticizer molecules diffuse into 

the polymer and weaken the polymer-polymer interaction (van der wall’s forces). Here, the 

plasticizer molecule acts as shield to reduce polymer-polymer interactive forces and prevents 

the formation of a rigid network. This lowers the glass transition temperature of the polymer and 

allows the polymer chains to move rapidly, resulting in increased flexibility, softness and 

elongation (Kern et. al., 1982). 

The gel theory considers the plasticized polymers to be neither solid nor liquid but an 

intermediate state, loosely held together by a three dimensional network of weak secondary 

bonding forces. These bonding forces acting between plasticizer and polymer are easily 
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overcome by applied external stresses allowing the plasticized polymer to flex, elongate, or 

compress. 

                                   Table 5.3 Glass transition temperature of whey films 

# Formulation Glass transition temperature (Tg) /
oC 

Whey protein 

concentrate 

45 

1 9.6 

2 -5.3 

3 -13 

4 -24 

5 -30 

6 -37 

 

 

Fig. 5.3 Glass transition trend with increasing glycerol content 
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Glass transition temperature of whey protein concentrate was observed as 45oC, and addition of 

guanidine thiocyanate decreased the Tg to 9.6oC, lowering it by 35oC (Table 5.3). Addition of 5% 

glycerol decreased Tg further to -5.3oC. The greater the amount of glycerol the lower was the Tg. 

Important point to notice here is that addition of 0.1 M guanidine thiocyanate lowered Tg by an 

amount equivalent to the effect of addition of 15% of glycerol. The data clearly shows that 

guanidine thiocyanate has an amplified effect on Tg compared to glycerol. This indicates that 

guanidine thiocyanate reduces Tg to a much greater extent in comparison to glycerol. In other 

words chaotropic agent (guanidine thiocynate) acts as a superplasticizer. Superplasticizers, also 

known as high range water reducers, are chemicals used as admixtures where well-dispersed 

particle suspensions are required. These polymers are used as dispersants to avoid particle 

aggregation, and to improve the flow characteristics (rheology) of suspensions such as in 

concrete applications (Ramachandran et. al., 1995). In the current study this term is merely 

used to explain the extra plasticization effect induced by addition of chaotropic agent (guanidine 

thiocynate) to the film forming formulations. Whey protein is a globular protein, as discussed 

before. Whey protein like other globular proteins posses a tertiary structure with apolar amino 

acids oriented towards the molecule’s interior and polar (hydrophiliic) amino acids oriented 

outwards, which allows direct dipole-dipole interactions between protein and solvent. When 

guanidine thiocyanate is added to whey protein solution it disrupts and partially destructs the 

secondary and tertiary structures of whey protein. Denaturation reaction is not strong enough to 

break peptide bonds; therefore the primary structure with sequence of amino acids remains the 

same after the denaturation process. Denaturation with guanidine thiocyanate disrupts the 

normal alpha-helix and beta sheets in a protein and uncoils it into a random shape. This 

uncoiling of alpha-helix and beta sheets of whey protein increases the void space present 

between the primary structured polypeptide chains. The increased void spaces thus increase 

the movement of polypeptide chains past each other at a much lower temperature resulting in 

lowering of glass transition temperature.         
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 5.2.3 Water Vapor Permeability 

Water vapor permeability (WVP) was evaluated at 21oC at constant humidity (RH 50%) for whey 

films modified with glycerol/guanidine thiocyanate mixtures at various plasticizer concentrations 

(0, 5, 10, 15, 20, 25%).  

 

Table 5.4 Water vapor permeability of whey films with varying plasticizer content and constant 

guanidine thiocyanate content (1.2 wt%) , at 21°C and 50% RH. 

# Formulation Thickness (µm) Conditions Water vapour permeability 

(mg*m/m2*s*Pa) 

Estimated 

uncertainly 

1 110 21 oC /50% 0.0193 0.0071 

2 113 21 oC /50% 0.0268 0.0043 

3 121 21 oC /50% 0.0329 0.0048 

4 123 21 oC /50% 0.0352 0.0045 

5 130 21 oC /50% 0.0406 0.0048 

6 138 21 oC /50% 0.0439 0.0052 

 

                 Water vapor permeability of various biopolymer based and synthetic films 

# Formulation Thickness 

(µm) 

Conditions Water vapour permeability 

(mg*m/m2*s*Pa) 

Sodium caseinate: 

glycerol palmatic acid 

39-40 23 oC /75% 0.013 -0.018 

Wheat gluten: 

glycerol 

81 25 oC /45% 0.0508 

Whey protein isolate: 

glycerol 

110-13- 30 oC / 0 -
100% 

0.076-1.39 
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Beeswax 45 25 oC / 0 -
100% 

0.00058 

Carnauba wax 10 25 oC / 0 -
100% 

0.00033 

Cellophane - 25 oC / 0 -
100% 

0.084 

Polyvinylchloride - 38 oC / 0 -90% 0.00071 

Low density poly 

ethylene (LDPE) 

- 25 oC / 0 -95% 0.00055 

High density 

polyethylene (HDPE) 

- 25 oC / 0 -95% 0.00023 

Aluminum foil - 25 oC / 0 -95% 0.00020 

 

Five samples for each composition were analyzed for water vapor permeability and the average 

water vapor permeability values of whey films blended with glycerol/guanidine thiocyanate are 

summarized in Table 5.4.     

 

Table 5.5 Comparison of water vapor permeability with glass transition temperature 

Formulations 

compared 

Conditions Increase in water vapor 

permeability (%) 

Increase in glass 

transition temperature (%) 

1 versus 2 21 oC /50% 38 78 

2 versus 3 21 oC /50% 22 59 

3 versus 4 21 oC /50% 7 46 

4 versus 5 21 oC /50% 15 20 

5 versus 6 21 oC /50% 8 18 
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Fig. 5.4 Dependence of water vapor permeability on glycerol content 

The experimental data show that water vapor permeability of whey films increased with 

increasing concentration of plasticizer (Fig. 5.4). Addition of 1.2wt% guanidine thiocynate 

increased the water vapor permeability by 0.0075 (mg*m/m2*s*Pa) or 38%, in comparison with 

films containing only whey i.e formulation#1. Comparison of glass transition temperature 

between formulation#1 and #2 shows a 78% reduction in glass transition temperature due to the 

addition of 1.2wt% guanidine thiocynate. This suggests that guanidine thiocynate reduces glass 

transition temperature to a greater extent than increase in water vapor permeability. When water 

vapor permeability for formulations #2 and #3 is compared, 15% increase in water vapor 

permeability is observed. Comparison of glass transition temperature between formulation #2 

and #3 showed an increase of 33%. This shows that 5% increase in glycerol decreases Tg to a 

greater extent than water vapor permeability. Similar trends between water vapor permeability 

and glass transition temperature were observed (Table 5.5) in the formulations that followed by 

further addition of glycerol i.e 10%, 15%, 20% and 25%.   
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The increase in water vapor permeability with plasticizer content could be related to the 

hydrophilicity of the plasticizer. It is well known that the presence of plasticizers increases the 

concentration of polar residues in hydrocolloids based films (Banker 1966; Gontard et al., 1993). 

According to Sorbal et al. (2001) the incorporation of plasticizer results in an increase in the free 

volume of the system, inducing an increase in mobility of the protein chains and promoting an 

increase in water vapor transmission in the protein matrix.  

      Table 5.6 Water vapor permeability transport mechanism in modified whey protein films 

Amount of plasticizer / 

chaotropic agent 

Dominant transport 

mechanism: 

Plasticizer 

Dominant transport 

mechanism: 

Chaotropic agent 

Low           Solubility Diffusion 

Medium Diffusion / Solubility Diffusion / Solubility 

High Diffusion Solubility 

 

Permeability is defined as the product of diffusion coefficient and solubility. Depending on the 

factor that changes after changing the film forming compositions determines the dominant 

mechanism of permeability in films. Table 5.6 summarizes the mechanism that dominates the 

permeability at different concentrations of plasticizer and chaotropic agent. At low plasticizer 

concentration the water vapor permeability increases due to increased solubility of water vapors 

in hydrophilic polar regions that are formed due to the presence of plasticizer. Increasing the 

concentration of plasticizer increases the presence of voids and also disrupts the hydrogen 

bonding between polypeptides of whey resulting in increased permeability due to increased 

diffusion coefficient. When the plasticizer concentration is intermediate both diffusion and 

solubility are enhanced resulting in increased permeability.  
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Incorporation of plasticizer results in an increase in the free volume of the system, hence an 

increase in the mobility of the protein chains promotes an increase in water vapor transmission 

in the protein matrix, thus decreasing the barrier properties.  

 Changes in structure of the polymer matrix occur by the introduction of chaotropic agent, 

through the disruption of hydrogen bonding between polymer chains. At moderate 

concentrations of chaotropic agent the protein network may become less dense and enhances 

the water diffusion coefficient within the whey protein network. According to Cuq et al., 1997, 

less dense protein networks show reduced water vapor permeability.  

The transport mechanism post addition of chaotropic agents is opposite to transport mechanism 

post addition of plasticizer due to the differences in plasticization mechanisms. At low 

concentrations of chaotropic agents the polypeptide chains of whey are denatured and therefore 

lose the secondary and tertiary structure of β helix resulting in increased permeability 

coefficient.  

 

5.2.4 Scanning Electron Microscopy 

Scanning electron microscope (SEM) was used to examine the surface morphology of whey 

films. Figs. 5.5 – 5.12 shows SEM images of the surface of whey films with different plasticizer 

and guanidine thiocyanate content. Pure whey film without glycerol and guanidine thiocyanate 

showed the smoothest surface out of all the films. The reason for the smooth surface of whey 

films could be the homogenous dispersion of polypeptide chains held by short range hydrogen 

bonding. Addition of glycerol made the film surfaces rougher and the number of micro pores 

(void) on the film surface increased. There was no possible way of mentioning the density of 

micro pores and therefore the density micro pores for different films cannot be compared. 

Chaotropic agent (guanidine thiocyatae) showed effects contrary to those by glycerol. Addition 
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of 1.2wt% guanidine thiocynate increased agglomerate formation and decreased the relative 

void surface area of whey films. These differences can be seen by comparison of Fig. 5.5 and 

Fig. 5.6.   

Increasing the glycerol content increased the relative void surface area of whey films.  

Comparing surface micrograph of formulations containing lower proportions of glycerol (Fig. 5.7) 

with surface micrograph of formulations containing higher proportions of glycerol (Fig. 5.8), 

shows an increase in relative void surface area.  This observation may be accounted to the fact 

that plasticizers help rearrange the polymer chains, the formation of microscopic holes (voids) 

could be an indication of the plasticizing effect of glycerol. The increase in void surface area can 

be attributed to the entrapment of plasticizer in the polymer matrix which results due to the 

disruption of hydrogen bonds and short range intermolecular forces that hold polypeptide chains 

together. 

25 wt% was taken as upper limit of glycerol content in this study, and these films showed a very 

different surface morphology with fine stranded and twisted worm-like protein chains as shown 

in Fig. 5.11. This observation was in accordance with previous reports by Clark et. al., 1981 and 

Langton et. al., 1992.  
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Table 5.7 Detailed composition of whey film with observed morphology 
 

Formulation Thickness (µm) Magnification / 
Morphology Type 

Observation 

10% Whey  95 10000 
 

Surface 

Smooth surface  

10% whey   
                                         

1.2 wt% guanidine 
thiocyanate 

110 10000 
 

Surface 

Agglomerates, rough 
surface and lower 

surface porosity than 
pure whey films  

10% Whey               
5% Glycerol 

1.2 wt% Guanidine 
thiocyanate 

113 10000 
 

Surface 

Agglomerates, rough 
and increased surface 

porosity   

10% Whey               
10% Glycerol 

1.2 wt% Guanidine 
thiocyanate 

121 10000 
 

Surface 

Agglomerates, rough 
and increased surface 

porosity  
 

10% Whey               
15% Glycerol 

1.2 wt% Guanidine 
thiocyanate 

123 10000 
 

Surface 

Agglomerates, rough 
and increased surface 

porosity  
 

10% Whey               
20% Glycerol 

1.2 wt% Guanidine 
thiocyanate 

130 10000 
 

Surface 

Agglomerates and 
rough surface 

10% Whey               
25% Glycerol 

1.2 wt% Guanidine 
thiocyanate 

138 10000 
 

Surface 

Highly irregular 
surface with pores 
and agglomerates.  
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Fig. 5.5 Scanning electron micrograph of the surface of pure whey film 
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Fig. 5.6 Scanning electron micrograph of surface of whey film with 1.2 wt% guanidine 

thiocyanate 
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Fig. 5.7 Scanning electron micrograph of surface of whey film with 5% glycerol / 1.2 wt% 

guanidine thiocyanate 
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Fig. 5.8 Scanning electron micrograph of surface of whey film with 10% glycerol 1.2 wt% 

guanidine thiocyanate 
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Fig. 5.9 Scanning electron micrograph of surface of whey film with 15% glycerol 1.2 wt% 

guanidine thiocyanate 
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Fig. 5.10 Scanning electron micrograph of surface of whey film with 20% glycerol 1.2 wt% 

guanidine thiocyanate 
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Fig. 5.11 Scanning electron micrograph of surface of whey film with 25% glycerol 1.2 wt% 

guanidine thiocyanate 
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CHAPTER 6 
 
 

 
RESULTS AND 
DISCUSSION:      

WHEY, GELATIN, PROPYLENE GLYCOL 
AND GLUTARALDEHYDE FILMS 
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6.1 Introduction 
 
This chapter presents results for films with different relative proportions of gelatin, whey together 

with propylene glycol and glutaraldehyde. These films were characterized for mechanical 

properties (tensile strength and elongation), oxygen permeability, water vapor permeability, 

thermal properties, morphology (scanning electron micrographs), infrared spectroscopy and 

biodegradability. 

 
 

6.2 Whey Film Compositions Containing WPC, Gelatin, 

Propylene glycol and Glutaraldehyde 

Films with varying proportions of whey protein concentrate (WPC), gelatin, propylene glycol 

(PG) and glutaraldehyde were formed. The plasticizer used in the primary study was glycerol as 

explained in chapter 5. Glycerol plasticized films in the past have showed higher water vapor 

permeability and mobility of glycerol with time making the films brittle when kept at ambient 

conditions over weeks when compared with propylene glycol Krochta et al., 1994. This was the 

primary reason for not choosing glycerol for these second set of experiments, instead propylene 

glycol which is less hydrophilic and less mobile in the polymer matrix is chosen for this part of 

the study.  

 

 

                                                            (a)                            (b) 

                           Fig. 6.1 Chemical structure of (a) Glycerol (b) Propylene Glycol  
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Fig. 6.1 shows the structure of glycerol and propylene glycol. Glycerol and propylene glycol both 

contain three carbon atoms, but different number of hydroxyl groups. Hydroxyl groups interact 

with water to form intermolecular hydrogen bonding and this bonding is responsible for 

hydrophilic behavior of glycerol and propylene glycol. Number of hydroxyl groups present in a 

molecule is directly proportional to the degree of hydrophilicity of the molecule. Since glycerol 

contains three hydroxyl groups and propylene glycol contains two hydroxyl groups, therefore 

glycerol is more hydrophilic than propylene glycol (Nugraha et. al., 2005).  

 

Table 6.1 Film Compositions 
 

Code# wt% WPC wt% Gelatin Propylene glycol (%v/v) Glutaraldehyde 

(%v/v) 

Thickness(µm) 

1 10 0 5 1.2/ 1.6/ 2.0 66 

2 10 0 6 1.2/ 1.6/ 2.0 72 

3 10 0 7 1.2/ 1.6/ 2.0 60 

4 10 0 8 1.2/ 1.6/ 2.0 58 

5 10 0 9 1.2/ 1.6/ 2.0 34 

6 9 1 5 1.2 46 

7 9 1 6 1.2 48 

8 9 1 7 1.2 63 

9 9 1 8 1.2 65 

10 9 1 9 1.2 39 

11 8 2 5 1.2 49 

12 8 2 6 1.2 38 

13 8 2 7 1.2 49 

14 8 2 8 1.2 51 

15 8 2 9 1.2 51 

16 7 3 5 1.2 71 
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17 7 3 6 1.2 60 

18 7 3 7 1.2 64 

19 7 3 8 1.2 72 

20 7 3 9 1.2 61 

21 6 4 5 1.2 36 

22 6 4 6 1.2 65 

23 6 4 7 1.2 62 

24 6 4 8 1.2 48  

25 6 4 9 1.2 54 

26 5 5 5 1.2  49 

27 5 5 6 1.2  63 

28 5 5 7 1.2 42 

29 5 5 8 1.2 57 

30 5 5 9 1.2 46 

 

     The film compositions containing gelatin were found to have better gloss and transparency 

while the films containing whey without gelatin were translucent. Increasing propylene glycol 

made the films flexible. The reason for adding glutaraldehyde as crosslinker was to increase 

strength while retaining the flexibility given by the plasticizer. In total 30 compositions (Table 

6.1) were made, the first 6 without any gelatin to evaluate the effects of glutaraldehyde at 

different percentages of propylene glycol. In the next 24 compositions the relative proportions of 

whey and gelatin were varied from 9:1 – 1:1.  

 

 

 



Chapter 6: Results and discussion 
 

 

205 | P a g e  

 

6.2.1 Tensile Strength and Elongation 

Tensile strength is one of the most important properties of packaging materials. The effect of 

different proportions of propylene glycerol, glutaraldehyde and gelatin were evaluated. All of the 

measurements were conducted on films conditioned at 50%RH for 24 hours before 

experimentation. 

 

Effect of plasticizer content 

 

Fig. 6.2 Effect of increasing propylene glycol on tensile strength of films at constant 

glutaraldehyde content of 1.2vol%. 

 

Whey films with or without gelatin showed the tendency for tensile strength to decrease with 

increasing propylene glycol content as shown in Fig.6.2. Films with no propylene glycol showed 

the highest strength among all the compositions. The decrease in tensile strength with 

increasing plasticizer is attributed to the reduction of intermolecular forces between protein 

chains due to the interference by plasticizer molecules.   
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Fig. 6.3 Effect of plasticizer content on % elongation at constant glutaraldehyde content of 

1.2vol%. 

 

An increase in plasticizer content increased the % elongation of the films as shown in Fig.6.3. 

The effect of plasticizer on % elongation was same for all compositions, confirming the 

effectiveness of propylene glycol molecules in reducing short range hydrogen bonding 

interactions between polypeptide chains of whey and gelatin.  
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Fig. 6.4 Effect of glutaraldehyde on tensile strength at different plasticizer contents at constant 

whey protein (10 wt%) (Formulation code# 1 -5). 

 

Effect of crosslinker content 

The primary intent of adding crosslinker to the compositions is to increase tensile strength and 

environmental stability. Plasticizers increase elongation by reducing hydrogen bonding, which in 

turn decreases tensile strength of the films, so the use of crosslinkers becomes necessary to 

add strength to the films. Increasing glutaraldehyde content by 1.5 times doubled the tensile 

strength, as shown in Fig. 6.4.  
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Fig. 6.5 Effect of glutaraldehyde on % elongation at different plasticizer contents. 

 

Increase in crosslinker content in compositions decreased the % elongation of the films 

(Fig.6.5). With increasing crosslinker content new cross links are formed between polypeptide 

chains increasing strength of the films and lowering % elongation. 

 

 

Fig. 6.6 Effect of gelatin content on tensile strength Formulation code# 6 -30). 
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Effect of gelatin content 

Effect of gelatin content on tensile strength and % elongation is evaluated by comparing 

mechanical properties of films with constant gluraldehyde content of 1.2vol%. Increase of 

gelatin content in compositions increased the tensile strength of the films as shown in Fig. 6.6.  

Gelatin present in films added strength as it formed extensive hydrogen bonding between 

polypeptide chains increasing the strength of films. Also by increasing gelatin content imine 

croslinks between formyl group of glutaraldehyde and amine residues of gelatin formed. These 

imine crosslinks are much more stonger than those formed between whey and glutaraldehyde. 

This may be attributed to the fact that gelatin is an incomplete protein which contains more 

amine residues than whey protein concentrate (Stefano et.al., 2010). 

 

 

Fig. 6.7 Effect of gelatin on % elongation of films with different plasticizer contents. 

 

% Elongation decreased by increasing gelatin content in film compositions as shown in Fig.6.7. 

The reason for this decrease is again the formation of imine croslinks that were much more 

stonger than those formed between whey and glutaraldehyde. These strong crosslinks hindered 
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the movement of crosslinked polypeptide chains past each other resulting in lowering of % 

elongation of films containing gelatin. The higher the weight proportion of gelatin the lower is the 

% elongation of the films. 

 

6.2.2 Glass Transition Temperature 

Glass transition temperature (Tg) is a very important property in polymer science. It is the 

temperature at which configuration of chains of a polymer changes from glassy to rubbery state. 

Knowledge of glass transition temperature enables us to predict the processing, 

handling/application temperature of the polymer with ease. In the case of packaging films Tg 

should be in a range such that films possess desired tensile strength and elongation at the 

application temperature. Samples were preconditioned at 21oC and 50%RH for 24 h before the 

experimentation. DSC pans containing sample were sealed and therefore moisture was not a 

problem. Each pan sealed before experiment and was also checked post experiment to make 

sure there was no leakage of moisture from the pans. This procedure is regularly used in the lab 

for moisture sensitive sample and is also the recommended procedure from the instrument 

manufacturer.  

 

Protocol used for scanning samples 

Film samples were scanned from room temperature to 200oC at 10oC min-1, thereafter cooled to 

0oC at 10oC min-1 three such heating/cooling cycles were repeated. This procedure was 

followed for measuring glass transition temperature of whey protein concentrate and gelatin. 

The purpose of this was to remove residual moisture contained in whey and gelatin. To 

measure glass transition of films single cycle experiments from 0oC to 200oC at 10oC min-1 were 

conducted. 5 replicates for each film composition were used. Films were preconditioned at 21 

oC and 50% RH for 24h prior to scanning. 
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Fig. 6.8 Sample scan of whey protein concentrate with 3 heating and cooling cycles. 
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Fig. 6.9 Tg of whey powder as evident from the DSC scan of milk powder (Schuck et.al., 2005). 

 

Fig. 6.8 shows the glass transition temperature of whey protein concentrate. The glass transition 

temperature of whey containing some residual moisture is found to be 29.6oC. Two heating and 

cooling cycles were ran to remove any residual moisture and to ultimately get the glass 

transition temperature of completely dry whey. The glass transition temperature of dry whey is 

found to be 45oC from the 3rd heating cycle. This is found to be in concert with previously 

published results on glass transition of dry whey by Schuck et. al., 2005. The study suggests 

that the glass transition temperature of completely dry whey is 44oC (Fig. 6.9).  
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Fig.6.10 Effect of plasticizer content on glass transition temperature at different relative 

proportions of gelatin and WPC at constant glutaraldehyde content of 1.2vol%. 

 

Effect of plasticizer content 

Increasing the amount of plasticizer in film forming compositions decreased the glass transition 

temperature of the films as shown in Fig.6.10. The reduction in glass transition temperature 

occurred due to the increase in mobility between polypeptide chains, enabling them to achieve 

rubbery phase at a much lower temperature than a non-plasticized protein.  
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Fig.6.11 Effect of glutaraldehyde on glass transition temperature at different plasticizer contents. 

 

Effect of crosslinker content 

The effect of glutaraldehyde content on Tg was found be significant. Increasing the 

concentration of glutaraldehyde increased the glass transition temperature of films as shown in 

Fig.6.11. The reason for this increase is the formation of new imine crosslinks that increase the 

strength of films, and thereby increasing the amount of energy needed by polymer chains to 

move past each other. This resulted in increase of glass transition temperature (i.e temperature 

of the transition from glassy to rubbery phase).  
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Fig.6.12 Effect of gelatin on glass transition temperature at different plasticizer contents 

constant glutaraldehyde content of 1.2vol%. 

 

Effect of gelatin content 

The presence of gelatin in the films had an important role in providing strength, gloss and water 

resistance. In addition it also increased Tg as it possesses a high glass transition temperature 

above 200oC. Dry gelatin is showed to have a glass transition temperature of 211.6 oC (Fakirov 

et al., 1999). Increasing gelatin content in films increased Tg as shown in Fig.6.12. 

Combinations of whey protein and gelatin have been studies in the past. In a study by 

Walkenestrom, et.al., 1997 it was found that whey protein concentrate and gelatin form phase 

separated structure with gelatin as continuous network and whey protein concentrate as 

spherical inclusions. A similar phase separated system is inferred from the DSC scans in this 

study. Gelatin and whey are found to be partly miscible with the phase corresponding to whey 

observed at 62oC and gelatin rich phase observed at 91oC in the DSC scans. 
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6.2.3 Oxygen Permeability 

Oxygen permeability is an important barrier property in relation to end use of packaging 

materials. Low oxygen permeability is important for coatings and packaging materials that 

contain products that are highly susceptible to oxidation. Materials highly permeable to oxygen 

can lead to oxidation of the packaged material and this is especially important in food packaging 

as most foods are highly prone to degradation by oxidative stress and reactive oxygen species. 

Oxygen permeability of the films was determined by the method described in section 4.5.3. 

Investigative experiments were conducted to evaluate the effect of plasticizer, crosslinker and 

gelatin in whey films.   

 

 

 Fig.6.13 Effect of increasing plasticizer concentration on oxygen permeability in films with 

constant glutaraldehyde content (1.2% v/v). 
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Effect of plasticizer content 

Increasing plasticizer content in compositions increased the oxygen permeability of the films as 

shown in Fig.6.13. The reason for this increase is the creation of void space between protein 

chains by plasticizer molecules. The magnitude of increase in oxygen permeability was found to 

be lower in compositions containing glutaraldehyde. This change may be due to permanent 

crosslinks formed between polypeptide chains. This formation of new crosslinks may have 

lowered the plasticization effect thereby lower the number of micropores and finally resulting in 

lower permeability towards oxygen. 

 

 

Fig. 6.14 Effect of glutaraldehyde on oxygen permeability at different plasticizer content in 10% 

Whey/5-9% PG films. 
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Effect of crosslinker content 

Inclusion of glutaraldehyde in compositions lowered the oxygen permeability as shown in 

Fig.6.14. As an example, film with composition 5% whey / 5% gelatin / 5% PG containing no 

glutaraldehyde had a oxygen permeability of 0.00207 fmol/m*s*Pa while film containing 5% 

whey / 5% gelatin / 5% PG / 1.2% glutaraldehyde had a oxygen permeability of 0.00094 

fmol/m*s*Pa. Pervious researches by Yampolskii et.al., 2001 suggests that formation of 

intermolecular crosslinks that may have facilitated branching of polymer chains and could have 

lead to increase in density of the polymer. Such an increase in density is seldom associated 

with increase in permeability of polymers towards gases (both polar and non-polar). This 

increase in density couldn’t be precisely measured due to unavailability of appropriate methods 

in the lab. In the current study decrease in oxygen permeability may be attributed to the 

formation of imine crosses links due to the reaction of glutaraldehyde with polypeptide chains of 

gelatin and whey.  The formation of imine cross links decreased the void spaces present in the 

polypeptide network. This decrease may be the reason for decrease in permeability of films 

towards oxygen. 

 

Fig.6.15 Effect of wt % Gelatin on oxygen permeability of films with different plasticizer content  
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Effect of gelatin content 

Increasing gelatin content in films showed a decreasing trend in oxygen permeability as shown 

in Fig.6.15. This decrease may be attributed to the formation of extensive intermolecular 

hydrogen bonding in gelatin polypeptide chains. This might have decreased the void space left 

for oxygen to diffuse though the whey-gelatin polymer matrix. The decrease of oxygen 

permeability is found to be inversely proportional to the amount of gelatin present in the film.  

In addition gelatin being an incomplete protein contains higher number of amine groups than 

WPC (Stefano et.al., 2010). These amine groups are mostly present as terminating groups in 

gelatin. The amine group present as terminating groups in gelatin reacts with formyl group of 

glutaraldehyde to form imine crosslinks (Stefano et.al., 2010).   

 

6.2.4 Water Vapor Permeability 

Effect of plasticizer content 

 

Fig.6.16 Effect of increasing propylene glycol content on water vapor permeability of films with 

varying proportions of WPC and gelatin 
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Increasing the concentration of propylene glycol increased the water vapor permeability of the 

films (Fig.6.16). Adding propylene glycol increased the mobility between polypeptide chains of 

whey and gelatin by lowering the intermolecular hydrogen bonding which in turn increased the 

void spaces between polymer chains resulting in rise in the number of water molecules diffusing 

through the films. This trend was found to be same in films varying in relative proportions of 

WPC and gelatin. 

 

Effect of crosslinker content 

 

Fig.6.17 Effect of increasing glutaraldehyde content on the water vapor permeability of films with 

5-9% plasticizer content. 
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Fig.6.17. Films with 1.2% (v/v) glutaraldehyde / 5-9% PG / 10% whey had water vapor 
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increase in number of imine bonds formed by reaction of amine groups and the formyl group. 

These new bonds made the polypeptide network denser and decreased the total void volume 

resulting in a smaller number of water molecules diffusing through the films.  

 

Fig.6.18 Effect of increasing gelatin content on water vapor permeability of films with different 

proportions of plasticizer. 

 

Effect of gelatin content 

Increasing gelatin content in films decreased the water vapor permeability. Glutaraldehyde 
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6.2.5 Scanning Electron Microscopy 

Scanning electron microscopy is an important technique for exploring surface morphology of 

packaging films. In this section we discuss SEM micrographs of whey/gelatin films crosslinked 

with glutaraldehyde. The main for doing SEM aim is to explore the effects of increasing relative 

proportions of whey in film forming compositions. Figs. 6.19 - 6.24 shows micrographs of films 

with composition 10, 9, 8, 7, 6 and 5% whey/0, 1, 2, 3, 4, 5% gelatin/5% propylene glycol/1.2% 

glutaraldehyde.  

Fig. 6.19 shows the surface micrograph of films with 10 wt% whey and no gelatin. In this 

micrograph the surface of the film is found to be smooth with micropores or voids. The presence 

of void surface area may be attributed to the entrapment of plasticizer in the polymer matrix 

which results due to the disruption of hydrogen bonds and short range intermolecular forces that 

hold polypeptide chains together. Figs. 6.20 – 6.24 shows surface micrographs with irregular 

and phase separated surface which may be attributed to the gelatin content. The phase 

separation is clearly visible in these figures and an increasing interaction of the inclusion phase 

among itself is seen (Fig. 6.20 vs. 6.21).  It cannot be concluded from the surface micrographs 

whether the inclusion phase is whey or gelatin but it can be concluded that the phase separation 

summarized from DSC scans is visible in surface micrographs (Figs. 6.21 – 6.24). 

In the films with constant amount of propylene glycol and glutaraldehyde, increasing gelatin 

content showed a phase separated network induced interaction between whey and gelatin 

resulting in formation of new morphological phase separated structures.  
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Table 6.2 Detailed composition of whey/gelatin film with observed morphology 
 

Formulation Thickness (µm) Magnification / 
Morphology Type 

Observation 

10% whey / 5% 
propylene glycol / 

1.2% glutaraldehyde 

66 2500 
 

Surface 

Micropores and rough 
surface due to the 

presence of 
plasticizer and 

crosslinker 
respectively. 

9% whey / 1% gelatin  
5% propylene glycol  
1.2% glutaraldehyde 

46 2500 
 

Surface 

Small crystalline 
structures of gelatin 
embedded in whey. 
Micropores due to 

plasticization effect.  

8% whey / 2% gelatin  
5% propylene glycol  
1.2% glutaraldehyde 

49 2500 
 

Surface 

Interaction between 
gelatin chains 

possibly due to 
hydrogen bonding 

and/or cross linking.  

7% whey / 3% gelatin  
5% propylene glycol  
1.2% glutaraldehyde 

71 2500 
 

Surface 

Increased gelatin 
content caused 

aggregation of gelatin. 

10% Whey               
15% Glycerol 

1.2 wt% Guanidine 
thiocyanate 

123 2500 
 

Surface 

Agglomerates, rough 
and increased surface 

porosity  
 

6% whey / 4% gelatin  
5% propylene glycol  
1.2% glutaraldehyde 

36 2500 
 

Surface 

Interaction between 
gelatin chains 

possibly due to 
hydrogen bonding 

and/or cross linking. 

5% whey / 5% gelatin  
5% propylene glycol  
1.2% glutaraldehyde 

49 2500 
 

Surface 

Uniformly dispersed 
crystalline gelatin 

chains. 
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Fig. 6.19 Scanning electron micrograph of the  surface of whey/gelatin film with 10% whey/5% 

propylene glycol/1.2% glutaraldehyde. 
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Fig. 6.20 Scanning electron micrograph of the surface of whey/gelatin film with 9% whey/1% 

gelatin/5% propylene glycol/1.2% glutaraldehyde. 
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Fig. 6.21 Scanning electron micrograph of the surface of whey/gelatin film with 8% whey/2% 

gelatin/5% propylene glycol/1.2% glutaraldehyde. 
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Fig. 6.22 Scanning electron micrograph of surface of whey/gelatin film with 7% whey/3% 

gelatin/5% propylene glycol/1.2% glutaraldehyde. 
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Fig. 6.23 Scanning electron micrograph of the surface of whey/gelatin film with 6% whey/4% 

gelatin/5% propylene glycol/1.2% glutaraldehyde. 
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Fig. 6.24 Scanning electron micrograph of the surface of whey/gelatin film with 5% whey/5% 

gelatin/5% propylene glycol/1.2% glutaraldehyde. 
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6.2.6 Biodegradability 

Biodegradability is an important perspective from the application point of view in biodegradable 

packaging. Crosslinking promotes the formation of covalent intermolecular bonds which are 

stronger than short and long range intermolecular forces and hold the polypeptide chains 

together. The formation of crosslinks therefore increases the strength of polymer films and 

increases the biodegradation time. Formulations with higher concentration of gluatraldehyde 

contain higher number of crosslinks and the disintegration of these covalent crosslinks takes 

longer than other bonds resulting in increase in biodegradation time. Biodegradation is the rate 

at which the polypeptide network disintegrates. In this section we discuss the results that were 

obtained by treatment of whey/gelatin films pre-cut in known dimensions and submerged in a 

proteolytic solution containing 1% pancreatin enzyme as discussed in Chapter 4.  

 

 

Fig. 6.25 Biodegradability results for 10% whey+5% PG+ 1.2 / 1.4 / 1.6% glutaraldehyde films 

showing the effect of increasing crosslinker content. 
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Fig. 6.26 Total biodegradation time for 10% whey+5% PG+1.2 / 1.4  / 1.6% glutaraldehyde 

films.  

In the first set of results the biodegradation time of whey films crosslinked to different extents 

(1.2, 1.4 and 1.6%) containing 10% whey and 5% PG is compared. The plasticizer content was 

kept constant in these films. 

Fig. 6.25 shows the degradation kinetics (yield versus biodegradation time) for films with 10% 

whey + 5% PG + 1.2 / 1.4 / 1.6%  glutaraldehyde while Fig. 6.26 shows plot of glutaraldehyde 

content versus total biodegradation time, time the film took for complete digestion in pancreatin 

enzyme. Formulation with 10% whey+5% PG+1.2% glutaraldehyde took the lowest total time 

(75 min) for enzymatic digestion. Film with 10% whey + 5% PG + 1.4% glutaraldehyde took 90 

min to reach complete digestion in pancreatic enzyme while the film with 10% whey + 5% PG + 

1.6% glutaraldehyde took the longest time (105 min).  The plot also provides opportunity to look 

at the biodegradation rates which are directly proportional to the slope the degradation plot. 

Analysis of the plot (Fig. 6.25) suggests that film with 1.2% glutaraldehyde had the fastest 

biodegradation rate while film with 1.6% glutaraldehyde showed the slowest biodegradation 
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rate. It may be concluded that the imine crosslinks formed by reaction between glutaraldehyde 

and protein (whey/gelatin) retards the biodegradation rate in comparison with films containing 

lower proportion of glutaraldehyde.  

The reason attributed for the increase in total biodegradation time with glutaraldehyde content is 

the crosslinking reaction between formyl group of gluatraldehyde with free amine groups 

present in whey and gelatin. The higher are the number of crosslinks formed the higher is the 

time taken for enzymatic biodegradation. 

 

Fig. 6.27 Comparison of films with 10% whey+5% PG+1.2% glutaraldehyde. 

In the second set of result films with constant glutaraldehyde content but different relative 

proportions of whey and gelatin are used to study the effects of gelatin on degradation kinetics 

and total degradation time. Enzymatic biodegradation kinetics for film containing 10% whey + 

5% PG + 1.2% glutaraldehyde is compared with films containing  9 / 8 / 7 / 6 / 5% whey, 1 / 2 / 3 
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/ 4 / 5% gelatin, 5% PG and 1.2% glutaraldehyde. Film formulation with only whey and no 

gelatin showed the highest biodegradation rate among all formulations. As the gelatin content in 

the film formulations increases the biodegradation rate decreases. Film with 5% whey + 5% 

gelatin shows the least biodegradation rate. The retardation of biodegradation rate depends on 

the ability of gelatin to form imine crosslinks in comparison with whey. Gelatin contains higher 

number of terminal amine groups than whey and therefore larger numbers of imine crosslinks 

are formed in gelatin than whey. These crosslinks are stronger than other covalent bonds 

present in the filmogenic matrix and are responsible for the retardation of biodegradation rates.  

Fig. 6.27 shows yield versus biodegradation time for films with varying relative proportions of 

whey and gelatin. The crosslinker and plasticizer content in the films were kept constant at 1.2% 

and 5%. As biodegradation time increased the yield of protein decreased in all the film 

compositions.  
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(b) 

Fig. 6.28 Comparison of total biodegradation time with the relative proportion of (a) gelatin 

content (b) whey content in composition containing whey + gelatin + 5%PG + 1.2 % 

glutaraldehyde. 

Increasing gelatin concentration increased the biodegradation time (Fig. 6.28(a)), because 

gelatin crosslinks with glutaraldehyde much more effectively than whey to form imine bonds that 

are covalent and less susceptible to degradation than other weak intermolecular forces. Gelatin 

being an incomplete protein contains higher number of amine groups than WPC (Stefano et.al., 

2010). These amine groups are mostly present as terminating groups in gelatin which promotes 

the binding of amine terminating chains to formyl groups of glutaraldehyde (Stefano et.al., 

2010).   
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6.2.7 Fourier Transform Infrared (FT-IR) 

Infrared spectroscopy is used to study infrared absorption at different wavelengths; peaks at 

specific frequency/wave number correspond to the number density of bonds present in the 

polymer. FT-IR was used to clarify the chemical interaction between whey and gelatin, and to 

explore the crosslinking mechanism of glutaraldehyde with whey and gelatin.  

Fig. 6.29 Typical frequency ranges for chemical bonds present in natural and synthetic 

compounds (http://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/Spectrpy/InfraRed/infra 

red.htm) 

Fig. 6.29 shows absorption frequencies corresponding to different functional groups. The 

vibrations in infrared region are characterized into different subgroups i.e stretching, bending, 

wagging and rocking. Stretching vibrations correspond to the high energy range while bending 

vibrations possess lower energy and rocking vibrations the lowest energy. Vibrational frequency 

measured in an infrared spectrometer depends on the energy of a particular bond. Hydroxyl   

(O-H) and amine (N-H) bond stretching corresponds to frequencies in the range of 3100–3600 

cm-1 (high energy range of the spectrum) while the bending vibrations can be anywhere in the 

range 600–1500 cm-1. Stretching vibrations of double bonds between carbon, nitrogen and 

http://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/Spectrpy/InfraRed/infra%20red.htm
http://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/Spectrpy/InfraRed/infra%20red.htm
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oxygen are usually found in 1700 to 2900 cm-1 range, including C=N, C=C, C=O and C=N=O. 

Bending vibrations of these bonds are found between 700 and 1900 cm-1 in the infrared 

spectrum.

 

Fig. 6.30 Comparison of absorption peaks of pure and denatured whey protein concentrate 

films. 

In the first set of results IR data for native and denatured whey films are compared. It is believed 

that the denaturation of whey by heating the whey solution to 78oC exposes S-H bonds that are 

unexposed in unheated whey solution. Exposure of S-H results in the formation of S-S 

disulphide bonds upon drying. Fig. 6.30 shows the spectra of native whey film and denatured 

whey films, since denaturing results in formation of S-S crosslinks these bonds are usually seen 

in the IR spectrum at 500–540 cm-1 which corresponds to wagging vibrations. No differences in 

that spectral region appear in the spectra of native and denatured whey protein spectra. Peaks 
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in the 1600-1700 cm-1 region correspond to stretching of side chain amide groups while peaks in 

the 1200-1400 cm-1 range correspond to the polypeptide backbone.  

Table 6.3 Peak assignments for infrared spectra of denatured whey, gelatin and 

plasticized/crosslinked films. 

Formulation Frequency Corresponding 

Bonds 

Vibration 

Mode 

Denatured Whey Protein 

Concentrate 

3200 cm-1          

2980 cm-1             

1625 cm-1             

1605, 1560 cm-1       

 

    

1370 cm-1       

1340 cm-1       

1080 - 1200 cm-1       

O-H and N-H 

CH2, CH3 

C=O 

α Helix and β sheet 

conformation of 

amide I 

O-H 

CH2, CH3 

NH2, NH 

Stretching 

Stretching 

Stretching 

Stretching 

 

 

Bending 

Deformation 

Wagering 

Gelatin  3200 cm-1          

2980 cm-1          

1625 cm-1                

1605, 1560 cm-1       

 

    

1370 cm-1       

1340 cm-1       

1080 - 1200 cm-1       

O-H and N-H 

CH2, CH3 

C=O 

α Helix and β sheet 

conformation of 

amide I 

O-H 

CH2, CH3 

NH2, NH 

Stretching 

Stretching 

Stretching 

Stretching 

 

 

 

Bending 

Deformation 

Wagering 

 

100% whey 5% PG 1.4% 

Glutaraldehyde 

 

In addition to whey and 

gelatin peaks 

 

1590 cm-1       

 

 

 

C=N 

 

 

 

Stretching 
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50% Whey 50% Gelatin 

1.4% Glutaraldehyde 

In addition to whey and 

gelatin peaks 

1590 cm-1       

 

C=N 

 

Stretching 

 

To analyze the effects of propylene glycol, glutaraldehyde and gelatin IR spectra of denatured 

whey protein film, gelatin film, 100% whey+5% PG+1.4% glutaraldehyde film and 50% 

whey+50% gelatin+5% PG+1.4% glutaraldehye film were compared, and peak assignments are 

tabulated in Table 6.3. 

Peaks in the 3600–3000 cm-1 range are due to stretching vibrations in amine and hydroxyl 

groups present in polypeptide chains, plasticizer (propylene glycol) and residual moisture (Table 

6.3). Peaks in the 2000–900 cm-1 range are due to stretching in amide groups and bending 

vibrations of hydroxyl and CH3/CH2 bonds (Table 6.3). 

Comparing the peaks of denatured whey protein and 100% whey+5% PG+1.4% glutaraldehyde 

shows a much more broader and stronger peak in the spectrum of the blend at 3200 cm-1 due to 

the presence of propylene glycol containing hydroxyl. The presence of glutaraldehyde showed 

the presence of C=N peak in the infrared spectrum. This is peak is observed due to the 

crosslinking reaction between formyl groups in glutaraldehyde and free terminal NH2 groups 

present in whey protein, resulting in the formation of C=N bonds. In the film containing 50% 

whey+50% gelatin+5% PG+1.4% glutaraldehyde peaks between 3600 and 3000 cm-1 is that 

gelatin contains a higher number of hydroxyl groups as it is an incomplete protein.   
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Fig. 6.31 Comparison of Infrared spectra of 50% whey/50%gelatin films with 100% whey films. 

 

Table 6.4 Comparison of infrared spectra of films with different amounts of glutaraldehyde (1.2 

or 1.4 or 1.6%)  

Formulation Frequency Corresponding Bonds Vibration Mode 

60% gelatin 40% whey 5% PG 

1.2% glutaraldehyde 

3200 cm
-1        

  

2980 cm
-1        

     

1625 cm
-1   

1590 cm
-1            

     

1605, 1560 cm
-1       

 

  
  

1370 cm
-1       

1340 cm
-1       

1080 - 1200 cm
-1      

 

O-H and N-H 

CH2, CH3 

C=O 

C=N 

α Helix and β sheet 

conformation of amide I 

O-H 

CH2, CH3 

NH2, NH 

Stretching 

Stretching 

Stretching 

Stretching 

Stretching 

 

 

Bending 

Deformation 

Wagering 

60% Gelatin 40% Whey 5% PG 

1.4% Glutaraldehyde  

3200 cm
-1        

  

2980 cm
-1        

     

1625 cm
-1   

O-H and N-H 

CH2, CH3 

C=O 

Stretching 

Stretching 

Stretching 
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1590 cm
-1            

     

1605, 1560 cm
-1       

 

  
  

1370 cm
-1       

1340 cm
-1       

1080 - 1200 cm
-1      

 

C=N 

α Helix and β sheet 

conformation of amide I 

O-H 

CH2, CH3 

NH2, NH 
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Table 6.4 shows the peak assignments for the IR spectra of the films composition with 60% 

gelatin+40% whey+5% PG+ 1.2, or 1.4 or 1.6% gluataraldehyde. The peaks that appear in all 

three spectra have the same frequency but vary in intensity due to different relative proportions 

of bonds present. The peak at 3200 cm-1 for the film with 60% gelatin+40% whey+5% PG+1.2% 

gluataraldehyde has higher intensity than for the films with 1.4 or 1.6% glutaraldehyde. This is a 

result of a smaller degree of crosslinking, resulting in a higher number N-H bonds compared to 

the films with higher proportions of gluataraldehyde in which amine groups have more 

extensively combined with the formyl groups in glutaraldehyde. The higher concentration of 

glutaraldehyde in the 60% gelatin+40% whey+5% PG+1.6% gluataraldehyde result in a new 

peak at 1020 cm-1 due to the increased number of C-H groups present in glutaraldehyde as 

compared to compositions with lower glutaraldehyde content. 



Chapter 6: Results and discussion 
 

 

241 | P a g e  

 

 

Fig. 6.32 Infrared spectrum of 60% Gelatin+40% whey films with different glutaraldehyde 

content (1.2, 1.4 or 1.6%). 
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7.1 Overview and Achievement of Objectives 

Developing packaging materials from naturally abundant biopolymers has always been a 

challenge. This thesis provides experimental results that suggest whey protein, a byproduct of 

cheese production, can be used as a raw material to produce packaging films. Whey can be 

combined with gelatin, plasticizer (glycerol / propylene glycol) and cross linker (glutaraldehyde) 

to create sustainable packaging material with good mechanical and barrier properties.  

Following are the main conclusions that are inferred from the study: 

1. Whey protein concentrate based films can be made by addition of whey with  

� Plasticizers (including glycerol and propylene glycol): 5 - 25 vol% 

� Chaotropic agent (Guanidine thiocynate): 1.2wt% 

� Crosslinker (Glutaraldehyde): 1.4 - 1.6 vol% 

� Gelatin: 0 - 50 wt% 

2. Solution blending is found to be suitable to form homogenous whey solution with 

plasticizer, chaotropic agent and crosslinker.  

3. Solvent casting is found to be an efficient technique for forming translucent films with 

diameter of 6 - 14in and thickness of 60-120um.  

4. Solvent casting is most appropriate method for making whey based films for the 

following reasons: 

� Whey is completely water soluble  

� Additives including plasticizers and chaotropic agent are fully dispersible in water 

to form homogenous film forming solution 

� Water based formulations are most suitable for solvent casting 
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5. Whey films are found to have desirable  

� Mechanical properties  

� Barrier properties 

� Physiomechanical mechanical properties 

6. Whey films are found to be enzymatically biodegradable and the total biodegradation 

time is found to be directly proportional to crosslinker content and gelatin content. 

7. Surface morphology of whey films suggests that whey and gelatin form phase separated 

surface morphology. 

 

Apart from the above mentioned main conclusions there are many interesting observations that 

are worth mentioning. Below are observations and conclusions from whey – guanidine 

thiocynate –glycerol films: 

1. Films containing whey/guanidinethiocynate/glycerol are found to be translucent, flexible 

and homogeneous with no visible surface defects.  

2. This addition of glycerol inserted hydrophilic regions that increased flexibility and 

reduced tensile strength of the films by solvating polar groups via hydrogen bonding. 

3. Whey film with no glycerol showed 15% increase in elongation while film with 25% 

glycerol showed 76% increase in elongation. The reason for this may be the interference 

of glycerol molecules in intermolecular hydrogen bonds between protein chains, lowering 

brittleness and adding flexibility to whey films. 

4. Addition of guanidine thiocyanate decreased the glass transition temperature (Tg) to 

9.6oC, lowering it by 35oC as compared to Tg of whey. Addition of 5% glycerol decreased 

the Tg further to -5.3
oC. Tg is found to be inversely proportional to glycerol content for all 

the formulations. 
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5. Water vapor permeability of whey films increased with the addition of guanidine 

thiocynate and glycerol.  

6. Surface micrographs of films suggest that increasing the glycerol content increased the 

relative void surface area of whey films. 

Whey – glunaidine thiocynate -glycerol films are found to have surface migration of glycerol 

which impacts the surface characteristics and mechanical properties of the films adversely. This 

was the main reason for using propylene glycol instead of glycerol in the second set of films. 

The second set of films was constituted of whey, gelatin, propylene glycol and glutaraldehyde. 

Below are major observations and conclusions from the second set of films: 

1. The second set of films is found to have higher gloss, transparency and mechanical 

properties in comparison to first set of films.  

2. Films with no propylene glycol showed the highest strength among all the compositions 

having constant glutaraldehyde content of 1.2 vol%. The decrease in tensile strength 

with increasing plasticizer is attributed to the reduction of intermolecular forces between 

protein chains due to the interference of intermolecular forces by plasticizer molecules.   

3. Increase in crosslinker and gelatin content in compositions increased tensile strength 

and decreased % elongation of films. Increased gelatin content formed croslinks with 

glutaraldehyde, that were much more stonger than those formed between whey and 

glutaraldehyde, and is the main reason for increase in tensile strength.  

4. Increasing the amount of plasticizer in film forming compositions decreased the glass 

transition temperature of the films.  

5. The concentration of glutaraldehyde and gelatin are found to be directly proportional to 

the glass transition temperature. The reason for this is the formation of new imine 

crosslinks that increase the rigidity of the films, and thereby increasing the amount of 

energy needed by polymer chains to move past each other and finally resulting in 
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increased glass transition temperature (i.e temperature of the transition from glassy to 

rubbery phase). 

6. Increasing plasticizer content in compositions increased the permeability of films towards 

oxygen and water vapor. The reason for this increase may be the creation of void space 

between protein chains by plasticizer molecules which facilitates permeation of oxygen 

and water vapor. 

7.  Gluataldehyde and gelatin decreased the permeability of films towards oxygen and 

water vapor. The formation of imine crosslinks decreased the void spaces present in the 

polypeptide network which lowered the oxygen and water vapor permeability of films. 

8. SEM surface micrographs of the film were found to be smooth with micropores or voids. 

The presence of micropores on the surface of films may be attributed to the entrapment 

of plasticizer in the polymer matrix. 

9. Phase separation of whey and gelatin summarized from DSC scans is confirmed by 

surface micrographs of films obtained in SEM results. 

10. Film with 1.2% glutaraldehyde had the fastest biodegradation rate while film with 1.6% 

glutaraldehyde showed the slowest biodegradation rate in the presence of 1% 

pancreatin. It is concluded that the imine crosslinks formed by reaction between 

glutaraldehyde and protein (whey/gelatin) retards the biodegradation rate in comparison 

with films containing lower proportion of glutaraldehyde. 

11. Increase in gelatin content of the film decreased the biodegradation rate and total 

biodegradation time for complete digestion. The retardation of biodegradation rate 

depends on the ability of gelatin to form imine crosslinks in comparison to whey. Gelatin 

contains higher number of terminal amine groups than whey and therefore larger 

numbers of imine crosslinks are formed in gelatin. These crosslinks are stronger than 
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other covalent bonds present in the filmogenic matrix and are responsible for the 

retardation of biodegradation rates. 

12. FTIR experiments show 

� No differences appear in the spectra of native and denatured whey protein  

� Peak at 1590 cm-1 suggests the formation of imine crosslinks. These crosslinks 

are formed between unbound terminal amine groups and formyl groups present 

in glutaraldehyde.  

� Infrared spectrum of 50% whey/50% gelatin film when compared with 100% 

whey film shows enhanced peak at 3200 cm-1 suggesting that the number of 

amine bonds present in gelatin are higher than whey.  

 

7.3 Future Research Prospects 

� Shelf life studies of food products like cheese can be conducted on the films to explore 

the suitability of whey based packaging. 

� Film forming compositions can be used as it is for formation of drug delivery hydro gels 

by using cross linkers like genipin which is more biocompatible than glutaraldehyde. 

� Films forming compositions with few modifications can be used to form scaffolds for 

tissue engineering applications. 

� Chemical modification of whey by grafting synthetic biodegradable polymer chains like 

lactic acid could lead to formation of a superior biopolymer that may be compression 

molded to form packaging films. 

� Different cross linkers could be explored to study their effects on mechanical properties, 

barrier properties and biodegradability. 
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� Determining carbon dioxide permeability of the films to enhance the packaging potential 

of the films. Deterioration of food can be delayed in conditions with low level opf oxygen 

and higher level of carbon dioxide.  

� Reconstitution of these films with certain biological molecules like growth factors could 

lead to formation of bioactive membranes that can be potentially used for hormone and 

intra cellular ion channel regulation.  
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Appendix A1 

Detail Information 
Item#252 

Whey protein concentrate 

 
Source:  Milk protein 

Physical Properties: White granular powder 

Solubility: Soluble in water 

Storage: Room Temperature 

Bulk density: 0.4 g/ml 
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Appendix A2 

Detail Information 
Item#G2500 

Gelatin from procine skin type  

 
Source:  Acid cured procine skin 

CAS Number: 9000-70-8 

Gel Strength: 290g bloom 

Physical Properties: Yellow powder 

Average Molecular Mass: 90,000  

Solubility: Soluble in water 

Storage: Room Temperature 

 


