
  
 

 
 
 
 
 
 
 
 
 

Mechanical, Microstructural and  
Barrier Properties of Agricultural  

Biopolymer Films and Foams 
 

a literature review 
 
 
 

Thomas Gillgren 
 

This review is a part of a PhD work at SIK and the  
Department of Materials and Manufacturing Technology, 

Chalmers, Gothenburg, Sweden 
 

Supervisors: Mats Stading (SIK), Mikael Rigdahl (Chalmers) 
and John Taylor (University of Pretoria) 

 
Examinator: Mikael Rigdahl (Chalmers) 

 
Gothenburg 2006 

 
SIK-report 2006 No. 748 



 



SIK-report 2006 No. 748 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Mechanical, Microstructural and  
Barrier Properties of Agricultural  

Biopolymer Films and Foams 
 

a literature review 
 
 
 

Thomas Gillgren 
 

This review is a part of a PhD work at SIK and the  
Department of Materials and Manufacturing Technology, 

Chalmers, Gothenburg, Sweden 
 

Supervisors: Mats Stading (SIK), Mikael Rigdahl (Chalmers) 
and John Taylor (University of Pretoria) 

 
Examinator: Mikael Rigdahl (Chalmers) 

 
Gothenburg 2006 

 
ISBN: 91-7290-249-3



 

 



 

 

TABLE OF CONTENTS 
 

1 INTRODUCTION ........................................................................................ 1 

1.1 PROLAMINS............................................................................................................. 3 
1.1.1 Wheat...................................................................................................................... 3 
1.1.2 Maize ...................................................................................................................... 3 
1.1.3 Sorghum ................................................................................................................. 4 
1.1.4 Barley ..................................................................................................................... 4 
1.1.5 Oats ........................................................................................................................ 5 

1.2 STARCH .................................................................................................................... 5 

2 FILMS AND COATINGS ........................................................................... 6 

2.1 RHEOLOGY AND MECHANICAL PROPERTIES................................................. 6 
2.2 PLASTICIZATION ................................................................................................. 11 

2.2.1 The Lubricity Theory............................................................................................ 11 
2.2.2 The Gel Theory..................................................................................................... 11 
2.2.3 The Free Volume Theory...................................................................................... 12 

2.3 PLASTICIZERS IN SYNTHETIC POLYMERS .................................................... 12 
2.4 MECHANICAL PROPERTIES OF PLASTICIZED NATIVE BIOPOLYMERS .. 14 

2.4.1 Starch ................................................................................................................... 14 
2.4.2 Prolamins ............................................................................................................. 14 

2.5 MICROSTRUCTURE ............................................................................................. 14 
2.6 BARRIER PROPERTIES ........................................................................................ 14 

2.6.1 Oxygen Permeability ............................................................................................ 14 
2.6.2 Water Vapour Permeability ................................................................................. 14 

2.7 RELEASE ................................................................................................................ 14 

3 FOAMS........................................................................................................ 14 

3.1 BREAD MAKING ................................................................................................... 14 
3.1.1 Rheology of Baking .............................................................................................. 14 
3.1.2 Foaming During Baking....................................................................................... 14 

4 SUMMARY................................................................................................. 14 

5 REFERENCES ........................................................................................... 14 



 



 

 1

1 INTRODUCTION 
Because of numerous reasons there is an increasing interest in renewable and biodegradable 
materials. The growing garbage heaps and the soon-to-be-depleted oil resources of the world 
are two of these reasons.  
 
Plastics are made from oil. As we all know oil is not a renewable resource. Therefore, 
consumption of oil leads to increasing rates of greenhouse gases in the atmosphere. Of all the 
crude oil that is produced every year 4% goes to plastic products1. During 2003 the plastic 
consumption in Western Europe was 40 million tons; that is a 100 kg per capita1. 40% or 15 
million tons of the plastics were used for packaging1. Moreover, there are other disadvantages 
in the use of petroleum based plastic packages. In the US, packages constitute over 30 
weight% of the municipal solid waste2. It has been estimated that by volume containers and 
packaging constitute between one and two thirds of the solid waste3, 4. The latter report tells 
us that US landfills are made up of the same amounts of containers and packages. 
Approximately one third of the containers and packages are made of plastics4. When it comes 
to Europe, 15% of the household waste was constituted by food packages in 1995. That 
means that 45% of the garbage generated from feeding is packaging. Moreover, the amount of 
food packages is estimated to increase 10% further by the year 20205. Degradable packages 
and edible coatings could reduce the contribution from packages in municipal solid waste and 
in land fills, and by that enhance the waste management significantly. The figure of 4%, 
which stands for the percentage of crude oil that goes to plastics manufacturing every year, 
may seem like a small figure, but considering that the prices for crude oil are on the rise the 
need for an alternative material source is increasing. Additionally, we may encounter the 
depletion of practically all major oil sources within 100 years, and since 4% of nothing is 
nothing this would demand for material alternatives. 
 
The obvious thing to do is to turn the eye to the vegetable kingdom. Here we can find 
materials that fulfil the requirements of renewability and biodegradability. A perfect example 
of such a material is wood, one of the oldest materials used for construction. Wood (or 
cellulose, which is its major constituent) however, will not be included in this report. The 
focus will lie mainly on agricultural resources, such as starch and substances extracted from 
cereals, especially prolamins. 
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Naturally occuring biopolymers

Marine food processing industry wastes
-Chitin/chitosan

Animal origin
- Collagen/gelatine

Agricultural feed stock

Lipids/Fats
1. Bees wax
2. Carnuba wax
3. Free fatty acids

Hydrocolloids

Proteins
-Zein, soy, whey, gluten

Microbial sources
1. Pullulan
2. Polylactic acid
3. Polyhydroxy alkanoates

Polysaccharides
1. Cellulose
2. Fibre (lignocellulosic complex)
3. Starch
4. Pectin/gums

 
Scheme 1. Classification of naturally occurring biopolymers.6 

 
 
Trials to develop materials from starch and prolamins have given some promising results (see 
quality tables later on). Except for starch and prolamins, there are a number of other native 
biopolymers, for example chitosan (developed from chitin, the second most commonly 
naturally occurring polymer), collagen (the origin of gelatine) and whey protein. For instance 
chitosan is used in processing engineering as a part of a filtration process. Gelatine is used in 
photographic film holding silver halide crystals, while whey protein seems to be mostly used 
as a nutritional supplement. These biopolymers also hold some promising results concerning 
manufacturing of materials. However, prolamins and starch have an advantage over these 
biopolymers because of their availability. Chitosan, collagen and whey all come from the 
animal kingdom, while prolamins and starch have vegetable sources. Since animals feed on 
other animals and on vegetables, the animal biomass has its origin in the vegetable biomass. 
Therefore, there lies a greater potential in the vegetable biomass production and in turn in the 
production of vegetable biopolymers, such as starch and prolamins. This superiority in 
availability results in a superiority in costs; easily accessible materials most often cost less 
than uncommon materials. 
 
Additionally, today there is a great asset of prolamins that remain unutilized. It exists in the 
form of low value by-products from agricultural production. However, the by-products can be 
upgraded and used in material applications. 
 
To reduce the need for petroleum based plastics in packaging, there has to be a new 
alternative way to protect food stuff and suchlike. Packaging has (at least) two purposes: to 
act as a barrier and thereby keeping unwanted substances from the food and wanted 
substances inside the food, and to mechanically protect the food by absorbing shocks. One 
possibility is to exchange the plastic films in conventional packages or add supplementary 
biopolymeric films. Another possibility is to equip the food with a biopolymer coating. This 
would cover up for the barrier qualities. The main barrier utilization of biopolymeric films 
and coatings is considered to be protection against microbes. The shock absorbing function 
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may be dealt with by exchanging conventional polymeric foam materials in packages for 
biopolymeric foam materials. In order to make these changes further research has to be done, 
and therefore, this report will focus on films and foams from agricultural native biopolymers. 

1.1 PROLAMINS 
Prolamins is a group of globular proteins found mainly in cereals. These proteins are 
insoluble in water and alcohol, but soluble in mixtures of these two. 7 Examples of prolamins 
are gliadin (wheat), zein (maize), kafirin (sorghum), avenin (oat) and hordein (barley). 

1.1.1 Wheat 
Wheat is used as food and livestock feed. The cereal is most suitably grown between the 
latitudes 30 to 60 °N and 27 to 40 °S, but can also be grown within the Arctic Circle and at 
higher altitudes near the equator. The optimal temperature is 25 °C, but anywhere in the 
interval between 3 – 32 °C is possible. The precipitation should be in the range 250 – 1750 
mm per year. Since 1986 the world annual production has never fallen below 500 million 
megatons and in 2005 the total world production was 628 million megatons8. The 
consumption of wheat has increased 35% since the period 1963-1976 as a result of consumer 
habits due to urbanization. If population growth will continue to increase at current rate, there 
will be serious difficulties in maintaining a wheat supply for future generations.9,10 
 
The prolamin of wheat is gliadin. Together with glutenin, another cereal protein, it forms 
gluten. Gluten is responsible for the formation of the viscoelastic network of wheat doughs. 
This formation is unique for wheat doughs; similar viscoelastic properties are not found in 
any other cereal flour dough. Gluten is also considered to play a key role in the ability of 
wheat doughs to retain gas. 
 
An important aspect of wheat is coeliac disease. Coeliac disease means intolerance to gluten. 
It is an auto-immune disorder in the digestive system. It is characterized by partial or total 
flattening or damage of the villi that lines the small intestine; this interferes with absorption of 
nutrients. Except for gluten proteins found in barley, rye and sometimes (although it is rare) 
oats cause damage of villi11. 1% of the Swedish population is believed to be suffering from 
coeliac disease to some extent12. 

1.1.2 Maize 
Maize is, after wheat and rice, the most important cereal in the world. Maize is grown 
basically all over the world: from latitude 58 °N in Canada and the former Soviet Union to 
latitude 40 ° in the Southern Hemisphere13. In 2002 more than 600 million megatons of maize 
were harvested14. In 2005 the figure was almost 700 million megatons 8. A great deal of this is 
because of the increasing ethanol production, which in turn is caused by increasing demand 
for alternative fuel. 
 
The prolamin of maize is called zein. Zein is capsulated in protein bodies in the endosperm, 
which makes it unable to participate in the formation of dough fibrils. Zein being more 
hydrophobic than gliadin (wheat prolamin) makes it practically insoluble in water. Therefore 
maize, unlike wheat, may not be used for baking. Extraction of zein from maize makes it 
available for processing.15 
 
Zeins are classified into four groups, called α-, β-, γ-, and δ-zeins. α-zeins consist in great 
extent of non-polar amino acids. They have a molecular mass somewhere between 23 000 and 
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27 000 g/mol. It seems like α-zeins are arranged in α-helices. β- and γ-zeins have a molecular 
weights at about 17 500 and 22 000 g/mol respectively. These prolamins have high 
concentrations of sulphur containing amino acids methionine and cystein. This results in 
sulphur bridges having influence on the tertiary structure of the proteins. δ-zeins consists of 
two minor components with molecular weights of about 14 400 and 21 100 g/mol 
respectively. They are even more rich in methionine than β- and γ-zeins. Zeins are suitably 
extracted with 55 vol% aqueous iso-propanol. β-, γ-, and δ-zeins, which are containing 
sulphur bridges to a greater extent, need the presence of a reducing agent, such as 2-
mercaptoethanol or dithiothreitol, for extraction. 

1.1.3 Sorghum 
The world’s largest producer of sorghum is USA. However, “Of the total world area devoted 
to sorghum, over 80 percent is in developing countries. In Africa, sorghum is grown in a large 
belt that spreads from the Atlantic coast to Ethiopia and Somalia, bordering the Sahara in the 
north and the equatorial forest in the south. This area extends through the drier parts of 
eastern and southern Africa, where rainfall is too low for the successful cultivation of maize. 
Sorghum is the second most important cereal (after maize) in sub-Saharan Africa.”16 In 2005 
about 58 million megatons of sorghum were produced8. Sorghum is used for two purposes: 
human food and animal food. The consumption per capita is high in countries where the 
climate does not allow economic production of other cereals and where the income per capita 
is low. The per capita consumption of sorghum is decreasing in many countries. This is 
because of change of consumer habits, mostly in the urban areas.16  
 
The structure and amino acid composition of kafirin, the prolamin of sorghum, is very much 
alike the ones of zein. Therefore kafirin is also insoluble in water. Moreover it is encapsulated 
in protein bodies, just like zein. Altogether this makes kafirin inappropriate for forming of 
elastic doughs, and therefore unsuitable for break making. 
 
Similar to zein, there are different groups of kafirin: α-, β-, and γ-kafirin. The solubility of 
these groups differs from corresponding zeins. This indicates that the amino acid composition 
is not quite similar compared to the zein analogues. Kafirins is most easily extracted in 60 
vol% aqueous tertiary butyl alcohol, which is a less polar than the solvent used for extraction 
of zein. 
 
Since sorghum is abundant in areas that are unsuitable for growing wheat, it would be a 
progress to have the ability to manufacture breads of sorghum that are alike breads of wheat. 
Another benefit of such an advance would be to create an alternative for people suffering 
from coeliac disease. 

1.1.4 Barley 
The fourth most important cereals crop is barley. The global production in 2005 was 137 
million megatons8. Developing countries account for 18% of the global production. Barley is 
the typical crop of many poor farmers in cool and dry areas. It is used for animal feed, malt 
and human food.17 
 
Hordeins are the prolamins of barley. Not very much information is to be found on the 
subject, but it seems that there are three different groups of hordeins; B-, C-, and D-hordein. 
C-hordein is sulphur-poor18. D-hordein is greatly homologous to high molecular glutenin 
subunits19. 
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1.1.5 Oats 
Oats are considered the sixth most important crop globally. It is mostly grown in cool, moist 
climates and are sensitive to hot, dry conditions. For these reasons the world production is 
generally concentrated between latitudes 35 – 65 °N and 20 – 46 °S. Canada, USA, Germany 
Poland and the countries of the former Soviet Union account for 75% of the world production. 
Oats are used for human food and animal feed. It has recently become a very important winter 
fodder in some developing countries in Asia.20 In 2005 the world production of oats amounted 
to 24 million megatons8. 
 
The prolamin of oat is avenin. Avenin has two fractions that are homologues to a great 
extent21. Avenin has large resemblance to the α-, β-, and γ-gliadins of wheat. It is less similar 
to zein22. Avenin have intra-chain disulphide bonds, but no inter-chain disulphide bonds23. It 
contains many hydrophobic amino acids, such as glutamine24. 

1.2 STARCH 
Starch is the most important carbohydrate energy reserve of most plants. It is found in root 
seeds and tubers. Starch consists of two types of polymers: amylose and amylopectin. The 
amylose content is normally around 25%. The difference between these two biopolymers is 
the branched structure of amylopectin in contrast to amylose’s linearity. Unlike prolamins 
starch is soluble in water25, 26. Corn starch totally dominate the global starch market; in 1996 
83% of the produced starch originated from corn. Potatoe and wheat contributed with 6% 
each, while cassava (tapioca) represented 4% of the produced starch. Other sources (mainly 
rice) constituted only 1%. The two major producers of starch are USA (59%) and EU 
(15%)27. Almost all the cassava is produced in developing countries in Africa, Asia and Latin 
America28. 
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2 FILMS AND COATINGS 
A film is an exceedingly thin layer that is free-standing. Plastic films have many applications; 
many of them include packaging or wrapping. A close relative to the film is the coating, 
which is a thin layer, and in contrary to the film, applied directly on the surface of what is to 
be packaged. 
 
To replace petroleum based plastics by biopolymer based ones would be a considerable step 
towards a sustainable society. The switch is not that easy, though. Petroleum based polymeric 
films have a number of benefits: they are elastic, strong, have a low permeability to water 
vapour and are in many cases transparent. Films from native biopolymers are brittle, to a great 
extent water soluble, have a higher permeability and suffer in some cases from unappetizing 
appearance. The only factors that are satisfactory are the strength and the permeability to 
oxygen. A part of the advantage that petroleum polymers possess can be explained by the fact 
that they have been developed extensively since the 1950ies. 

2.1 RHEOLOGY AND MECHANICAL PROPERTIES 
The rheology and the mechanical properties of biopolymeric films, with and without 
plasticizers, have been investigated in several aspects by several scientists. This has led to the 
publishing of a number of reports. Native biopolymeric films without plasticizer are generally 
very brittle. This is perhaps the biggest single problem that has to be dealt with if biopolymers 
are to replace today’s conventional plastics. 
 
Two important parameters in rheology are stress and strain. Stress (σ) is equal to the force 
applied to a material and is measured as force per area unit, most commonly kPa. The strain 
(ε) is the relative change in measures of a material, most often the elongation. Strain is 
measured in percents. It is common to plot a stress-strain curve (fig. 3). This is a graphic 
where strain (x-axis) is plotted against stress (y-axis). From a stress-strain curve the Young’s 
modulus (or the elastic or the tensile modulus) can be derived. This is a measure of a 
material’s stiffness. In figure 3 this is the initial linear slope of the curve. Within this range of 
stress the material answers with a linear strain. If the stress is removed, the material will 
regain its original dimensions. This is why Young’s modulus is also called the elastic 
modulus. Young’s modulus is symbolized by E when the force is applied to the material by 
extension or compression.  
 

 

A
F

=σ ; 
0L
LΔ
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ε
σ
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Figure 1. Schematic picture of stress, strain and modulus at tension or compression. 
 
The corresponding modulus when the force is applied through shear, the shear modulus, is 
symbolized by G. 
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Figure 2. Schematic picture of stress, strain and modulus at shear. 
 
The shear strain (γ) is defined as the shear displacement (S) divided by the distance between 
the shearing surfaces (D). 
 
Figure 3 shows a typical tensile deformation of a ductile polymeric material. This graph is 
static, independent of time. It does therefore only completely cover solely elastic materials, 
e.g. rubber. Since there are a lot of materials that are partly viscous, we need a dynamic 
model. Such a model can handle viscous deformation and therefore deal with viscoelastic 
materials. A sinusoidal stress will produce a sinusoidal strain if the viscoelastic behaviour is 
linear. The strain, however, will be a bit out of phase with the strain since the deformation 
lags behind the stress. The stress can be divided into two vectors, one in phase with the strain 
and the other 90° out of phase. As these two parts of the stress are divided by the strain, the 
modulus is separated into an in-phase real component and one out-of-phase imaginary 
component. Now, two pieces of information are obtained instead of just one. 
 

 
Figure 3. A typical stress-strain curve. The stress plotted as a function of the 
elongation. σy is the yield strength. It is the tension that corresponds to εy, the 
elongation at which a material starts to deform plastically. The modulus is 
equal to the slope of the curve below σy. σu is the ultimate strength of the 
material, at further elongation the material gets weaker. The ending x marks 
the break of the material. At this elongation the material ruptures.  
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a)  b)  
Figure 4. a) Modulus depicted as two vectors, one real (G’) and one imaginary (G’’). b) 
When a viscoelastic material is deformed periodically the stress and strain varies 
sinusoidally. 
 

GiGG ′′+′=*  
 
G* is the complex modulus, the stress-strain ratio in shear. G’ is the elastic part and G’’ is the 
viscous part of the modulus. G’ is also called the storage modulus. The energy that it 
represents during deformation of a material is regained as mechanical energy. G’’ is called the 
loss modulus. It represents the energy that is lost during deformation of a material. This 
energy is converted to heat. G’’ itself is less frequent dealt with than the ratio G’’/G’.  

G
G

′
′′

=δtan  

δ is called the phase angle. For a solid, δ = 0° and, for a liquid, that δ = 90°. If δ is less than 
45°, the material is more elastic than liquid.29 
 
There is a wealth of instruments to measure shear rheology. They are commonly rotational or 
capillary rheometers.30 
 

• Rotational rheometers most often have two opposite parallel plates (c). Sometimes 
one of the plates is exchanged for a cone (b), sometimes one plate is exchanged for a 
bob and the other plate for a cup (a). The sample is placed between the plates. As a 
torque is applied on one of the plates the sample is sheared between the plates. The 
torque or deformation is measured. The rotational motion can be constant or harmonic 
oscillatory. 

 
Figure 5. Rotational rheometers. 

 
 

• Extrusion capillary viscometers have a reservoir where the sample is placed. A 
piston forces the sample through the reservoir and out through a narrower capillary at 
constant velocity. The pressure drop across the capillary as a function of flow rate can 
be measured for multiple capillaries with varying length but constant diameter. From 
that viscosity can be given as a function of shear rate. There are also rheometers that 
are using this technique. 
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Figure 6. Extrusion capillary viscometer. 

 
Extensional rheology is another rheological area of interest. Shear rheology concerns any 
viscoelastic material that is flowing, but when the flow is subject to change in geometry (such 
as in nozzles, contractions or homogenizers) the material will be extended and therefore 
extensional rheology must be used to study the process. Additionally extension is a larger 
resistance towards flow than shear. Extensional rheology is therefore important for process 
parameters. 
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The Trouton ratio, TR, is 3 for Newtonian fluids, but often greater than 100 or 1000 for 
viscoelastic fluids. 
 
Despite the importance of extensional rheological measurements, there is just one instrument 
on the market to meet these needs; that is the CaBER. Further, this instrument is only suitable 
for a limited area of viscosity. Extensional viscosity is closely treated theoretically, while 
there only are a few experimental methods. Of the methods below, only capillary breakup is 
available comercially. 
 

• Contraction flow. The material is placed in a cylinder. At the bottom 
there is a nozzle. A piston pushes the material through the cylinder 
and out through the nozzle. The nozzle is designed to give a constant 
extension rate. The force on the nozzle is measured and from that and 
from the extension rate the extensional viscosity is calculated. 
Advantageously this method is applicable on semi solid materials such 
as polymer melts and foods where other methods fail. However, the 
method is only suitable for shear thinning materials. 

 

 

 

• Filament stretching. The material is placed between two parallel 
plates. One of the plates is moved orthogonally from the other. The 
motion is accelerated. Between the two plates the sample is stuck and 
therefore stretched. The force on one of the plates is recorded and the 
stretching of the material is monitored. However, for this method to 
work the material has to be sticky and viscous enough to be stretched 
at least twentyfold. There are just one or two instruments with 
temperature control in the world. 
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• Capillary breakup. This method is closely related to filament 

stretching. The difference is a short stretching of the material. The 
necked column that is formed between the filaments is allowed to thin 
with time. Using a laser micrometer the diameter of the column is 
monitored. By assuming a suitable rheological model, the ratio of 
extensional viscosity and surface tension is given. Strain and strain 
rate, however, are left out. The only commercially available 
instrument for extensional rheology, the CaBER, uses capillary 
breakup. 

 

 
 
 

 

• Opposed jets. Two nozzles are directed against each other in a 
container of the liquid of interest. The liquid is either sucked or 
pumped out of the nozzles. This causes a stagnation point which is 
surrounded by extensional flow. The extensional viscosity is 
calculated from the force on one of the nozzles. The technique was 
previously commercially available but has been discontinued. It is 
suitable for liquids with η ≈ 1 Pa s. 

 

 

• The Meissner extensional rheometer. The material is extended 
between two sets of wheels moving at constant velocity. The force on 
one wheel set is recorded and the extension is monitored via a video 
camera. The instrument is restricted for high viscosity systems, such 
as polymer melts and doughs. Just like the instrument above this 
instrument has been commercially available, but is nowadays 
discontinued. 

 

 

 
The description of methods above (text and pictures) is based on work by Mats Stading, 2002. 
 
Another important parameter often used while discussing material properties and rheology of 
polymeric materials is the glass transition temperature, abbreviated Tg. As the name hints the 
term has to do with glassy state. At temperatures below Tg the molecules of a material have 
little relative mobility. It is regularly most relevant to discuss Tg concerning totally, or at least 
partially amorphous phases, such as glasses and plastics. For inorganic glasses, like ordinary 
quartz glass, it is the mid point of a temperature interval where the melt becomes more solid 
than liquid; that is why glasses are also called solid melts. Plastics have a melting 
temperature, Tm, which is always greater than Tg. Above this temperature no crystallinity 
exists in the material. Below Tm and above Tg materials commonly are rubbery. At 
temperatures below Tg plastic materials become rigid and fragile, and crack and shatter more 
easily. The behaviour of a material above Tg is due to the secondary forces being weak in 
comparison to the thermal motion. This results in the material being rubbery and capable of 
deforming plastically and/or elastically without fracture.31 
 
As stated above, native biopolymeric materials are often very brittle. The Tg of the materials 
are too high; therefore the materials are in the glassy state at the temperatures of application 
(most often room temperature). Plasticization lowers the Tg and thereby the materials can 
achieve the desired properties, such as flexibility. 
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Figure 7. The transitions and states of a viscoelastic material. 

 
As stated above, native biopolymeric materials are often very brittle. The Tg of the materials 
are too high; therefore the materials are in the glassy state at the temperatures of application 
(most often room temperature). Plasticization lowers the Tg and thereby the materials can 
achieve the desired properties, such as flexibility. 

2.2 PLASTICIZATION 
To master the disadvantages of the biopolymeric films, there are some steps that can be taken. 
One of them is adding a plasticizer. “A plasticizer is a material incorporated in a plastic to 
increase its workability and its flexibility or distensibility (elongation). Addition of the 
plasticizer may lower the melt viscosity, the temperature of the second-order transition, or the 
elastic modulus of the plastic.”29 Plasticizers are often organic compounds of moderately high 
molecular weight. They can be ester of carboxylic acids or phosphoric acid, hydrocarbons, 
halogenated hydrocarbons, ethers, polyglycols or sulphonamides29. Adding a plasticizer is 
called external plasticization, while giving the material the wanted properties by modification 
(e.g. chemically) is called internal plasticization. The exact mechanism of plasticization is not 
fully mapped out, but there are a few theories. These are accounted for by Sears & Darby29. 

2.2.1 The Lubricity Theory 
As a polymeric material is exposed to mechanical stress the macromolecules are forced to 
glide over each other. This gives rise to a friction between the polymers. A plasticizer acts as 
a lubricant and supplies facilitated movement between the molecules. The theory does not 
explain how this happens. Neither does it take into account any bonding between the 
polymers, except for surface irregularities, nor any bonding between polymers and 
plasticizers. This implies that the macromolecules would be in solution. Today this theory is 
rarely used as an only theory for plasticization, but it can be useful accompanied by other 
theories. 

2.2.2 The Gel Theory 
According to the gel theory a polymeric material has an internal three dimensional 
honeycomb structure. This structure is consists of the polymer chains being bonded to each 
other with regular intervals. The space between two bindings constitutes a cell in the 
honeycomb. The denser the structure is the stiffer the material. A more loosely bound 
structure with fewer bindings is more flexible. The plasticizer breaks the bonds and screens 
off these attachment points. This results in fewer bonds and a more flexible network. 
However, in a system including polymers and plasticizer, not all plasticizer molecules are 
bound to the polymers. These free molecules seem to be utterly effective in swelling the 
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network and facilitate movement among the polymers. The theory does not explain this. 
Summing up, it can be said that the gel theory explains parts of the plasticization 
phenomenon, but not the whole part. 

2.2.3 The Free Volume Theory 
In a perfect crystal the atoms are arranged in a perfect three dimensional lattice. However, a 
perfect crystal only exists in theory. Due to faults in the lattice there are spaces inside the bulk 
of a material. The total volume of these spaces is called the free volume. A crystalline 
material has a low free volume, as the internal structure is fairly well-arranged. An amorphous 
material has a higher share of free volume. A material with large free volume is also more 
flexible than a more dense material. The free volume permits the components, in this case the 
polymers, to move more easily relatively each other. According to this theory plasticization of 
a material is the same as creating free volume inside the material. This can be done by five 
means: 

1. Increase the number of end groups, i.e. lower the molecular weight. 
2. Increase the number or length of (proper) side chains (internal plasticization). 
3. Increase the likelihood for main chain movement by inclusion of segments of low 

steric hindrance and low intermolecular attraction (low polarity and H-bonding) 
(internal plasticization). 

4. Include a compatible compound of lower molecular weight that acts as though it does 
all of 1 through 3 above (external plasticization). 

5. Raising the temperature (plastication). 
There are mathematical methods for calculating the free volume of a material, but these will 
not be discussed here. A weak point of this theory is that it does not take into account the 
long-range structure of the plasticized material; it may be a crystal, a gel, a glass or a liquid. 
Therefore it is almost always used in combination with the gel theory. The Free Volume 
Theory seems to be the theory that covers the most aspects of plasticization and is therefore 
the most used theory today29.  

2.3 PLASTICIZERS IN SYNTHETIC POLYMERS 
In the literary grand opus of plasticization, Sears & Darby, plasticization of synthetic 
polymers through the example of PVC (polyvinyl chloride) is studied. As said before, 
plasticization of a polymer lower its Tg. This in turn decreases the tensile strength and 
increases the elongation of the material. In figure 6 these parameters are plotted for PVC 
plasticized with DOP (di-2-ethylhexy phthalate) at different concentrations. 
 
We can see in figure 6 that the maximal elongation that can be achieved is about 500%. As 
we will experience later on in this report, that is far beyond the maximum elongation of any 
plasticized native biopolymer. The tensile strength is also superior to most native 
biopolymers. 
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Figure 8. Properties of PVC plasticized with DOP at different 
concentrations.29 

 
According to Billmeyer32 there are eight groups of common plasticizers: 

1. Phtalate esters account for over 50% of the total volume plasticizers used. DOP is the 
dominant plasticizer for PVC. 

2. Phosphate esters, mainly tricresyl phosphate. The flame proofing qualities are the 
most appreciated properties of this group. 

3. Adipates, azelates, oleates, and sebacates are mainly used in vinyl resins for 
improving low temperature flexibility. 

4. Epoxy plasticizers are produced by reacting hydrogen peroxide with unsaturated 
vegetable oils and fatty acids. 

5. Fatty acid esters from natural sources are used primarily as extenders to reduce cost 
(secondary plasticizers). 

6. Glycol derivatives, employed chiefly as lubricants and mold-release agents, and as 
plasticizers for PVA (polyvinyl alcohol). 

7. Sulphonamides are used to plasticize cellulose esters, phenolic and amino resins, and 
amide and protein plastics. 

8. Hydrocarbon and hydrocarbon derivatives serving as secondary plasticizers. 
 
Secondary plasticizers are plasticizers that lack own compatibility with the material to be 
plasticized, but that can be brought into compatibility by a primary plasticizer. Secondary 
plasticizers are sometimes used to lower costs and to improve properties, such as low 
temperature flexibility, flame retardance and processability.29 
 
Last but not least, water’s plasticizing effect should not be forgotten. When the humidity 
around a nylon or polyurethane material increases, the material absorbs water and swells, 
which leads to a small increase in volume. This causes the modulus to drop. When the 
humidity around the material decreases the course is reversed. If the plasticization is 
undesired, the effects can be reduced by reinforcements in the shape of fibres or particles.33 
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2.4 MECHANICAL PROPERTIES OF PLASTICIZED NATIVE 
BIOPOLYMERS 

2.4.1 Starch 
Lourdin et al.52 have investigated the influence of glycerol as plasticizer on starch films. It 
was found that glycerol has an antiplasticizing effect at concentrations up to 12% (w/w). At 
concentrations higher than 12% glycerol is an efficient plasticizer. As the glycerol 
concentration rises, the yield at break and the glass transition temperature (Tg) decreases while 
the maximum strain increases. 
 
In work by Stading et al.34 it has been investigated how the humidity influences amylose and 
amylopectin films, both with and without plasticization from glycerol. Increasing relative 
humidity (RH) when forming amylopectin films leads to increasing relative crystallinity. This 
in turn leads to increased Tg and increased storage modulus. The RH does not affect the 
relative crystallinity when forming amylose films. However, the elongation reaches a 
maximum and the film strength a minimum when amylose films are formed at 70% RH. 
 
Increasing surrounding humidity during measurement affects both amylose and amylopectin 
films in the same way; it raises the Tg and lowers the storage modulus. The E’ of the amylose 
films is a bit higher though. Amylose films formed at 50% RH without glycerol has an E’ five 
times as high as films plasticized by glycerol. The same parameter concerning the 
corresponding amylopectin films is three times as high as for films with glycerol. Both 
amylose and amylopectin films without plasticizer added have a high relative crystallinity in 
surrounding RH up to 80%. This overall shows that water has strong impact on the 
plasticization of starch films. 
 
Sorbitol as a plasticizer has been investigated by Gaudin et al.53. Up to 27% sorbitol has no 
effect or possibly an antiplasticizing effect on starch films regarding the yield at break. The 
maximum stress, however, is reduced by 80%. Over 27% sorbitol content increases the yield 
at break; it goes from 10% to 30% (which is obtained at 40% sorbitol content). The maximum 
stress in the same interval is reduced to 5% of the initial value. This shows that sorbitol is a 
competent plasticizer for starch, but not as effective as glycerol. 
 
Fructose as a plasticizer has been tested by Kalichevsky and Blanshard35. It was found that it 
lowers the Tg considerably. 

2.4.2 Prolamins 
Aydt et al.41 have made a comparison of gluten, zein and cellophane films. Gluten films are 
stronger than zein films, but both of them are very weak compared to cellophane. Zein films 
are so brittle that the elongation could not be measured in the study. The elongation of gluten 
films is 25%, which is slightly better than cellophane, which can be elongated 20% before 
break. According to Taylor et al.36 kafirin holds very similar properties compared to zein. 
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Table 1. Comparison of tensile strength and elongation values of edible and biodegradable 
films with synthetic packaging films. Based on table made by Anker37. 
 

Film 
Tensile strength 

(MPa) 
Elongation 

(%) 
Protein-Based Films   
Corn Zein38 5 0.5 
Corn Zein/Glycerol (4:1)39 26 2 
Corn Zein/Glycerol/PEG (2:1:1)39 13 76 
Corn Zein/TEG/SDS (8:1:1)40 4 94 
Wheat Gluten41 2 25 
Wheat Gluten/Glycerol (2.5:1)42 3 276 
Wheat Gluten/Glycerol/PEG (3:1:1)39 4 103 
Wheat Gluten/Glycerol/Sorbitol (5:1:1)43 6 57 
Wheat Gluten/Sucrose (5:2)43 4 3 
Sorghum Kafirin/Glycerol (3:2)44 8 10 
Soy Protein/Glycerol (1.7:1)45 5 90 
Soy Protein/Glycerol (2.7:1)46 3 133 
Sodium Caseinate/Glycerol (2:1)47 3 30 
Whey Protein/Glycerol (2.1:1)48 2 20 
Myofibrillar proteins49 17 23 
   
Polysaccharide-Based Films   
Methylcellulose50 56 11 
Hydroxypropyl Cellulose50 15 33 
Cellulose acetate51 66 30 
Starch52 44 3 
Starch/Sorbitol (1:2)53 10 16 
Amylose54 69 6 
Amylopektin54 38 4 
Amylose/Glycerol (4:1)54 23 9 
Amylopektin/Glycerol (4:1)54 5 25 
   
Lipid-Based Films   
Acetylated Monoglyceride48 0.02 13 
   
Composite Films Containing Lipids   
Corn Zein/Palmitic Acid (1:1)38 10 0.8 
Corn Zein/Stearic Acid (1:1)38 8 0.6 
Corn Zein/Glycerol/PEG/Palmitic Acid/Lauric Acid (8:2:1.8:1:1)55 20 61 
Corn Zein/Glycerol/PEG/Lauric Acid (4:1:0.9:1)55 16 73 
Whey Protein/Acetylated Monoglyceride (2:1)48 2 117 
   
Synthetic Packaging Films   
Low-Density Polyethylene56 13 500 
High-Density Polyethylene56 26 300 
 
Park et al.39 have investigated the effect of glycerol and polyethylene glycol (PEG) as 
plasticizer in gluten and zein films. Glycerol alone has no impact on the elongation of zein 
films, but the tensile strength is reduced with increasing plasticizer content. PEG, on the other 
hand, has a significant plasticizing effect regarding the elongation. A 50/50% mixture of 
glycerol and PEG gives the highest tensile strength (TS). Lower over all plasticizer 
concentration gives higher tensile strength. Glycerol is the most prominent plasticizer of the 
two in gluten. The highest tensile strength is obtained at the lowest concentrations of glycerol, 
whereas the elongation reaches its maximum in this area. 
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Whereas Park et al.39 did not find that glycerol had any effect on the elongation of zein, Gao 
et al.44 found that it had on kafirin. Plasticizer level increases strain, while stress and Young’s 
modulus decreases with added plasticizer. Stress is reduced by 70%, almost linear, at 
plasticizer levels from 0% up to 20%. In the same interval strain increases almost linear, but 
just by 50%. At 40% glycerol concentration the stress is 10% of the initial value, while the 
strain is almost fourfold the initial value. As expected, the Tg decreases with increasing 
content of glycerol in kafirin films 44.  
 
The results of Park et al.39 regarding the elongation of glycerol plasticized zein, since Gao et 
al.44 found that glycerol has a plasticizing effect on kafirin. Kafirin and zein are considered to 
be almost similar prolamins. The methods for preparing the films are not identical but are 
very much alike, so this do probably not account for the differing results. 
 
Different kinds of fatty acids may also function as plasticizers for zein. Stearic acid gives a 
maximum of tensile strength and strain in zein at 0.25 g fatty acid per g zein38. The films 
remain very brittle, though. Therefore the strain is infinitesimal. Experiments with fatty acids 
and zein as components in laminates have been performed by Park et al.55. The intention in 
these experiments was to create laminate films. The results indicate that some plasticization 
has taken place. Increasing content of palmitic acid in the laminate film decreases the tensile 
strength and increases the elongation. The same effect was achieved by adding a mixture if 
palmitic and stearic acid. The use of lauric acid is a more complicated subject: the tensile 
strength is first reduced with increasing fatty acid content; thereafter, increasing fatty acid 
content increases the tensile strength, whereupon once again the TS is reduced with increasing 
fatty acid content. All laminate films in the work were additionally plasticized with glycerol 
and PEG (32 %). Another fatty acid, oleic acid, can be used as plasticizer according to Lai 
and Padua57. 
 
The effects of glycerol in combination with sucrose respectively sorbitol as plasticizers on 
gluten films are investigated by Cherian et al.43. The maximum TS is being reached at equal 
amounts of glycerol and sucrose respectively glycerol and sorbitol. The elongation, however, 
decreases as the amounts of sucrose respectively sorbitol increases. 
 
Sodium dodecyl sulphate (SDS) together with triethylene glycol (TEG) has a plasticizing 
effect on zein; addition of SDS decreases TS and increases elongation.40 

2.5 MICROSTRUCTURE 
The microstructure of a film is a very important factor in the manner that is controls other 
parameters, such as rheological and barrier properties. Different kinds of microscopy (e.g. 
scanning electron microscopy, light microscopy, transmission electron microscopy) are used 
to survey the microstructure of a material. 
 
Garcia et al.58 report that plasticized starch films, in contrast to unplasticized starch films, 
show homogeneous surfaces without pores or cracks. Cross-sections of unplasticized starch 
films show multi-laminar structure, while films containing a plasticizer show a more compact 
structure. 
 
Glycerol plasticized amylose films contain pores34. These pores consist of glycerol and water. 
The dimensions and size distribution among the pores vary. Films that are formed at 50% RH 
and kept at low RH have dense homogenous networks, while the films kept in high 
surrounding RH have a heterogeneous network with large pores. Films formed at low RH are 
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also dense and homogenous. Films formed at RH 70% suffer from swelling. This results in a 
heterogeneous network with large pores. However, films formed at 90% RH again exhibit a 
homogenous network with rather small pores. The mechanism of this irregular behaviour is 
thought to be the following: the structure contains softer and harder domains. The soft 
domains are easy to swell, while the hard ones are harder to swell. So films formed at 70% 
RH have swelled soft domains and intact hard domains. That is the reason for the 
heterogeneous network with the uneven pore size distribution. At 90% RH there is enough 
moist to swell even the hard domains. This breaks up the network structure and lets it 
reorganize, which in turn results in a homogeneous network. 
 

 
Figure 9. Change of structure when reconditioning glycerol 
plasticized amylose films. Exposing the film to a moister 
atmosphere makes the glycerol and water containing domains 
(light areas) swell. In a dryer atmosphere the glycerol/water 
domains once again shrink and the original structure is 
principally restored. 34 

 
Films of amylose and amylopectin only show homogeneity at certain ratios between the 
two59. The critical lower limit for the amylose content is somewhere between 8% and 25%. At 
lower amylose concentration no continuous amylose network can be formed; instead discrete 
amylose domains are formed. 
 

 
Figure 10. Light microscopy micrographs of sections of plastic 
embedded films of native potato starch at high magnification. 
The dark blue areas are amylose and the bright red areas are 
amylopectin. 
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Blends of zein and starch give heterogeneous structures. As the zein content is increased, a 
zein matrix containing starch domains is formed60. In solution, cooling increases phase 
separation. During evaporation of the solvent from the solution, more starch is precipitated. 
At first high molecular starch forms clusters. Later on smaller starch droplets that are formed 
coalesce with each other and with larger aggregates98. 
 
Zein sheets – “baked films” – without plasticizer show cracks and cavities in the structure38. 
Plasticized by palmitic acid the zein sheets exhibit compact layered structures. Oleic acid 
plasticized zein sheets show an oriented microstructure consisting of closely packed ribbon-
like structures57. Zein is normally globular particles, but precipitation and mechanical 
treatment may cause the particles to merge and form fibrillar structures. Oleic acid plasticized 
zein films prepared by casting show an amorphous structure with pinholes. Increased 
toughness among sheets compared to cast films is probably due to the fibrous microstructure. 
 
Gluten films plasticized by 5% aqueous ethanol are depicted by Slade et al.61. The film seem 
to contain cavities which, when exposed to stretching, contribute to crack propagation. 
 
Thiré et al.62 have investigated the surface microstructure of films of whole maize starch. The 
heating time of the pre-casting suspension is crucial in this case. At short heating times the 
granules of the starch stay mostly intact resulting in uneven surfaces. Longer heating times 
give more homogeneous surfaces. 

 

 
Figure 11. Microscopic pictures of kafirin films at various magnifications. The series 
show typical structures of kafirin films. No plasticizer is added to the film. The lower 
resolution picture to the left is a light microscopy micrograph of sections of plastic 
embedded films. The higher resolution pictures to the right were acquired with 
transmission electron microscopy (TEM) of freeze fracture. 

2.6 BARRIER PROPERTIES  
The most interesting barrier properties for this work are the permeabilities to gases, above all 
oxygen permeability (OP) and water vapour permeability (WVP). Transport of these gases is 
a crucial part in the spoilage process of many food products. 
 
“ASTM E96-80 defines water vapour permeability as the rate of water vapour transmission 
through a unit area of flat material of unit thickness induced by a unit vapour pressure 
difference between two specific surfaces, under specified temperature and humidity 
conditions. Permeability should not be confused with transport through pores. True 
permeability consists of a process of solution and diffusion where the vapour dissolves on one 
side of the film and then diffuses through to the other side.” Oxygen permeability is defined 
in the same way (test method ASTM F1307-90), though the unit is different63. According to 
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this statement true permeability do not include transport through cracks and pores. It is hard, 
however, to exclude this type of transport and just measure the diffusion through the film. 
 
Resistance to oxygen permeability is often gained on the behalf of the resistance to water 
vapour permeability. This is because of the nature of the respective molecules. Water is polar 
(hydrophilic) and oxygen is non-polar (hydrophobic). Making a film more hydrophilic 
facilitates the solution and diffusion of water vapour molecules, while it restrains the solution 
and diffusion of oxygen molecules. Analogously: decreasing the hydrophilicity of a material 
(i.e. making it more hydrophobic) restrains the solution and diffusion of water vapour while it 
facilitates permeation of oxygen. 

2.6.1 Oxygen Permeability 
Garcia et al.64 have investigated oxygen permeability of starch films. The values given in the 
report are to large to be realistic, so no real conclusion can be drawn from it. Rindlav-
Westling et al.65 report that amylose and amylopectin plasticized with glycerol have excellent 
oxygen barrier properties: 7 g mm/m2 d kPa and 14 g mm/m2 d kPa respectively. Corn starch 
without plasticizing additive has even lower OP: 0.3 g mm/m2 d kPa. However, cornstarch 
with high concentrations of plasticizer has poor OP: 28% sorbitol gives a value of 67·103 g 
mm/m2 d kPa66. 
 
The oxygen permeability of prolamin films is generally very low. In a study by Aydt et al.41 
gluten films plasticized with glycerol have an OP of 7 cm3 µm/m2 d kPa while zein films 
plasticized with glycerol have an OP of 68 cm3 µm/m2 d kPa, which is still quite low. Also 
gluten plasticized with triethylene glycol have a rather low OP: 30 cm3 µm/m2 d kPa42. 

2.6.2 Water Vapour Permeability 
In a study by Garcia et al.64 it is stated that glycerol and sorbitol decrease the gas permeability 
(O2, CO2 and water vapour) of starch films. The WVP of maize starch is lowered by one third 
by glycerol while sorbitol reduces it to half. The WVP values for maize starch plasticized by 
glycerol and sorbitol are 22 g mm/m2 d kPa and 15 g mm/m2 d kPa respectively. Since the 
plasticizers are hydrophilic this occurrence is a bit unexpected. Films without plasticizers are 
reported to be brittle and full of small cracks. The lowered gas permeability due to added 
plasticizers is believed to be a result of denser films allowing less gas to pass. This, however, 
is not true permeability. True permeability does not include gas transport through pores and 
cracks, but solely on diffusion through the film (see ASTM definition of water vapour 
permeability above). According to Rindlav-Westling et al.65 the WVP is lower for amylose 
than for amylopectin. This is probably because the branched structure of amylopectin is 
creating a more open, less dense network. 
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Table 2. Comparison of oxygen permeability (OP) values of edible and biodegradable films 
with synthetic packaging films. Based on table made by Anker37. 
 

Film Test Conditions 
OP 

(cm3 µm/m2 d kPa) 
Protein-Based Films   
Corn Zein/Glycerol (4.9:1)67 30 °C, 0% RH 13 
Wheat Gluten/Glycerol (2.5:1)68 25 °C, 0% RH 6 
Wheat Gluten/TEG (5:2)69 23 °C, 0% RH 30 
Soy Protein/Glycerol (2.4:1)70 25 °C, 0% RH 6 
Collagen71 20 °C, 63% RH 23 
Whey Protein/Sorbitol (1:1)72 23 °C, 50% RH 8 
Whey Protein/Sorbitol (2.3:1)72 23 °C, 50% RH 4 
Whey Protein/Glycerol (2.3:1)72 23 °C, 50% RH 76 
Whey Protein/Glycerol (5.7:1)72 23 °C, 50% RH 18 
Whey Protein/Sorbitol (3.5:1)72 23 °C, 40% RH 0.7 
Whey Protein/Sorbitol (3.5:1)72 23 °C, 70% RH 43 
Fish myofibrillar proteins 73 25 °C, 0% RH 2 
   
Polysaccharide-Based Films   
Methylcellulose74 25 °C, 52% RH 90 
Hydroxypropyl Cellulose (HPC)50 30 °C, 0% RH 259 
Methylcellulose/Polyethylene Glycol (PEG) (9:1)67 30 °C, 0% RH 149 
Hydroxypropyl Cellulose/PEG (9:1)67 30 °C, 0% RH 308 
Hydroxypropyl Cellulose/PEG (9:3)67 30 °C, 0% RH 910 
Amylose34 23 °C, 60% RH 0.1 
Amylose/Glycerol (2.5:1)34 23 °C, 35% RH 2 
Amylopectin34 23 °C, 60% RH 0.1 
Amylopectin/Glycerol (2.5:1)34 23 °C, 35% RH 1 
   
Lipid-Based Films   
Beeswax75 25 °C, 0% RH 932 
Candelilla wax75 25 °C, 0% RH 175 
Carnauba wax75 25 °C, 0% RH 157 
Acetylated monoglyceride76 26 °C, 0% RH 1361 
   
Composite Films Containing Lipids   
Chitosan/Lauric Acid77 25°C, 0% RH 6 
Methylcellulose/Beeswax (11.3:4)78 25°C, 0% RH 319 
HPC/Acetylated Monoglyceride (1:1)67 30°C, 0% RH 298 
Whey Protein/Beeswax (3.5:1.8)72 23°C, 50% RH 12 
   
Synthetic Packaging Films   
Low-Density Polyethylene79 23 °C, 50% RH 1870 
High-Density Polyethylene79 23 °C, 50% RH 427 
Ethylene-Vinyl Alcohol(70% VOH)79 23 °C, 0% RH 0.1 
Ethylene-Vinyl Alcohol(70% VOH)79 23 °C, 95% RH 12 
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Table 3. Summary of water vapour permeability of biopolymer films and some synthetic 
polymer films. Based on table made by Anker37 
 

Film Test Conditions 
WVP 

(g mm/m2 d kPa) 
Protein-Based Films   
Corn Zein/Glycerol (4.9:1)67 21 °C, 85/0% RH 8 
Corn Zein/PEG (2.9:1)39 25 °C, 100/50% RH 33 
Wheat Gluten/Glycerol (3.1:1)67 26 °C, 85/0% RH 52 
Wheat Gluten/Glycerol/Sucrose (5:1:1)43 25 °C, 100/50% RH 82 
Wheat Gluten/PEG (2.9:1)39 25 °C, 100/50% RH 48 
Wheat Gluten/TEG (5:2)42 23 °C, 11/0% RH 8 
Sorghum Kafirin/Glycerol/PEG/LA (2.4:1:1:1)80 25 °C, 100/20% RH 14 
Sodium Caseinate81 25 °C, 81/0% RH 37 
Soy Protein/Glycerol (4:1)82 28 °C, 78/0% RH 39 
Soy Protein/Glycerol/SDS (6:3:2)83 25 °C, 50/0% RH 134 
Whey Protein/Glycerol (1.6:1)84 25 °C, 65/0% RH 120 
Whey Protein/Glycerol (1.6:1)84 25 °C, 11/0% RH 7 
Whey Protein/Sorbitol (1:1)84 25 °C, 75/0% RH 85 
Whey Protein/Sorbitol (1.6:1)84 25 °C, 79/0% RH 62 
   
Polysaccharide-Based Films   
Methylcellulose50 30 °C, 11/0% RH 7 
Hydroxypropyl Cellulose50 30 °C, 11/0% RH 4 
Hydroxypropyl Methylcellulose (HPMC)85 27 °C, 85/0% RH 9 
Corn Starch/Glycerol (1:1)64 20 °C, 98/33% RH 22 
Corn Starch/Sorbitol (1:1)64 20 °C, 98/33% RH 15 
Amylose/Glycerol (2.5:1)65 23 °C, 85/50% RH 103 
Amylopectin/Glycerol (2.5:1)65 23 °C, 85/50% RH 124 
Amylose/Glycerol (2.5:1)86 25 °C, 53/1% RH 5 
Amylose/Glycerol (2.5:1)86 25 °C, 81/29% RH 23 
   
Lipid-Based Films   
Beeswax75 25 °C, 100/0% RH 0.05 
Candelilla wax75 25 °C, 100/0% RH 0.02 
Carnauba wax75 25 °C, 100/0% RH 0.03 
Myristic Acid87 23 °C, 56/12% RH 3 
Palmitic Acid87 23 °C, 56/12% RH 0.6 
Stearic Acid87 23 °C, 56/12% RH 0.1 
Acetylated Monoglyceride88 25 °C, 98/0% RH 5 
Glycerol monostearate89 21 °C, 100/75% RH 9 
   
Composite Films Containing Lipids   
Sodium Caseinate/Acetylated Monoglyceride (1:4)81 25 °C, 84/0% RH 16 
Whey Protein/Acetylated Monoglyceride (2.5:1)90 23 °C, 99/50% RH 5 
Whey Protein/Beeswax (3.5:1.8)91 23 °C, 98/0% RH 5 
HPMC/Stearic acid(1.2:1)85 27 °C, 85/0% RH 0.03 
Methylcellulose/Beeswax (11.3:4)78 25 °C, 100/0% RH 0.1 
Methylcellulose/Beeswax (11.3:4)78 25 °C, 97/65% RH 1.5 
HPMC/Stearic acid/Palmatic acid92 25 °C, 97/65% RH 1.9 
Corn Zein/Glycerol/PEG/Lauric Acid (12:3:2.6:8)55 25 °C, 50/0% RH 6 
Corn Zein/Glycerol/PEG/Palmitic Acid (12:3:2.6:8)55 25 °C, 50/0% RH 2 
Wheat Gluten/Glycerol/Oleic acid (10:3:2)93 30 °C, 100/0% RH 6 
   
Synthetic Packaging Films   
Low-Density Polyethylene94 38 °C, 90/0% RH 0.08 
High-Density Polyethylene94 38 °C, 90/0% RH 0.02 
Ethylene-Vinyl Alcohol (68% VOH)95 38 °C, 90/0% RH 0.25 
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Prolamin films plasticized with just glycerol have high WVP. According to Park and 
Chinnan67 glycerol plasticized zein film has a WVP of 8 g mm/m2 d kPa and glycerol 
plasticized gluten film has a WVP of 52 g mm/m2 d kPa. Gluten films plasticized with 
triethylene glycol have even higher WVP42. Cherian et al.43 have investigated the influence of 
glycerol/sucrose content on WVP of gluten films; increasing the sucrose and decreasing the 
glycerol contents decreases the WVP. A film with just sucrose still has a relatively high 
WVP: 16 g mm/m2 d kPa. Investigations made by Park et al.39 also support the statement that 
increasing glycerol content increases WVP. These investigations further states that increasing 
PEG content decreases WVP. This occurrence is not so strange considering that glycerol is 
hydrophilic, while PEG is hydrophobic. 
 
Not very surprising do fatty acids decrease the WVP of zein films. Lauric acid reduces the 
WVP by over 80% while palmitic acid reduces the WVP by 95%55. The lowest absolute WVP 
value is achieved by Lai and Padua57 when oleic acid is used: 1 g mm/m2 d kPa. It seems like 
increasing the chain length and the concentration of the fatty acid reduces the WVP of the 
films. 
 
The WVP of kafirin films is slightly worse than WVP of zein films36, 80. 
 
According to Rhim et al.83 SDS reduces the WVP of glycerol plasticized soy protein films by 
nearly half. The WVP of the soy protein films is still rather high though. 

2.7 RELEASE 
An area that is contiguous to barrier properties is release properties. There lie many 
possibilities in biopolymer films releasing substances to their surroundings. Examples of 
substances of interest are antimicrobials, antioxidants and vitamins. Substances improving 
sensory qualities, such as colour, texture and flavour, can also be released from biopolymer 
films. 
 
An important task in these issues is to control the release. A release that is too slow will lead 
to insufficient content of the substance of interest, which in turn leads to failure of the 
intended effect. A release that is too fast will lead to depletion of the substance of interest too 
soon after the application. 
 
Controlled release from the polymeric film can be obtained by design of these films. To 
master this task, a sufficient amount of knowledge about the migrating additives, the polymer 
film and the environment is demanded. 
 
There are many factors controlling the release of antimicrobial substances from edible films, 
such as electrostatic interactions between the polymer chains and the antimicrobial agents, 
ionic osmosis and structural changes due to environmental conditions and presence of 
antimicrobial agents.96 
 
To measure the release from a biopolymer film a method described by Belton and Wilson 97 
can be used. The method described measures the diffusion in a gel. In this case the gel must 
be in contact with the film. By that it acts as a model food. The migrating additive in the film 
will then diffuse into the gel. The content of the additive can be detected at different depths in 
the gel. In that way the release from the film can be calculated. 
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The release from kafirin films was investigated by Petersson et al.98. The study included 
release of four different sugars, fructose, maltose, raffinose and stachyose, to a model food. It 
was found that increasing water activity (aw) of the model food and decreasing molecular 
weight of the sugars increased the release from the kafirin films. Similar conclusions are 
drawn in an investigation by Holmström99 where it is found that starch is a potent carrier of 
organic acids as preserving agents. Kafirin and zein may also function as carriers of organic 
acids, but larger and bulkier molecules may have difficulties to migrate through the networks 
of these polymers because of sterical hindrance100. 
 
Sorbic acid is an antimicrobial agent commonly used to protect various food products from 
microorganisms, E-coli and salmonella for example96. Release of sorbic acid from a pectin 
film was studied by Guilbert et al.101. The initial concentration of the migrating additive 
affects the release: increased initial concentration results in increased release. Increasing pH 
leads to decreasing release, while increasing temperature gives increasing release. Redl et 
al.102 has calculated the diffusion coefficient for sorbic acid in gluten films at various 
conditions. 
 
Carlin et al.103 has found that zein films with sorbic acid inhibit growth of Listeria 
monocytogenes on cooked sweet corn. Increasing sorbic acid content in zein films intensifies 
protection against L. monocytogenes. However, sorbic acid sprayed directly onto the cooked 
sweet corn gave the same result that sorbic acid released from zein films: increased sorbic 
acid concentration gives decreased growth of L. monocytogenes. Zein coating does obviously 
not contribute to inhibiting the growth itself in that case. A sole coating of zein (without 
sorbic acid) decreases the growth of L. monocytogenes, but to such a low extent that it alone 
can not be seen as a real food protection alternative. 
 
Contrary to what Carlin et al. found concerning Listeria monocytogenes, Torres and Karel 
found that zein coating together with sorbic acid has a significant effect on the growth of 
Staphylococcus aureus S-6. Bacteria levels on coated samples could be kept low for 10 to 16 
day instead of just 5 to 8 days.104 
 
Herald et al.105  have investigated how addition of antioxidant butylated hydroxyanisole 
(BHA), bacterial enzyme and emulsifier affected the mechanical and barrier properties of zein 
films. It was also investigated how zein with plasticizers and the additives above as a coating 
affected the storage of cooked turkey breast. It was found that the additives did not affect the 
mechanical or barrier properties of the films. To get a picture of how the coating affected the 
storage of cooked turkey breast the moisture loss and the hexanal content were measured after 
1 and 3 days respectively. Hexanal content is supposed to be an indicator of rancidity. The 
taste and smell of the turkey was also evaluated with a sensory panel. There was no 
significant difference in the moisture loss between coated and uncoated turkey after 1 day, but 
after 3 days the moisture loss was about 30% less in the coated turkey. Hexanal content in 
coated turkey was not significantly different between day 1 and 3. Varnish-like flavour was 
detected by the sensory panel in the same extent after 1 respectively 3 days. Freshly cooked 
turkey breast, which served as a reference, did not have this flavour. Coating the turkey 
caused loss of poultry identification flavour. However, this loss may be because the varnish-
like flavour masked the poultry identification flavour. The loss did not go on from day 1 to 
day 3. 
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3 FOAMS 
A common definition of foam is a substance that is formed by trapping many gas bubbles in a 
liquid or solid106. Foams are closely related to films since the liquid or solid walls between the 
bubbles can be seen as films. 
 
“Foams can be defined as composite materials characterized by a solid or liquid continuous 
matrix which surrounds a gaseous phases. There are many examples of foams in nature, from 
wood to bone, and all of them are the evidence that in nature materials with different 
properties and, in particular gases, are employed to optimize the performance/weight of 
natural structures. The possibility of combining the properties of the continuous matrix and 
gas voids in a great variety of morphologies, is a powerful tool in the material industry to 
design and obtain manufacts having properties tailored for virtually any kind of application 
were performances and low weight are requested. For instance, foams can be rigid or flexible, 
low or high density, with closed or open cells and with different cell sizes and shapes.”107 
 
The foamability of thermoplastic polymers is related to the rheological characteristics of the 
melt. Amorphous polymers do generally have a greater foamability than partially crystalline 
polymers, since their viscosity decreases slowly with increasing temperature. The polymer 
must have the ability to endure the stress that the gas bubbles exert on the cell walls of the 
foam. This ability is called strain hardening; the polymer becomes stiffer under elongation.108  
 
The most commonly used foaming polymers are polystyrene and polyurethanes. In fact, 
polystyrene’s most common use is expanded polystyrene (EPS)109. EPS is often manufactured 
through foamed-in-place beads32. These are made by suspension polymerization in the 
presence of foaming agent, such as pentane or hexane, i.e. the foaming agents are liquid at 
polymerization temperature and pressure, and trapped in the polymer during its 
polymerization. Thereafter, during further heat or pressure treatment, the foaming agent 
vaporizes and creates cavities in the polystyrene. Extruded polystyrene (XPS), commonly 
known as Styrofoam (which is a Chemical Co. trademarked form of polystyrene), is different 
from expanded polystyrene. Foamed polystyrene is used for insulation and shock absorbing. 
Coffey cups and take away food containers are often made of polystyrene foam. The isolating 
properties are also utilized in building structures. In packaging foamed polymstyrene is used 
for cushioning fragile equipment and as “packing peanuts” 109.  
 
Rubber foam has been replaced by flexible polyurethane foam in the applications of 
cushioning in furniture and automobiles due to the superior qualities of improved strength, 
lower density and easier fabrication32. Foamed polyurethane is often manufactured through 
use of blowing agent, such as acetone or methylene chloride. Another common route is to add 
water during the polymerization process. The water reacts with a fraction of the isocyanate, 
one of the polymer precursors, and forms carbon dioxide throughout the material110. Just like 
polystyrene foam, polyurethane foam is used for isolation and shock absorption. The later is 
benefited in jogging shoes, for example. 
 
Already, there are some biopolymer foam products out on the market. The most abundant 
material for biodegradable foams is starch (both in scientific and patent literature), which is 
the cheapest material and most available food product (e.g. widely used in the baking 
industry). Foamed starch is used instead of foamed polystyrene, for instance in trays, 
disposable dishes, cups and in loose fill in packaging111. Starch foam products have the 
advantage of being antistatic, which can be useful when packing electronic equipment. The 
company Novamont has some starch based products under the name Mater-Bi; among them a 
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closed cell structured material with densities between 30 and 400 kg/m3. Products based on 
foamed starch would have a greater commercial potential if the processing was easier and 
fewer adjustments and modifications had to be done. 
 
Foams made of pure starch have many weaknesses; it has insufficient physical and 
mechanical properties and it is not water resistant. Cotugno suggest that a possibility to 
improve the processability and properties of starch based foams is to blend it with traditional 
polymers, such as PVOH and PMMA. The result is a foam that is still biodegradable, but 
since the polymers are petroleum based, a large part of the point of using a biopolymer based 
foam goes to waste.107 
 
Another environmental issue is the choice of blowing agent. A blowing agent is a substance 
that alone or in combination with other substances is able to produce a cellular structure in a 
polymer melt. This cellular structured polymer melt constitutes the foam. There are both 
physical and chemical blowing agents. Physical blowing agents are dissolved in the molten 
polymer while chemical blowing agents are dispersed in the molten polymer and are able to 
decompose in specific temperature ranges. Both kinds of agents give rise to gaseous 
substances that promote foaming. Previously, blowing agents belonging in the class of 
chloroflurocarbons (CFC) were frequently used. Since their devastating effects on the ozone 
layer were discovered this class has been phased out, in benefit of other, more 
environmentally friendly blowing agents. Common gases, such as carbon dioxide, nitrogen 
and water vapour, may be used as blowing agents. 
 
Unfortunately not many biopolymers meet the criterion of elongational viscosity. This 
parameter can be improved using long chain branching, polydispersity and bimodality of the 
molecular weight distribution.107 
 
Starch as a material for foaming has been investigated by Lawton et al.112 Foam trays from 
various starch types with water as foaming agent were baked and tested. It was found that 
batters with low solid content had greater ability to foam. Further, starch types with low 
amylose content (i.e. high amylopectin content) had greater foaming ability than types with 
high amylose content (i.e. low amylopectin content). Starch types with high amylopectin 
content also needed shortest heating time in the mold. The temperature of the batter needs to 
rise above gelatinization temperature during molding. This is since the starch-water mixture 
has to have certain rheological qualities for foaming to take place; the mixture must have 
sufficient elastic strength to retain the gas and not burst when water vapour bubbles are 
expanding. To sum up, starch type and percent solid content of the batter and batter volume 
produces a wide variety of starch tray properties. 
 
An innovative method for creating foam structures is supercritical fluid extrusion (SCFX). 
SCFX can be used to generate microcellular structures in various structures, for example 
starch, under low shear and low temperature conditions. The method leads to high nucleation 
densities in the order of 106 bubbles/cm3, controlled expansion of the nucleated bubbles, and 
allows for simultaneous flavour incorporation.113 
 
The stability of gluten foams was investigated by Mita et al.114. The stability was measured 
through measurements of the rate of drainage from the foam. Less rate of drainage means 
higher stability. The rate of drainage became minimal near the isoelectric point of gluten. 
Addition of sodium chloride decreased the rate of drainage while oleic acid, benzene and 
paraffin oil increased the rate. 
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A very special case of foaming that is highly suitable for biopolymers of agricultural origin is 
bread making. Therefore bread making and its rheology will have the whole next section at its 
disposal.  

3.1 BREAD MAKING 
At first the connection between biopolymer films and foams and bread may be hard to see, 
but realizing that bread is a spongy foamed structure of agricultural origin may cast some 
light on the subject. Bread is perhaps a very wide concept, but here it will mean that porous, 
spongy food whose main ingredient is wheat flour that most of us consume daily. As just been 
said, bread is made of wheat flour. During baking wheat flour is mixed with water and most 
often some taste enhancing ingredients, like salt, into a dough. In fact, the only flour that can 
give a spongy structure is wheat. The ingredient that possesses this unique quality is gluten 
(see Wheat section above). Gluten is able to form viscoelastic networks in the dough. The 
viscoelastic networks can retain gas during fermentation. Fermentation is achieved from yeast 
or baking-powder, and is another import subject during baking. During fermentation a great 
amount of small gas bubbles are formed inside the dough. As the fermentation goes on the gas 
bubbles expand. To acquire a tasty, porous bread the bubbles must be held in the dough until 
baking in oven, where the structure becomes rigid. The factors that control these mechanisms 
will be discussed in the next section of this report. 

3.1.1 Rheology of Baking 
The techniques used to measure rheological properties of doughs are adapted from testing of 
conventional polymer melts and concentrated solutions. The advantage of these methods is 
that they are well developed. However, there lies a great disadvantage in that the deformation 
conditions applied in these methods are often very different from those experienced by the 
dough during the process of baking. For instance, conventional oscillatory shear rheological 
tests usually apply small strains in the magnitude of ~1%, while the gas cell expansion is 
known to be several hundred percents. Moreover, in testing strain is applied through shear, 
while the strains applied to the dough during baking is extensional. According to polymer 
melt fluid dynamics, large shear deformations of high molecular polymers have different 
physical effects on the network than large extension deformations. For example, the 
extensional viscosity for branched LDPE increases with increasing strain and strain rate, 
while the shear viscosity decreases under the same conditions. The shear and extensional 
viscosity of doughs are similar at low strains, but the extensional viscosity is markedly higher 
at higher strains. This is because of entanglement of long chains during extensional flow. 
During shear flow the long chains remained coiled and can easily slip past each other. Biaxial 
extension is seen as a relevant testing method because the conditions resemble the gas cell 
expansion during proof and oven rise.115 
 
It seems like all kinds of mechanical treatment of the dough helps to develop the gluten 
network. This network is essential for the elasticity of the dough. Good bread-making doughs 
have good strain hardening properties and inflate to larger single bubble volume before burst. 
Poor bread-making doughs inflate to lower volumes and have much lower strain hardening. 
When strain hardening is too low bubble walls strength becomes insufficient which leads to 
rupture and loss of dough volume. Further, it seems like the rheological behaviour of the 
polymers is not directly dependent of their chemistry, while rather dependent on the 
secondary structure of these protein polymers. As stated by Cotugno, high polydispersity, 
high degree of chain branching and high molecular weight promotes strain hardening.115 
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The strain hardening seems to be due to two mechanisms. When work is applied to the system 
there are responses of two different magnitudes on the time scale. The short time response is 
believed to be connected to the formation of β-sheets, while the long time response is due to 
the linear arrangement of the molecules. Low levels of work stretch the polymer loops. High 
levels of work arrange the polymers in β-sheets.116 
 
Greenfield et al. have performed some dynamic shear rheological measurements on two C-
hordeins, one wild and one mutant form. The mutant form contained cystein residues, which 
implies that disulphide bonds may occur. C hordein belongs to a group of sulphur poor 
prolamins, where also ω-gliadins are included. The ω-gliadins of wheat seem to play a role in 
the extensibility of wheat doughs. Mixing C-hordein into a wheat dough resulted in a 
weakening of the dough. Rheological measurements showed that a mixture of water and the 
cystein containing mutant C-hordein was more gel-like than a mixture between water and the 
wild C-hordien form. This occurance may be derived from the cystein residues in the mutated 
C-hordein form, causing disulphide bonds in the network.117 

3.1.2 Foaming During Baking 
Wheat has a dominating position as raw material for bread because of one quality: gas 
retention. This quality is almost unique for wheat flour doughs, since doughs from other 
cereals lack the potential to retain gas, or at least show it to a much lesser extent.118 
 
When mixing a bread dough air is entrapped into the dough and stored in form of spherical 
gas cells. During the fermentation process most of the carbon dioxide produced by the yeast 
cells is stored in these gas cells. As a result of this the cells, and with them the dough, start to 
grow. When the volume fraction of gas in the dough is 70% the gas cells start to deform each 
other, transforming the dough into a foam with polyhedral gas cells. The cells are separated 
by dough films. These cell walls remain strong, i.e. have the same properties as dough in 
bulk, as long as they are marked thicker than starch granules. If the gas cells burst the dough 
would not be able to retain gas, therefore these films must be extensible. However, finally the 
film of these cell walls do collapse, this causes the end of oven rise. Because of gelatinization 
of the starch the viscous dough is turned in to an elastic bread crumb. By this the foam has 
become a sponge and thereby kept from losing its open structure.118 
 
There are three requirements that dough must meet in order to have good baking properties. 
At first, as previously been told, it must be strain hardening. Second: the collapse of the cell 
walls must not occur at a too low level of strain. Third: the resistance against extension must 
lie within a certain range.118 
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4 SUMMARY 
The field of agricultural biopolymers as main constituent for new materials is an exciting and 
relatively unexplored area. Results from investigations that have been done are promising, but 
still a lot of research and development has to be done in order to manufacture competitive 
new materials. The road is long to a situation where renewable materials have replaced 
petroleum based materials to a greater extent. For example, and as previously been 
mentioned, water vapour permeability and elasticity are two areas where conventional 
petroleum based polymer materials have strong positions. Improving these factors among 
biopolymers would constitute a great progress and an important step on the road. Rheology 
and microstructural studies are powerful tools in the task to understand the factors that control 
the qualities of a material. Using these tools with smartness and efficiency can shorten the 
road considerably. 
 
The same tools may be used to understand the mechanisms of baking. Wheat is the only 
cereal for making real porous bread structures. Besides the fact that it is interesting and 
exciting, making bread from other cereals than wheat may stimulate economical growth and 
decrease starvation in developing countries. At this point science is at its best: increasing 
human knowledge and improving the everyday life of fellow human beings. 
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