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Abstract

Today approximately 10 % of fermented milk products stick to the packaging
material inner surface, and therefore it is not possible to pour all of the dairy
product from the package. This is both an economical and environmental issue.
The product loss is expensive for consumer and makes recycling of package less
effective. As they do not yet exist, the development of packaging materials to which
fermented milk products stick less would make it possible to both save money and
protect our environment.

The aim of this work was to provide knowledge and understanding of the
important factors involved in the phenomenon when fermented milk products adhere
to the inner surface of a packaging material. Studies were done on materials having
different surface properties, such as polarity and relative oxidation. They were
incubated in fermented milk and other dairy products varying in fat concentration
and protein type up to 168 h. The systems were investigated gravimetrically, with
Fourier Transform Infra Red/Attenuated Total Reflectance Spectroscopy, Scanning
Electron Microscopy and Contact Angle measurements.

Fermented milk shows amphiphilic behaviour and therefore can interact both
with polar and non-polar surfaces, such that the relative oxidation of the surface does
not contribute to the adhesion. The adhesion of fermented milk is an equilibrium
reaction, which depend on the fat concentration before equilibrium as well as
the protein concentration after equilibrium. The adhesion seems to follows the
mass-action law, with smaller molecules associating faster and thereby adhering to
the surface initially, but are displaced by larger molecules that associates slower as
times passes.





Sammanfattning

Idag fastnar ungefär 10 % av den filmjölk som vi köper i paketen. Detta leder till
att konsumenten inte kan äta allt och att det slängs mat i onödan. Det här är både
ett ekonomiskt problem och ett miljöproblem eftersom det är dyrt för konsumenten
och gör det svårare att återvinna förpackningarna som maten köps i. Genom att
utveckla nya material till vilka filmjölk fanstar mindre skulle det vara möjligt att
både spara pengar och vår miljö.

Syftet med detta examensarbete var att få mer kunskap om de faktorer som
är viktiga för adhesionen av filmjölk till innerytan på en förpackning. Studier
gjordes med material som hade olika yteegeskaper så som ytpolaritet och relativ
oxidation. De olika materialen inkuberades i filmjölk och andra mejeriprodukter
med varierande fetthalt och proteininnehåll. Försöken utvärderades gravimetriskt,
med Fourier Transform Infra Red/Attenuated Total Reflectance Spectroscopy,
svepelektronmikroskopi samt kontaktvinkelmätningar.

Studierna visade att filmjölk innehåller amfifila komponenter och kan därför
adhera till både polära och opolära ytor. Den relativa oxidationen påverkar inte
adhesionen. Filmjölks adhesion till innerytan på en förpackning är en jämvikt-
sreatktion som i början beror på fettmolekyler och i senare skeden på proteiner.
Adhesionen verkar följa Vroman effekten. Små molekyler så som fetter, rör sig
snabbt i lösningen och adherar därmed till ytan i början av reaktionen. Allt
eftersom tiden går ersätts dessa med stora molekyler så som proteiner som rör sig
långsammare mot ytan.
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Chapter 1

Introduction

1.1 Background

Approximately 10 % of fermented milk products, such as yoghurt and the product
named filmjölk in Sweden, stick to the inside of todays packaging materials, making
it impossible to eat all of the dairy product we buy. If one litre of yoghurt
and filmjölk costs 15 SEK, about 30 mSEK are lost every year on food that we
never get out of the package, and therefore cannot eat. This is expensive for the
consumers, but also an environmental issue. The cows, that produce the milk used
for production of dairy products, are a big source of methane; which is a very
potent greenhouse gas. Agriculture contributes to over-fertilization which leads to
overgrown land and watercourses. The development of packaging materials from
which it is possible to get out more yoghurt and filmjölk would save both money
and help protect the environment.

The development of new materials with non-stick characteristics can progress
faster by gaining knowledge and understanding of the important factors involved
in the phenomenon when filmjölk adheres to the inner surface. It was thought that
fat and proteins in filmjölk were a part of the adhesion mechanism. Studies on
other biological systems, have shown that even though there is only a very thin
layer of small molecules that adheres to the surface, other larger molecules have
the ability to form layers on the first, very thin adhered layer as time passes. The
total layer will then continue to grow, and it has proven to be very difficult to avoid
this initial adhesion as there is adhesion between the layers. [1] Other studies have
also shown that the adsorption of molecules to a surface from a solution containing
molecules in different sizes follow the mass action law. This means that molecules
with low molecular weight that diffuse fast adsorb initially but as time passes are
replaced by bigger molecules which diffuse slower. [2, 3]
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4 Introduction

1.2 Aim
This master thesis should bring knowledge and understanding of the important
factors involved in the phenomenon when filmjölk adheres to the inner surface
of a packaging material. It was thought that proteins in filmjölk were a part of
the adhesion mechanism and that the adhesion could be decreased by introducing
a more polar surface. Water, which is highly polar, could thereby adhere to the
surface and act as a film between adhering proteins and fat and the packaging
material. Polar and non-polar materials were therefore evaluated. The fat content
of the product, the amount of proteins, the storage time between production and
consumption, and the surface functionality were also thought to be important
parameters. The scientific question therefore is: How is the adhesion of fermented
milk; filmjölk affected by fat content, storage time and surface functionality?

1.3 Tetra Pak
The company Tetra Pak was founded by Ruben Rausing in 1951 in Lund, Sweden.
It then presented a totally new way to pack and store dairy products. Instead of
the commonly used glass bottles Tetra Pak introduced a paper based package with
a characteristic tetrahedron-shape.

After this first idea of packaging, Tetra Pak developed several more user-friendly
shapes, some which are shown in Figure 1.1. The common Tetra Brik Aseptic,
which is shaped like an ordinary brick, comes in many different sizes. In 1959,
Tetra Pak created their first aseptic packaging which enabled the preservation of
milk for more than one week without refrigeration. The new packaging system was
representative of an era that would change the distribution of liquid food in many
parts of the world.

Tetra Pak is now the leader in carton packaging and has continuously grown as
an international company. At the beginning of 2010, Tetra Pak was represented in
170 countries and had over 21,000 employees worldwide. 158 billion packs were
delivered in 2010 and the total net sales was 899,620 Me. The company does not
only sell packages, and today it is the only international company able to provide
integrated processing, packaging and distribution lines and plant solutions for food
manufacturing. [4]

Figure 1.1: Todays portfolio of Tetra Pak packages.



Chapter 2

Theory and Method

2.1 Packaging Materials
The main purpose of a food package is to protect the product from outside influences
and damage, and to preserve the nutrients in the food. Food packages can delay
product deterioration, retain the beneficial effects of processing, extend shelf-life and
maintain food quality. Packaging technologies balance food protection with other
issues, including energy and material costs, and must adhere to strict regulations
on food safety and health safety aspects. It is also important to remember that a
package is much more than just a barrier between the product and the environment;
it is also the face of the product and a place where information such as nutritive
content and manufacturer brand can be displayed.

Food packaging provides three classes of protection from external influences:
chemical, physical and biological. Chemical protection can be from gas exposure,
moisture (both gain and loss), and light (ultraviolet, visible or infrared). The
chemical barrier should protect the product from taking up odour and taste from
the surroundings. Physical barriers can be for example, mechanical barriers, that
protect the product from abrasions and being crushed. Biological protection is
mainly to prevent invasion of microorganisms and insects. Biological barriers also
maintain conditions to control ripening and ageing of the food product.[5]

Materials that have traditionally been used in food packaging include glass,
metals, paper and paperboards, as well as plastics. The food packaging materials
of today often combine several materials to take advantage of functional, as in
aseptic packaging, or aesthetic properties of each material. [5]

Aseptic packaging can be defined as ′′A sterile product in a sterile container
in a sterile environment′′ [6]. In order to achieve commercial sterility, both the
product and the container have to be sterilized. This can be done in two ways:

1. Sterilization of the product and container together through an autoclave
procedure.

2. Sterilization of the product and container separately through aseptic technol-
ogy.

5
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In a commercial sense, the term sterility means the absence of micro-organisms
that are capable of reproducing in the food under the normal non-refrigerated
conditions of storage and distribution. The performance level of an aseptic plant
must be viewed as a performance level of the entire process rather than one of
a single component of the production line, otherwise it cannot be called aseptic.
Aseptic packaging implies three different steps:

1. Sterilization of the packaging materials food contact surface.

2. Creating and maintaining a sterile surrounding in the area where the sterilized
product and the sterilized packaging materials are brought together.

3. Production of packages that are tight enough to prevent entry of spoilage
organisms. [6]

The packaging material for aseptic packaging consists of several layers. Outer-
most is a polyethylene (PE) layer which protects against outside moisture, thereafter
comes a paper layer for stability and strength. On the inside of the paper layer is a
first lamination layer of PE, then a layer of aluminium foil to serve as barrier against
oxygen, flavour and light. After the aluminium layer comes another lamination
layer of PE again, to which the innermost layer of PE, which seals the liquid, is
adhered to. This structure is depicted in Figure 2.1. [7]

PE is a family of polymers which consists of repeatable units of ethylene
molecules, as shown in Figure 2.2a. PE typically has a high molecular weight. The
PE used in aseptic packaging can be characterised by the degree of branching in
the molecule. Low-density polyethylene (LDPE) has chain branches with different
lengths. LDPE has a low crystallinity, only about 30-35 %, and the density is

1 2
3
4
5
6

Figure 2.1: Structure of an aseptic packaging. 1) Polyethylene to seal the liquid.
2) Polyethylene as an adhesion layer. 3) Aluminium foil as an oxygen, flavour, and
light barrier. 4) Polyethylene as a lamination layer. 5) Paper for stability and
strength. 6) Polyethylene to protect against outside moisture. [7]
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Figure 2.2: The molecular structure for (a) polyethylene (b) polypropylene and (c)
polystyrene.

about 910-930 kg/m3. High-density polyethylene (HDPE) has a low number of
short chain branches and therefore a high crystallinity, 79 %, and the density is
about 960 kg/m3.[8] In Fourier-Transform Infrared Attenuated Total Reflectance
spectroscopy (FTIR/ATR), the most notable peaks are asymmetric and symmetric
stretching of the CH2 which occur at 2900 cm−1 and 2850 cm−1, and bending
deformation at 1473 cm−1 and 1463 cm−1.

Plastics alone are also common as packaging materials for dairy products.
Plastic packaging offers several advantages as they are chemically resistant, have
flexible design, low weight and good physical and optical properties. Polyoleofines;
polyethylene (PE), polypropylene (PP), and polystyrene (PS) are mainly used for
food packaging. [5]
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Polypropylene (PP), which is shown in Figure 2.2b has a crystallinity between
LDPE and HDPE. It is a flexible material, especially when it is copolymerized
with ethylene. Furthermore PP has a good resistance to fatigue. [9]

Polystyrene (PS) is one of the oldest used commercial polymers. PS is composed
of linear chain of styrene, shown in Figure 2.2c, that are laterally attached to each
other. This gives a high glass transition temperature (Tg=390 K) and high refractive
index. [10] PS is an amorphous material with MW= 100 000 – 400 000 g/mol. [11]

2.2 Dairy Products
Dairy products are generally based on cow milk and have a high caloric value.
Examples of dairy products are cheese, butter, yoghurt and fermented milk; named
filmjölk in Sweden. Nowadays products based on oats or soy proteins can be used
in dairy products as replacements for milk.

2.2.1 Milk Products
Cow milk, which is the raw product used for production of filmjölk, consists of
87 % water and 13 % solids. The main components in the solids redundant are fat,
proteins, lactose (milk sugar) and minerals, see Table 2.1. [12]

Milk Fat

Milk, yoghurt and “filmjölk” are fat-in-water emulsions. The dominating fats are
triglycerides, but di- and monoglycerides, fatty acids, sterols, carotenoids, and
vitamin A, D, E and K are also found. The fat content is about 60 % saturated,
35 % monounsaturated, and 5 % polyunsaturated. Fat in milk and “filmjölk” is
formed as globules which have the diameter range of 0.1 - 20.0 µm. The emulsion
is stabilised by a membrane which is 5 – 10 nm thick and has a complicated
composition of phospholipids, lipoproteins, enzymes and bound water. [12] The
total fat concentration in processed milk normally varies between 0.1 % and
3.0 % [13].

Table 2.1: Main constituents of milk, {G Bylund, Dairy Processing Handbook.
Malmö, Tetra Pak Processing Systems AB, 91-631-3427-6 (2003) pp. 22}

Main constituent Mean value {%}

Water 87.0
Total solids 13.0
Fat 3.0
Proteins 3.4
Lactose 5.4
Minerals 1.2
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The existence of fat in a sample can be investigated with FTIR/ATR, through
the peak at 1720 - 1700 cm−1 corresponding to carbonyl groups in the fat chain. [14]

Milk Proteins

Milk proteins can be divided into two main groups: casein and whey proteins.
Whey proteins are about 20 wt % of the total protein amount in milk, and consist of
α-lactalbumin and β-lactoglobulin. Whey proteins, also called milk serum proteins,
are important in cheese manufacturing as they denature upon heat exposure and
about pH 4.6. [12, 15]

Casein makes up 80 wt % of the total protein content in milk. Casein is divided
into four types, which are shown in Table 2.2 [16].

Casein forms fairly dense aggregates of sub-micelles containing small regions of
calcium phosphates, which links the sub-micelles together to form bigger micelles
having a size of approximately 0.4 µm. This gives the bigger micelles an open, porous
structure. The concentration of α-, β-, and κ- casein is heterogeneously distributed
throughout the sub-micelles, which have a size of 10 – 15 nm. The α- and β-casein
are mainly distributed in the centre of the micelles, while the κ-casein predominates
on the surface. κ-casein has a hydrophilic chain which protrudes from the micelles
and resist agglomeration due to its negative charge. β-casein is considered to be
the most hydrophobic casein and most easily hydrolysed. It therefore exists mainly
inside the micelles. Thus there is a steric κ- and electrostatic β-contribution to
stability. [12] β-casein is one of the most important macromolecular emulsifiers
involved in the stabilisation of the colloids in milk. At pH 6.6; as in milk, casein
has a net negative charge. At pH 4.0, typical for the “filmjölk”, casein is neutral
and forms larger micelles,which is why “filmjölk” is more viscous than milk. [17]

Casein belongs to a family of intrinsically disordered proteins which means that
the protein lack secondary structure [18]. This is because casein does not contain
any cysteine residues, but has plenty of proline residues throughout the polypeptide
sequence. Therefore, casein can be treated as a block copolymer. Experimental
and simulation studies on β-casein adsorption indicates that the molecule has a
hydrophobic tail which interacts with hydrophobic materials. The other part of
β-casein is the hydrophilic N-terminal peptide, which contains phosphorus residues
which extend into the aqueous phase as long tails, which are marked in Figure 2.3.

Table 2.2: Concentration of casein in milk.{J V Gulmine et al, Polyethylene
characterization by FTIR. Polymer Testing (2002) vol. 21 pp. 557-563}

Casein Conc. in milk {g/kg} wt % of total protein

αs1-casein 10.0 30.6
αs2-casein 2.6 8.0
β-casein 10.0 30.8
κ-casein 3.3 10.1
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N-terminal
C-terminal

Figure 2.3: β-casein displayed as a block copolymer. The polar N-terminal can
interact with hydrophilic surfaces. The non-polar C-terminal can interact with
hydrophobic surfaces.

Since the amino acid sequence of β-casein is well structured in a hydrophobic and
a hydrophilic domain, it can form quite well structured monolayers on hydrophobic
surfaces. In these monolayers, the hydrophobic protein segments are attached to
the surface, forming a densely packed inner layer. The long tail of the N-terminal
peptide forms a brush towards the aqueous solution, resulting in a more hydrophilic
surface. [17] Several studies have shown that the absorbed amount of β-casein is
2 - 3 g/dm2 on uncharged surfaces at pH 7. [19] Close to the surface the density of
β-casein segments are less dense on hydrophilic than on hydrophobic surfaces. The
adsorption kinetics are also much slower on the hydrophilic surface [20]. Studies
have showed that β-casein in aqueous solution adsorb strongly both at oil-water
and air-water interfaces [21]. The molecular weight of β-casein is 23.8 kg/mol [22].

The existence of milk proteins in a sample can be investigated with FTIR/ATR,
using the amide bonds between the carbon and nitrogen in the amino acid sequence,
see Figure 2.4 [23]. The two most important vibrational modes are the amide I
vibration caused by the stretching of the C=O bond at 1700 - 1600 cm−1 and
the amide II vibration caused by the deformation of the N-H bond and stretching
of the C-N bond at 1600 - 1500 cm−1 [24]. Furthermore, the amide III bands at
1280 - 1200 cm−1 and the 1100 - 1060 cm−1 corresponding to the O=P-O stretch
are characteristic for proteins. The formation of both intra- and intermolecular
hydrogen bonds by proteins affects the position, magnitude and shape of the amide
bands [25].

2.2.2 Soy Products
Soy products are used as replacement for milk products, and there is a variety of
products similar to many common milk products.

The main proteins of soy products affecting the processing functionality are
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Figure 2.4: The structure of an amide bond.

glycinin (11S) and β-conglycinin (7S). 11S is a heterogenous hexamer with MW =
360 kg/mol, and containing a quaternary structure consisting of two layers of
trimers. Each trimer consists of three acidic and three basic polypeptides which
are linked together by a disulphide link and hydrogen bridges. 7S is a trimeric
glycoprotein with MW = 68.68 kg/mol and 42.00 kg/mol. The lowest solubility
of 7S in an aqueous phase is between pH 4.25 and 5.25. The ratio of 11S and 7S
varies among cultivates and affects the processing properties of soy proteins. [26]

The isoelectric point of soy proteins is 4.6. It is slightly lower for 7S than for
11S, which makes 7S more negatively charged at most pH levels [27]. The molecular
size of soy proteins increases with lower pH as the proteins partly denature. The
denatured proteins form aggregates under acidic conditions and form a gel network.
Hydrophobic interactions are the main force of aggregation, which leads to an
increase in viscoelasticity [28]. There is an increase in modulus of the gel with
the amount of soy protein, and gels formed from 11S protein are stiffer than gels
formed from 7S protein [27].

Although the amino acid profile of soy proteins is nearly equivalent to casein [29,
30, 31, 32], it is not possible to assume that the soy proteins belong to the
intrinsically disordered proteins because the interactions between the individual
proteins are still to be determined. [27, 33]

2.3 Adsorption
Fouling is a big problem in industry. It refers to the accumulation of unwanted
biofilms, organic, or inorganic species on solid surfaces in aqueous environments.
Most common is the accumulation of biofilms. The biofilms consist of macro-
molecules, such as fat, proteins and bacterium, that adhere to the solid surface
and decrease its functionality. [34] The same adhesion of biofilms in fouling can be
seen in biological systems, it is biofilms on our teeth that cause tooth decay, if you
insert an implant it will immediate be covered with proteins and enzymes, which is
this phenomena as is seen when filmjölk sticks on the packaging surface. When
proteins cover a surface, as when filmjölk sticks to surface, it has been found that
the equilibrium reaction and coverage of the surface is dependent on the size of the
proteins rather than the concentration. This is called the Vroman effect. [35]

In a bulk system all bonding requirements of the atoms in the material are filled
except for those on the surface. Therefore atoms on the surface attract other atoms,
so called adsorbates, to fulfil the bonding requirements, and to lower the energy of
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the system. Adsorption can be both physical and chemical called physisorption and
chemisorption. Physisortion has weak interaction, such as van der Waal, between
the surface and the adsorbate. Chemisorption has strong interaction, such as
covalent bonding, between the surface and the adsorbate. Physisorption can be
the precursor to chemisorption. Adsorption can also be electrostatic. Adsorption
can be thought of both on the microscopic and macroscopic scale. [36]

Studies performed at Chalmers University of Technology on other biological
systems, have shown that even though there is only a very thin layer of small
molecules that adheres to the surface, other larger molecules have the ability to
form layers on the first, very thin adhered layer as time passes. The total layer will
then continue to grow, and it has proven to be very difficult to avoid this initial
adhesion as there is adhesion between the the layers. [1]

Other studies have also shown that the adsorption of molecules to a surface from
a solution containing molecules in different sizes follow the mass action law. This
means that molecules with low molecular weight that diffuses fast adsorbs initially
but as time passes are replaced by bigger molecules which diffuses slower. [2, 3]

2.4 Choice of Methods
This work investigates why filmjölk sticks to the packaging material surface and
how the adhesion varies between surfaces with different polarities and roughness.
The work also investigates how the fat content of filmjölk and storage time between
production and consuming affects the adhesion.

The materials used were: extruded low density polyethylene (LDPE) (a typical
inner surface in a paper based package), film LPDE (the same material as in
plastic bags), polyvinylalcohol (a highly polar material), silicaoxide (the coating
used in beer cans), polyethylene teraphtalate polyester (the material used in PET-
bottles), glass, and polystyrene (the plastic material used as cups in dairy food
packaging). In this work the materials have been named with letters, see Table
2.3. The materials were incubated in two concentrations of filmjölk for different
times, and then weighed to investigate if the adhered amount of filmjölk differed
between the tested materials. The interaction between filmjölk and the materials
was investigated with FTIR/ATR. In this method the infrared light only probes
10 µm into the sample and it can therefore be used to excite molecules in the
proximity to the surface. FTIR/ATR was used to investigate if it was mainly the
fat, proteins, or both in filmjölk that adhered to the surface.

Two of the polymer materials, extruded LDPE and film LDPE, were treated
with corona discharge treatment to increase the surface polarity. This was done to
investigate if the adhesion changed when the surface polarity increased. If so, it
was thought that water (which is highly polar) could create a thin layer between
the packaging material and the filmjölk, allowing more product to come out of the
package. Beside filmjölk, some of the materials were also incubated in yoghurt,
créme fraiche and soygurt. This was done to get complementary information about
the importance of casein, other proteins and the fat concentration. Casein was
thought to be one of the main proteins responsible for the adhesion due to its
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negative charge in milk and its neutral charge in filmjölk. Soygurt was used as the
amino acid sequence of soy protein and casein are very similar on the important
parts which might be responsible for adhesion. If the adhesion was mainly due to
proteins, each product would be expected to have the same adhesion. Yoghurt has
a slightly lower pH than filmjölk, and the proteins have a more positive net charge
in yoghurt. Yoghurt was therefore used to see how the net charge of the proteins
influenced the adhesion. The fat concentration of créme fraiche is much higher
than that of filmjölk, which was used to see how the adhesion varied with the fat
content.

Furthermore, the clean surfaces were characterised with contact angle mea-
surements to measure the surface polarity, scanning electron microscopy (SEM)
to investigate the surface roughness and FTIR/ATR to characterize differences
between the materials.

Table 2.3: The materials and the corresponding letters which have been used
throughout the work

Letter Material

A Polystyrene (Dairy food packaging in plastic)

B Extruded polyethylene (Inside of paperbased package)

C Film polyethylene (Plastic bag)

D Extruded polyethylene (Inside of paperbased package)

E Silicadioxide (coating in beer cans)

F Polyethene teraphtalate (PET-bottle)

G Aluminum

H Polyvinylalcohol

I Glass





Chapter 3

Experimental

3.1 Experimental Methods
In this section the experimental techniques and the laboratory trials are presented.

3.1.1 Fourier Transform Infrared/Attenuated Total
Reflectance Spectroscopy

In the analytical technique Fourier Transform Infrared/Attenuated Total Re-
flectance Spectroscopy (FT-IR / ATR), plane polarized infrared light is focused on
a crystal. If the angle, θcritical, at which the IR light hits the interface between
the ATR crystal (the dense medium which is the crystal) and the interface to be
examined (the rare medium which is the sample) is greater than the critical angle,
the light will be totally internally reflected in the crystal (Figure 3.1). θcritical can
be calculated according to equation (3.1)

θcritical = sin−1
(
nri

nrd

)
(3.1)

nri Refractive index of rare medium
nrd Refractive index of dense medium

The number of reflections within the crystal is dependent on the actual angle
of incidence, the refractive index and the thickness and length of the crystal. Re-
fractive index (n) is a measure of the bending of a ray of light when passing from
one medium into another. It can be calculated according to Equation (3.2)

n = ni

nr
(3.2)

ni Refractive index of incidence ray
nr Refractive index of refractive ray

15



16 Experimental

Upon reflection, an evanescent electric field is created in the dense medium which
has an intensity that decays exponentially with distance into the rare medium.
Thereby FT-IR/ATR is a surface sensitive method as the field typically penetrates
1-10 µm into the sample, but it depends on the wavelenghts of light used. The
exponentially decaying electric field consists of both the electric and the magnetic
components of the light. When a sample is collected, a wavelength scan is made
over 4000 - 600 cm−1.[37] When a molecular bond is exposed to light its vibration
can be excited. The bond vibration modes in the molecules in the sample can
be measured by the amount of absorbed light at the different wavelengths, due
to the fact that covalent bonds vibrate only at certain frequencies, which are
unique as there are not two types of bondings that absorb at the same wavelength.
Thereby, the species in the sample can be determined. The vibrational transitions
between lower and higher energy levels that occur upon exposure to infrared light
correspond to different stretching, wagging and bending of the vibrational modes.
Three different vibrational modes can be traced: symmetric stretching, asymmetric
stretching and bending (Figure 3.2). Only polar bonds which shift in polarity can
be traced with this method. [23] The molecular vibration of an adsorbed molecule
must change its dipole moment in a direction parallel to the surface normal to
be detected in FT-IR/ATR. [38] The relative oxidation can be calculated when
the FT-IR spectra is collected. It is a measure of the relative amount of oxygen
close to the surface of the material. The relative oxidation is calculated as the
peak height of the carbonyl peak occurring at 1720 cm−1 (baseline drawn between
1760 - 1660 cm−1) and a reference peak shoulder at 2660 cm−1 (baseline drawn
between 2660 - 2450 cm−1). The reference peak corresponds to CH-rotation and
this peak is constant with varying amount of oxygen. [8]

Electromagnetic Radiation

ATR  CrystalΘ

Y

Z

X

Figure 3.1: Lineary polarized infrared light travels through an ATR crystal. The
light enters the face normally and hits the interface between the crystal and the
top at angle θ.
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Figure 3.2: Three different vibrational modes can be observed with FT-IR: sym-
metric stretching, asymmetric stretching and bending. Only polar bonds which
shift in polarity can be traced by the method.

3.1.2 Contact Angle
When a drop of liquid is placed on a solid surface it forms a triple interface between
solid (S), liquid (L) and gas (G). This interface moves in response to forces arising
from the three interfacial tensions until an equilibrium position is established. The
contact angle is a phenomenon arising from the balance of forces between molecules
in the liquid drop (cohesive forces) and those between the liquid molecules and
the surface (adhesive forces). The angle, θ, between the solid surface and the
tangent to the liquid drop at the line of contact with the solid defines the contact
angle. This angle is measured in the drop and can be seen in Figure 3.3. A surface
that has primarily polar groups on the surface has a good affinity to water due to
strong adhesive forces, leading to a low contact angle, as water wets the hydrophilic
surface. If the surface has many non-polar groups the adhesive forces will be weak
and the affinity to water will be low, i.e. hydrophobic surfaces.

The largest observed value of θ for water on a smooth solid surface at equilibrium
is about 120 ◦. Surface roughness is a measure of texture of a surface. If the wetting
of a surface is perfect, the contact angle will be zero. The contact angle will be
between 90 ◦ and 180 ◦ if the liquid does not wet the surface . [36] It is important to
keep in mind that there can be perfect wetting of a non-polar liquid on an non-polar
material and of a polar liquid on a polar material, but not of an non-polar liquid
on a polar material. The position of the triple interface will change in response to
the horizontal components of the interfacial tensions acting on the interface. At

Θ

γvl

γvs γls

Figure 3.3: The contact angle θ and the different three interfacial tensions viewed
as vectors. γvl is the interfacial tension between the vapour and liquid, γvs is the
interfacial tension between the vapour and solid and γls is the interfacial tension
between the liquid and the solid.
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equilibrium these tensions will balance. This gives the equation (3.3)

γGS = γLS + γGL cos θ (3.3)

The Harmonic Mean Equation (3.4), with two liquids, one highly polar and one
non-polar, has been applied in this work to calculate the surface properties [39].

(1 + cosθi)γi = 4
(

γd
i γ

d
s

γd
i + γd

s

+ γp
i γ

p
s

γp
i + γp

s

)
(3.4)

Where:
θi Contact Angle value (measured)
γi Surface Tension of the fluid (known)
γp

i Polar Surface Tension component of the fluid (known)
γd

i Dispersive Surface Tension component of the fluid (known)
γp

s Polar Surface Energy component of the substrate (must be calculated)
γd

s Dispersive Surface Energy component of the substrate (must be calculated)

3.1.3 Corona Discharge Treatment
Polar groups (e.g. carbonyls, carboxylic acids and esters) can be incorporated
into polymeric surfaces through the use of corona discharge treatment. The main
chemical mechanism is oxidation and the treated surfaces have an improved surface
energy, wettability and adhesion characteristics. The total surface energy upon
exposure to corona treatment can, for example, increase from 32 mN/m to 43 mN/m,
and the polar component from 1 mN/m to 10 mN/m on a LDPE-surface. [40]

Corona treatment equipment can be viewed as a capacitor, where air is the
dielectric media, the surface to be treated is one plate and the electrode on the
corona treater is the other plate. When a high frequency of about 20-30 kHz
is applied across the air gap a cascade of electrons is bombarded towards the
material. Depending on whether the gap consists of air or another gas, different
functionalities can be incorporated onto the surface. If the treatment is performed
in air, the surface will be oxidized. An advantage with corona treatment is that it is
performed at atmospheric pressure. The disadvantage is that the very high energy
of the electrons can burn the material and create pin-holes. To avoid damage of
the surface plasma treatment can be used instead, although it should be taken into
consideration that plasma treatment must be performed in vacuum, which makes
the process harder to handle. [41]

3.2 Material Characterisation
Before the main study took place, an orientating study was made. In this study
13 materials were incubated in filmjölk 3.0 % for 24 h and 96 h and then weighed.
The materials tested were: PS, two extruded PE, film PE, silica oxide, polyethene
teraphtalate, aluminum, polyvinyl alcohol, glass, Teflon, poly amide, eten vinyl
alcohol and a carbon plasma coated film. In the end, the materials with the highest
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and lowest adhesion was chosen for further studies. In the main study, six materials
referred to as A - I, with different surface properties have been used. Material A
was PS, which is one of the materials used as plastic cups for dairy food. Materials
B and D were extruded PE similar to the inside of paper-based packaging. Material
C was a film PE typically used in plastic bags. Material E was silica oxide which
is used as the inner coating in beer cans. Material F was a polyethene teraphtalate
that would be found in a PET bottle. Material G was aluminum, material H was
polyvinyl alcohol and material I was glass. The materials have been handled with
gloves throughout the trials to prevent contamination. Materials B, C and D were
regular laminates and used as they were. Material H was prepared by coating
material D with polyvinylacohol (10 wt % Kuraray) by striking with a rifled metal
rod in one strike and dried in 105 ◦C for 15 min. Materials E, F and G were thin
films that were taped (with tape from Tartan) around regular pieces of material D
to get the same stiffness in all samples. Material A was cut from polystyrene cans
(Duni). Material H were glass plates from Thermo Scientific.

3.2.1 Surface Energy
The materials were cut into 1,5x12 cm pieces and the surface energy was measured
using a dynamic contact angle meter(DAT 1100 FIBRO Systems AB). The liquids
used were distilled water (Büchi Fontvapor 250) and diiodmethane (99 % Sigma
Aldrich). Ten droplets of each liquid were placed on each material and the mean
value was used in the calculations. The total surface energy including the dispersive
and the polar part, was calculated according to Equation (3.4).

3.2.2 Chemical Composition
The materials were characterized with infrared spectroscopy in the wave length
range 4000 - 600 cm−1 using a Nicolet 6700, Thermo Specific (the crystal is a
diamond 30 000-200 cm−1). 24 scans were taken at a resolution of 12 cm−1.

Both materials as they were and materials with filmjölk, having 0.5 % and
3.0 % fat content, were examined. The materials with filmjölk were incubated with
a thin layer of product for 48 h in air. The dry layer of filmjölk was flushed away
with distilled water and the materials were then left to dry for 24 h in air before
examination. It was assumed that the peaks visible after this treatment were due
to filmjölk interacting with the surface. A background spectra was collected with
air prior to every sample and subtracted from the sample spectra. The ATR crystal
was cleaned with ethanol (99 % Sigma Aldrich) before a sample was measured.

3.2.3 Surface Topography
The clean materials were sputtered with gold for 60 s using a Cressington Sputter
Coater 108 Auto. The surface topography was investigated by the use of a scanning
electron microscope from Hitachi TM 1000 Table Top Microscope. The sputtered
materials were examined at a magnification of x100, x4000 and x10 000.
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Table 3.1: The dairy products used.

Dairy Product Brand Fat Content
{%}

Manufacturer

Filmjölk Lättfil 0.5 Skånemejerier
Filmjölk Filmjölk 3.0 Skånemejerier
Yoghurt Yoghurt Naturell 3.0 Arla
Soygurt Soyghurt naturell 3.0 Alpro Soya
Créme fraiche Créme Fraiche 30.0 Garant

3.3 Dairy Product Characterisation
The diary products were characterised with respect to viscosity and pH. pH was
measured manually with a Merck Universal indicator pH 0 - 14 paper strip. The
viscosity measurements were made with a ViscoTech Conc Cyl Spindle C25. It
was measured on the bulk system in 5 ◦C. The dairy products investigated can be
found in Table 3.1.

3.4 Impact of Material, Product and Incubation
Time

The materials were cut into 4.5x9.0 cm pieces which were folded in the middle so
that the inside of the package was displayed. The edges were sealed using tape
from Tartan to prevent uptake of product inside the fold and from the edges of
the material. The mass of each piece was measured using a XP5003S Delta Range
scale from Mettler Toledo. Each piece was marked and kept track of during all
measurements.

The pieces were dipped into the selected dairy product, so that the entire piece
was covered with product, and incubated for different time slots. Five replicates
were tested for each combination of material, product, and incubation time. The
pieces were incubated at 5 ◦C, which is the normal storage temperature in a
refrigerator.

Each material piece was taken up vertically and then weighed. The weight
of the dry piece were subtracted from the weight of the piece coated with dairy
product and then divided with the total surface area to give the amount of adhered
product per area.

In the first gravimetrical study, the materials A, B, and D were incubated in
filmjölk 0.5 %, filmjölk 3.0 %, créme fraiche, soygurt and yoghurt for 0.5 h, 1 h,
5 h, 24 h, and 96 h. Additionally, material C was incubated in filmjölk 0.5 % and
3.0 % for the same time.

Materials B, C and D were treated with corona discharge using a High Frequency
Generator (Model BD-20, Electro-Technic Products Inc.). The corona discharge
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treater was drawn over each surface three times, each draw taking approximately
5 s. The materials were then incubated in filmjölk 3.0 % for 5 h, 24 h and 96 h.

A run-off study was also made where the pieces with dairy product were hung
up after weighing. The initial weight was noted before hanging the piece up and
the amount of product that fell off the material hit the scale below was noted every
minute for ten minutes. Ten minutes was chosen as an infinite time, as it is a very
long time period to wait when the consumer wants to get the dairy product out
of the package. The run-off weight was then subtracted from the initial weight
every minute. Materials C, D, E, F, G, and I were used in this study. They were
incubated in filmjölk 0.5 % and 3.0 % for 24 h, 96 h and 168 h.

The evaporation rate was also determined. In this test a cup of filmjölk 3 % was
placed on the scale and the weight was noted every minute for 10 min.The evapo-
ration rate per unit area could then be calculated. Both studies were statistically
evaluated using a full factorial design (Appendix A).





Chapter 4

Results

4.1 Material Characterisation

Material B, C and D showed similar qualities as they had the same characteristic
IR-absorption peaks which can be seen in Figure 4.1 and the polar part of their
surface energy was under 5 mN/m2. However, a difference was observed in the
relative oxidation, this is presented in Table 4.1, which was only 0.02 for material
C but it was 0.21 for materials B and D. The most polar materials were G and H,
where the polar part exceeded 20 mN/m2. It was not possible to measure the polar
part of materials A and I, but the tabular value for material A is 0 mN/m2, and
the tabular value for material I is about 50 mN/m2 [42, 43]. The relative oxidation
exceeded 5 for materials E, F and I, seen in Table 4.1.

Table 4.1: The polar part of the surface energy and the relative oxidation on the
clean materials.

Polar Part of
Surface Energy

{mN/m2}

Relative Oxida-
tion {AU/AU}

A 0 0.043
B 0.05 0.21
C 2.00 0.02
D 5.00 0.21
E 11.50 7.60
F 13.00 8.90
G 22.50 1.34
H 23.00 N.A.
I 50 6.40

23
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Table 4.2: Viscosity and pH of the investigated dairy products. The viscosity
measured is the bulk viscosity at 5 ◦C.

Product Viscosity {Pas} pH
Filmjölk 3.0% 3.96 4.0
Filmjölk 0.5% 2.76 4.0
Yoghurt 3.0 % 1.3 3.5
Soygurt 3.0% N.A. 4.0
Créme fraiche 30.0 % 40.2 4.0

The surface of all materials was considered as smooth, Figure 4.2, and no
distinct differences between the materials were observed with SEM.

4.2 Dairy Product Characterisation
There were clear differences in the viscosity of the tested products. Créme fraiche
had the highest viscosity η = 40.20 Pas. The viscosity of filmjölk with 3.0 % fat
content was 3.96 Pas and 2.76 Pas for a 0.5 % fat content. Yoghurt had a viscosity
of 1.30 Pas, which makes it most similar to filmjölk 0.5% (Table 4.2). The pH for
filmjölk, créme fraiche, and soygurt is 4.0 while the pH for yoghurt is slightly lower,
3.5. (Table 4.2).

4.3 Material, Product and Incubation Time
The relationship between material, product and incubation time was investigated
in two studies. The first study investigated if there was any difference in amount of
adhered product between different dairy products, materials and incubation times.
The second study investigated how the adhesion and run-off rate were dependent
on the material, the fat content of filmjölk and the incubation time.

4.3.1 Different Dairy Products and Materials used on the
Market

The adhesion behaviour varied between the materials and products tested, where
filmjölk 0.5 % had the lowest adhesion to all materials, less than 10.5 g/dm2.
The amount of product remaining on the surface was almost constant over time.
Filmjölk 3.0 % had a quite similar adhered amount to all the materials tested over
time, although an increased discrepancy among the materials was shown. The
adhered amount never exceeded 30.0 g/dm2. After 96 h the adhesion for material
A was 17.4 g/dm2, 19.7 g/dm2 for material B, 10.1 g/dm2 for material C and
material D had approximately 11.1 g/dm2. Créme fraiche had the highest adhered
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Figure 4.1: The IR-spectra for non-treated materials B, C and D. From left to
right the characteristic peaks are: 2920 cm−1 asymmetric stretch, 2851 cm−1,
1470 cm−1 bending deformation, 1360 cm−1 and 1350 cm−1 wagging deformation
and 720 cm−1 rocking deformation of CH2.

(a) (b)

Figure 4.2: SEM images with x10, 000 magnification. (a) Material C and (b)
Material E.
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Figure 4.3: The adhesion of different dairy products to material D. It was incubated
in filmjölk 3.0 %, yoghurt 3.0 %, créme fraiche 30.0 %, and soygurt 3.0 % fat
content. The standard deviation for filmjölk and yoghurt was 5 %, for créme fraiche
it was 10 % and 40 % for soygurt. The dotted lines are guides for the eye. The
y-axis refers to adhered amount in g/dm2, and the x-axis time in h.

amount, and the syneresis in this product increased heavily with time. Créme
fraiche adhered most to material D, about 40.0 g/dm2 after 96 h, and least to
material A, only about 9.6 g/dm2 after 96 h. Soygurt behaved different on all
materials. The adhesion increased on material D, it decreased on material A and it
exhibited a maximum on material B, see Figure 4.4. Although the adhered amount
was in the same range as the one for filmjölk, and it never exceeded 30.0 g/dm2.
The adhesion for the tested dairy products to material D can be seen in Figure
4.3. The standard deviation for filmjölk and yoghurt was 5 %, for créme fraiche
it was 10 %, and for soygurt it was 40 %. An increased synaeresis was seen over
time in all products. Upon synaeresis, the water phase was in contact with the
material and the product phase, having a higher content of fat and proteins than
the water phase, was not in contact with the materials tested. The synaeresis was
least pronounced for créme fraiche and yoghurt. Yoghurt had almost no synaeresis
over time, but similarly to all investigated products, it became very lumpy.

Since filmjölk 3.0 % behaved similar on all tested materials, it was chosen in
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Figure 4.4: The adhesion of soygurt to material A, B and D. The standard deviation
was about 40 %. The dotted lines are guides for the eye. The y-axis refers to
adhered amount in g/dm2, and the x-axis time in h.

the following studies.

4.3.2 Impact of Material Functionality, Incubation Time
and Fat Content of the Product

The evaporation rate of filmjölk 3.0 % was determined to be 7, 2 ∗ 10−2 g/dm2min.
When material B, C and D were treated with corona discharge, an increase in

surface polarity occured, see Table 4.3. Filmjölk 3 % adhered less to all materials
after 5 h, but after 24 h the adhered amount to material B was significant lower to
the treated than the non-treated material, 12.0 g/dm2 compared to 27.0 g/dm2.
There were no visible effects of the treatment after 96 h for any of the materials.
The standard deviation was about 10 %. In the study using materials C, D, E,
F, G, H and I, the run-off rate was measured. The adhered amount of filmjölk
0.5 % was less than that of filmjölk 3.0 % for 24 h and 96 h. After 24 h filmjölk
0.5 % adhered 5.0 g/dm2 less to material D than filmjölk 3.0 % and to material I
3.0 g/dm2 less than filmjölk 3 %, Figure 4.5a and 4.5b. After 168 h, there was no
difference between the two concentrations of filmjölk. Materials D and I had the
least amounts of adhered product, while materials E and F the highest amounts,
see Figure 4.5 and Appendix A. The initial adhered amount of filmjölk 3 % to
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Figure 4.5: The run-off during 10 min with filmjölk having two fat concentrations
after 24 h and 168 h incubation. Γ represents the adhered amount of filmjölk in
g/dm2. The dotted lines are guides for the eye. The run-off rate was fairly constant;
1 g/dm2min. The standard deviation was between 10 % and 20 %. Material D had
the lowest amount of adhered filmjölk, followed by material I. The materials with
the highest amount of adhered filmjölk were materials E and F. a) 24 h incubation
in filmjölk 3.0 %. b) 24 h incubation in filmjölk 0.5 %. c) 168 h incubation in
filmjölk 3.0 %. and d) 168 h incubation in filmjölk 0.5 %.
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Table 4.3: The surface polarity of materials B, C and D before and after corona
treatment.

Material Polar Part of Surface
Energy {mN/m2}

Polar Part of Surface
Energy after Corona
Treatment {mN/m2}

B 0.05 4.00
C 2.00 21.00
D 5.00 18.00

mateiral Dafter 168 h was 7.0 g/dm2 and 16.0 g/dm2 to material E. The standard
deviation was in the range 10 % to 20 %.

The run-off rate was the same for all combinations of material, fat content, and
incubation times, approximately 1 g/(dm2min).

A 1 l package has a minimum inner surface of 6 dm2 which is the minimum
surface for a 1 l cube. The percentage of filmjölk that would stay in the packaging
due to adhesion is given in Table 4.4 (The run-off rate has not been taken into
account. The table only displays the adhesion after the different incubation times).

4.4 Interaction between Material and Product
In the FT-IR/ATR measurements with filmjölk 3.0 %, three distinct peaks were
observed; one at 1720 - 1700 cm−1, one at 1700 - 1600 cm−1 and one at 1600 -
1500 cm−1. The peaks respectively indicate carbonyl groups in fat, and amide I
and II in proteins. The ratio between the carbonyl peak and the amide I peak
in terms of peak hight on the different materials are shown in Table 4.5. The
samples with filmjölk 0.5 % revealed the same amide peaks as in samples incubated
with filmjölk 3.0 %, but a peak corresponding to carbonyl groups in fat was not
detected. This is best shown in Figure 4.6 with material D incubated in filmjölk
3.0 % and 0.5 %. Spectra with only β-casein were measured and as expected,
there were two peaks: one at 1700 - 1660 cm−1 and one at 1600 - 1500 cm−1.
Those peaks appear at the same place in the β-casein and the sample with filmjölk.
Hence, the 1700 - 1660 cm−1 peak is most likely amide I, and the 1600 - 1500 cm−1

amide II. The peak at 1720 - 1700 cm−1 does not occur in the β-casein sample as
it correspond to carbonyl groups in fat and this sample did not contain any fat.
Figure 4.7 displays the spectrum for material D with β-casein and filmjölk 3.0 %.
The peak at 3500 - 3000 cm−1 which is detected in some samples, is most probably
water which has not been fully removed.
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Table 4.4: The approximately percentage of filmjölk that would remain in a 1 L
package as calculated from the adhesion resluts.

Material
Incubation
Time {h} Filmjölk 3.0% Filmjölk 0.5%

A
24
96
168

6
5
N.A.

6
5
N.A.

B
24
96
168

16
11
N.A.

4
4
3

C
24
96
168

7
5
7

6
4
5

D
24
96
168

7
4
4

3
5
3

E
24
96
168

10
7
7

7
7
5

F
24
96
168

8
8
7

7
7
7

H
24
96
168

5
5
N.A.

4
7
N.A.

G
24
96
168

7
7
5

7
7
7

I
24
96
168

9
4
5

5
4
5
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Figure 4.6: FTIR/ATR spectra for material D incubated with filmjölk 0.5 % and
filmjölk 3.0 %. The carbonyl peak corresponding to fat is marked with (#) and can
be seen at 1720 cm−1 for filmjölk 3.0 %. The two peaks corresponding to amide I
and II are marked with (*) and can be seen at 1630 cm−1 and 1540 cm−1 for both
concentrations of filmjölk. The broad peak at 3400 - 3000 cm−1 corresponds to
water and is marked with (+).

Table 4.5: The ratio between the carbonyl peak (1720 - 1700 cm−1), corresponding
to fat and the amide I peak (1700 - 1600 cm−1), corresponding to proteins, for
filmjölk 3.0 % incubated on the different materials.

Material carbonyl-peak / amide I-peak
A 1.89
B N.A.
C 0.69
D 0.52
E 0.67
F 1.96
G 1.42
H 0.35
I 3.47
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Figure 4.7: FTIR/ATR spectra for material D with β-casein 3.0 wt. %, and "filmjölk
3.0 % fat concentration. The carbonyl peak corresponding to fat is marked with (#)
and can be seen at 1720 cm−1 for filmjölk 3.0 %. The two peaks corresponding to
amide I (1630 cm−1) and II (1540 cm−1) are marked with (*) and can be seen both
for filmjölk 3.0 % and β-casein. The broad peak at 3400 - 3000 cm−1 corresponds
to rests of water and is marked with (+). The peaks corresponding to amide I and
II appear at the same wavelength for the two samples.
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Discussion

The adhesion of filmjölk to a package inner surface is a complex phenomenon which
is dependent on many parameters. Initially, the adhesion varies with respect to fat
content. As time passes, the adhesion is more and more similar between the tested
fat concentrations and other factors, for example proteins, become more important.

The studies performed at Chalmers University of Technology on other biological
systems, have shown that even though there is only a very thin layer of small
molecules that adheres to the surface, other larger molecules have the ability to
form layers on the first, very thin adhered layer as time passes. The total layer will
then continue to grow, and it has proven to be very difficult to avoid this initial
adhesion as there is adhesion between the layers. Perhaps this is what happens
in filmjölk too. Further adhesion mechanisms is different for all biological species
and explains why a surface treatment that avoids adhesion of one species does not
work for another one or even within different parts of the same species.

As seen in Figure 4.5, filmjölk 0.5 % adhered less than filmjölk 3.0 % when
incubated 24 h and 96 h, but there was no difference after 168 h. This indicates that
there is an exchange going on at the surface. Fat molecules, which are relatively
small molecules in comparison to proteins, adhere to the surface initially since they
can migrate faster and then are displaced by proteins, the bigger proteins that
have a slower migration rate. The reaction then follows the Vroman effect. When
the exchange has reached equilibrium the surface perhaps is covered mostly with
proteins. The filmjölk tested have the same concentration of proteins, but differ
in fat concentration. This can be seen in the gravimetrical study, where filmjölk
0.5 % adheres less than filmjölk 3.0 % for the samples incubated 24 h and 96 h,
but there is no difference in adhered amount after 168 h, Figure 5.1, suggesting
the reaction has reached equilibrium between 96 h and 168 h and the amount of
adhered proteins is equal on the surfaces. Also, the absence of a carbonyl peak on
the materials tested with filmjölk 0.5 % indicate that fat has not adsorbed to the
surface, Figure 4.6. It takes long time for the interaction between the material and
filmjölk to reach equilibrium, it happens first sometime between 96 h and 168 h,
Figure 5.1 and 5.2.

Corona discharge treatment introduces oxygen at the surface, and making it
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Figure 5.1: Material D incubated with filmjölk 3.0% and filmjölk 0.5%. Before 96
h has filmjölk 0.5% lower adhesion than filmjölk 3.0%, but after 96 h there is no
longer a difference between the different fat concentrations. The y-axis displays
adhered amount of filmjölk in g/dm2, and the x-axis time in min. The dotted lines
are guides for the eye.

more polar. Therefore it was thought that the adhered amount of filmjölk would
be lower on the treated than on the non-treated materials. This was true for
incubation times lower than approximately 96 h, but after approximately 96 h the
difference between the treated and non-treated materials could no longer be seen.
A peak of adhered product was observed after 5 h on the non-treated materials,
but this peak was absent in the spectra on the treated materials. As there was
no difference in the adhered amount of filmjölk after 96 h on the treated and
non-treated materials, it indicates that corona discharge treatment does not work
in the long term. The oxygen introduced by corona upon treatment interacts too
weak to the surfaces to permanently increase the polarity and it also turns in from
the surface over time. The oxygen molecules might also be covered by other surface
molecules in the material, and thereby not face towards the outermost part of the
surface when it is in contact with the dairy product. This is why there is a clear
adhesion difference after 5 h, but not one after 96 h. Filmjölk bought in stores
has likely been stored at least 24 h before selling, corona discharge treatment was
considered to be a too short-term solution.

Material H which has a typical surface treatment with PVOH of a usual
packaging material, material D, was used to further investigate the effect of polar
surfaces and it was thought that it would last a longer time than corona discharge
treatment. Unfortunately material H was resolved in the product over time, since
it was not possible to heat it enough to create strong bondings. If it was to be
heated, the underlying material would melt. Therefore, the PVOH resolved in cold
water and filmjölk consists of 87 wt % water. The results from those measurement
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Figure 5.2: The adhered amount of filmjölk 3% to materials C and D over time:
(a) treated with corona discharge treatment and (b) not treated. The dotted lines
are guides for the eye.

could therefore be misleading. The characteristic peaks from the material were
gone in the FT-IR measurements of material D incubated 96 h with filmjölk, and
peaks from the underlying material observed, Figure 5.3. Therefore, material H
was not used in the run-off study.

The adhesion of soygurt did not differ dramatically from the other dairy products
tested during the first 24 h, but after 96 h the adhered amount was larger, Figure 4.3.
The increase after 96 h can mainly be explained by the lumpy samples. The amino
acid sequence of soy protein and casein is very similar and the fat content of the
tested products was the same. The important parts for adhesion of the amino acid
sequence seems to exist in both casein and soy protein. The adhesion is therefore
likely dependent on the same parameters for soy products as it is for milk products.
Casein lacks a secondary structure and can change the part of the amino acid
sequence displayed to the surface. As the adhesion of soygurt is similar to that of
milk products, perhaps soy proteins also lacks secondary structure.

The IR absorption peaks at 1700 - 1600 cm−1 and 1600 - 1500 cm−1 in the
samples incubated with β-casein and with filmjölk arise at the same wavelengths.
This might indicate that the β-casein or other proteins in the filmjölk has adhered
to the packaging inner surface. However, the FTIR/ATR measures into the bulk,
about 10 µm. The surface can only be assumed to be a few nm thick and therefore
it is not possible to determine the specific interactions on the surface with this
method. The IR-radiation will still come into the bulk of the sample when the
product is allowed to dry on the surface, rinsed with water, and then dried before
the measurement. Although, it can be assumed that the peaks represented interact
somehow with the surface.

The adhesion of filmjölk is likely also due to other mechanisms than only fat and
proteins. For sure, it is not only dependent on β-casein. The remaining amount of
product in this study is approximately 10 g/dm2 and other studies have shown that
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H

Figure 5.3: FTIR spectra of material H and material H incubated with filmjölk
3.0 %. The peaks corresponding to characteristic material peaks for PVOH are
marked with (§) and the peaks corresponding to extruded LDPE are marked with
(o). The peaks for amide I and II are marked with (*) and the carbonyl peak with
(#). Note that the peaks characteristic for PVOH are gone in the sample with
filmjölk 3.0 % and that peaks characteristic for extruded LDPE are observed.

the amount of adhered β-casein is 2 - 3 g/dm2. Therefore is there most probably
an interaction between many components in filmjölk that increases the adhesion.
The viscosity is one parameter that is important as more viscous products have a
higher adhesion. There is a possibility that adhesive bacteria and micro-organisms
also contributes. Furthermore, the contribution of lactose to the adhesion has not
been considered.

It is important to keep in mind that there is a decomposition process going on
in filmjölk, and the product is not identical over time. The synaeresis increases
over time and there is also an increase of bacteria and other micro-organisms which
affects the product. This can lead to viscosity changes as the dairy products get
lumpier and breakdown of fat and proteins.

The increase of synaeresis was very evident in the study where different dairy
products were used. Those products were also harder to work with, especially créme
fraiche and soygurt. Créme fraiche formed films that were unevenly distributed on
the samples. This resulted in some material pieces having more product on them,
while some had hardly any product at all. Soygurt became extremely lumpy over
time. Since the material pieces were small, one or two lumps had a large impact
on the net weight. Some of the material pieces did not contain any lumps at all,
while others had three or four.

The large standard deviation in the adhesion and run-off studies mainly de-
pended on the problem with synaeresis and inhomogeneous samples. The sample
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pieces were also very small, and therefore one or two lumps contributed much to
the total weight. Despite the big standard deviation the same trend can be seen
for all materials at all times, while the results could be safer than the standard
deviation indicates, Appendix B.

The relative oxidation of the materials does not seem to be important for the
adhesion. Material D has one of the lowest values, 0.21, and material I has the
highest, 8.90. Those two materials have the lowest amount of adhered product, but
they have the highest and the second lowest relative oxidation. As adhesion is a
surface phenomena, and the relative oxidation measurement goes into the bulk, this
factor might be misleading. Oxygen molecules, which could be incorporated far
into the bulk can be measured and taken into account, but they will not contribute
to the surface properties which are critical for the adhesion.

There is no clear relation between the carbonyl peak, the amide I peak and
the amount of adhered filmjölk. The relation is 0.52 for material D and 3.47 for
material I. It is to those two materials filmjölk adhered least, but the relation
between the two peak areas are one of the lowest and the highest. Even though the
relation between the carbonyl peak and the amide I peak differs between material D
and I, the peaks are very distinctive in the two samples, and they arise at the same
wavelenth, Figure 5.4. The carbonyl peak is higher for material I, which indicates
that fat adsorbs more to material I than to material D. The amide peaks seems
to be fairly constant in the different samples, as the amount of adhered protein
might be approximately the same. Using a reference peak would have aided the
comparison between carbonyl- and amide I peak. Such a peak which does not
change in the different samples does not occur naturally and therefore was not
used. Since the carbonyl peak, the amide I peak, and the amide II peak can be
seen in all samples incubated in filmjölk 3 %, but with large differences in peak
height, it is possible that the same adhesive components have interacted with the
surfaces. Since the peak height differs, it might be possible that different parts
of the components are displayed on the interface. This is an indication of the
amphiphilic nature of filmjölk.

It is also important to keep in mind that the packaging material is not allowed
to affect the dairy product at all, this is due to food safety aspects. It is not even
allowed if the effect of the packaging material would be that more water came into
the product. Due to the very strict regulations, it is in reality very hard to modify
the inner surface in a food-approved way.
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D

H

Figure 5.4: FTIR spectra for material D and I incubated with filmjölk 3.0 %. The
peaks for amide I (1630 cm−1) and II (1540 cm−1) are marked with (*) and the
carbonyl peak with (#). Note that the amide peaks and the carbonyl peak arise
at the same wavelength on both materials. The strong peaks marked with (§) at
2920 cm−1 and 2850 cm−1 arise due to asymmetric and symmetric stretching of
CH2. Those stretchings are not only specific for LDPE as CH2 is a very common
bond in fat and proteins and can also be seen in the glass sample.



Chapter 6

Conclusion

The adhesion of filmjölk to a surface seems to arise due to complex phenomenon that
dependent on many different parameters. It has been shown that filmjölk contains
amphiphilic components and therefore can interact both with polar and non-polar
surfaces. The adhesion of filmjölk is an equilibrium reaction. Before equilibrium
filmjölk 0.5 % adheres less than "fimjölk" 3.0 %, but when equilibrium is reached
there is no longer a difference between the two tested fat concentrations. Therefore
fat seems to be important for initial adhesion, and proteins in the equilibrium
state. It takes long time before the reaction has reached equilibrium, it happens
sometime between 80 h to 170 h. If a hydrophobic surface is used, the non-polar
parts of the amino acid sequence of the proteins can interact with, and adhere
to, the surface. If a hydrophilic surface is used, the polar part of the amino acid
sequence of the proteins can adhere to the surface. The same goes for the polar
heads and non-polar tails of the fat molecules.

Due to the complex composition of filmjölk, fat and proteins can fold and
display their polar or non-polar parts to match up with any type of surface. It
seems very hard to create a surface to which filmjölk does not adhere at all.
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Chapter 7

Proposal for Future Work

To understand this phenomenon fully it needs to be further investigated, both with
respect to the adhesive components in filmjölk and the characteristic qualities of
the materials. For now, it is a very complex system and it is therefore hard to
draw conclusions about which the important parameters are.

To get a deeper understanding for the adhesive components in filmjölk it
could be a good thing to start working with solutions containing only different
forms of casein, only whey protein, only fat, only minerals and only lactose in
different concentrations. The different chemical components could then be combined,
first two and two, and then more complex combination can be made. A better
understanding of exactly which parts of the components in filmjölk the adhesive
ones are, and how they interact and affect each other can be reached.

Different model surfaces, first with extreme surface characteristics like very
polar or non-polar ones, could be used before use of surfaces which more and more
look like the surfaces used in reality. With the use of surfaces with extreme qualities
it would be possible to find which qualities that are important for a lowering of
amount of adhered product. It would be a good thing to use model surfaces which
only has a few qualities each, since it then is possible to outline the important ones.

Those model surfaces can be combined with the different solutions, and it could
then be seen how the different surface qualities and components in filmjölk interact
with each other.

To prevent the adhesion of water, and possibly reducing the total adhesion, a
hydrophobic surface would work. The hydrophobic surface could then be made
of a gel with a high oil concentration. Filmjölk consists of 88 % water and those
molecules are small in comparison to the other components, water seems to be
important for the initial adhesion. With an oil surface, water would maybe not
adhere as much as to other surfaces. Although it is possible that fat in filmjölk
would adhere in the same way as to other surfaces anyway, as it would be favourable
for the non-polar tails of the fat molecules to be close to the hydrophobic surface.
The proteins in filmjölk would maybe display their non-polar part of the amino
acid chain, and also adhere anyway.

A similar phenomenon would perhaps also happen on a very hydrophilic surface,
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but in the opposite. Water molecules would adhere to the surface initially. The
non-polar tails of the fat molecules would not adhere to a hydrophilic surface, but
the polar heads of these molecules would. It would then be an adhesion of fat
anyway, although it might take longer time and be stronger or weaker interactions
between fat and the surface. Proteins would perhaps display their polar part of
their amino acid sequence and adhere anyway too.

Upon characterization, ellipsometry, atom force microscopy (AFM), environ-
mental scanning microscope (ESEM), quartz crystal microbalance QCM, and
time-of-flight secondary ion mass spectroscopy (TOFS-SIMS) could be good to use
for investigation.

Ellipsometry can be used with a reflective substrate to which some wanted
qualities has been added. The substrate can be incubated in solutions containing
the substances from above in different concentrations, alone or mixed together, and
the thickness of the adhesive layer can be determined.

AFM can be used with a tip coated in a material that is interesting to examine,
and the tip can be drawn over the interesting solutions. It can then be determined
if the reaction between the material and the components in the model solution are
strong or weak.

ESEM can give information about the look of the adhesive layer, and it has
an advantage as it can be used in wet systems. With ESEM it can be seen if the
adhesive layer is dense and homogeneous, or if it is inhomogeneous.

QCM can be used on solutions to get information about how strong the inter-
actions are between the adhered components, and the surface. This method could
give further information about the adhesion isotherms.

TOFS-SIMS can be used to on surfaces which are incubated in the solutions
of interest to see which components really adheres to the surface. By the use of
this technique the composition of the adhesives can be determined. If usage of
TOFS-SIMS it is assumed that only the components that physisorb or chemisorb
to the system are still on the surface after incubation.



Chapter 8

Acknowledgements

I wish to express my sincere thanks to:

My supervisor Thorbjörn Andersson for all the support through this interest-
ing project. You have given me a lot of inspiration.

My examiner Thomas Ederth for the helpful guidance and discussions throughout
the work.

Magnus Arner and Ulf Nyman for the help with the statistical evaluation.

Material Analysis at Tetra Pak, especially Hamburger Brett and Dan Enochs-
son, for the help with the laboratory techniques.

Marie Skepö and Andrew Hovarth for the extensive proofreading and Per Svenner-
brandt for all help with the formatting the report.

And finally, all people at New Material Design at Tetra Pak for giving me a
warm welcome and a lot of support.

43





Bibliography

[1] SuMo Cluster Meeting 3, Oral Discussion
(2011-05-05)www.chalmers.se/chem/sumo-en

[2] H Tanaka et al, Adsorption of Cationic Polyacrylamides onto Monodisperse
Polystyrene Latices and Cellulose Fiber: Effect of Molecular Weight and
Charge Density of Cationic Polyacrylamides. Journal of Colloid and Interface
Science (1990) vol. 134(1) pp. 219-228

[3] K Kendall, Molecular adhesion and its applications: The sticky universe, 1st
edition. USA Kluwer Academic/Plenum Publishers (2001) 0-306-46520-5

[4] Tetra Pak’s internal documentation

[5] K Marsh, B Bugusu, Food Packaging - Roles, Materials, and Environmental
Issues. Journal of Food science (2007) vol. 72(3) pp. 39-56

[6] B A Bockelman, I L Bockelmann, Aseptic Packaging of Liquid Food Products:
A Litterature Review. Journal of Agricultural and Food Chemistry (1986) vol.
34 pp. 384-392

[7] Tetra Pak Packaging Solution AB, (2007-03-10) www.tetrapak.com
http://www.tetrapak.com 2010-03-04

[8] T Andersson, Oxidative Degradation of Polyethylene A Cause of Off-Flavor.
Lund KFS AB (2004) 91-7422-054-3

[9] A Eckstein et al, Determination of Plateau Moduli and Entanglement
Molecular Weights of Isotactic, Syndiotactic, and Atactic Polypropylenes
Synthesized with Metallocene Catalysts. Macromolecules (1998) vol. 31(4) pp.
1335-1340

[10] J L Keddie, Size-Dependent Depression of the Glass Transition Temperature
in Polymer Films. Europhysics Letter (1994) vol. 27(1) pp. 59-64

[11] J Scheirs, D Priddy, Moderns Styrenic Polymers. Chichester Whiley (2003)
0-471-49752-5

[12] G Bylund, Dairy Processing Handbook. Malmö, Tetra Pak Processing
Systems AB, 91-631-3427-6 (2003)

45



46 Bibliography

[13] Skånemejerier (2011-02-10)
www.skånemejerier.sehttp://skanemejerier.se/sv/Vara-
produkter/Produktkatalog/Mjolk/.
2011-02-10

[14] R M Silverstein, F X Webster, Spectrometric Identification of Organic
Compounds. Whiley (1998) 0-471-13457-0

[15] H McGee On food and cooking, the scientific lore of the kitchen. Fireside
(1984) 0-684-84328-5

[16] J V Gulmine et al, Polyethylene characterization by FTIR. Polymer Testing
(2002) vol. 21 pp. 557-563

[17] F A M Leermarkers et al, Self-Consistent-Field Modeling of Adsorbed
β-casein: Effects of pH and Ionic Strength on Surface Coverage and Density
Profile. Journal of Colloid and Interfacial Science (1996) vol. 178 pp. 681-693

[18] A K Dunker et al, Intrinsically disordered protein. Journal of Molecular
Graphics and Modelling (2001) vol. 19 pp. 26-59

[19] T Kull et al, Effect on Surface Properties and Added Electrolyte on the
Strucure of β-Casein Layers at the Solid/Aqueous Interfase. Langmuir (1997)
vol. 13 pp. 5141-5147

[20] T Nylander et al, β-Casein Adsorption at the Hydrophobized Silicon
Oxide-Agueuos Solution Interface and the effect of Added Electrolyte.
Biomacromolecules (2000) vol. 2 pp. 278-287

[21] E Dickinson, Structure and Composition of Adsorbed Protein Layers and the
Relationship to Emulsion Stability. Journal of Chemical Society, Faraday
Transactions (1992) vol. 88 pp. 2973-2983

[22] C M Phan, A V Nyugen, Dynamic Adsorption of β-casein at the Gas-liquid
Interface. Food Hydrocolloids (2006) vol. 20(2-3) pp. 299-304

[23] M Campell, S Farell, Biochemistry 6 edition. Great Britain Cengage Learning
EMEA (2007) 9-7814-0800-965-9

[24] C van der Ven et al, FTIR Spectra of Whey and Casein Hydrolysates in
Relation to Their Functional Properties. Journal of Agricultural and Food
Chemistry (2002) vol. 50 pp. 6943-6950

[25] Y Etzion et al, Determination of Protein Concentration in Raw Milk by
Mid-Infrared Fourier Transform Infrared/Attenuated Total Reflectance
Spectroscopy. American Dairy Science Association (2004) vol. 87(1) pp.
2779-2788

[26] N Malakai et al, Effect of Soy Protein Subunit Composition on the
Rheological Properties of Soymilk during Acidification. Food Biophysics
(2011) vol. 6 pp. 26-36



Bibliography 47

[27] P Guerro, K De La Kaba, Thermal and Mechanical Properties of Soy Protein
Films Processed at Different pH by Compression. Journal of Food
Engineering (2010) vol. 100 pp. 261-269

[28] C M Puppo, Soybean Protein Dispersion at Acidic pH: Thermal and
Rheological Studies. Journal of Food Science (1999) vol. 64(1) pp. 50-57

[29] J Bonsing et al, Complete nucleotide sequence of the bovine beta-casein gene.
Australian Journal of Biological Sciences (1988) vol. 41(4) pp. 527-537

[30] V A Balteanu et al, Milk protein polymorphisms in Romanian Grey Steppe
cattle studied by isoelectric focusing technique (IEF). Identification of a new
alpha S1 casein allele: alpha S1 Irv. Bull Univ Agric Sci Vet Med Cluj
Napoca (2007) pp. 63-64, 304-310

[31] Z T Hue et al, Characterization of a Gy4 glycinin gene from soybean Glycine
max cv. forrest. Plant Molecular Biology (1992) vol. 18(5) pp. 897-908

[32] R Urade, Protein disulfide isomerase family proteins involved in soybean
protein biogenesis. FEBS Journal (2007) vol. 274(3) pp. 687-703

[33] V Pizones Ruiz-Henestrosa et al, Interfacial and foaming Characteristics of
Soy Globulins as a Function of pH and ionic Strength. Colloids and Surfaces
A: Physicochemical and engineering Aspects (2007) vol. 309 pp. 202-215

[34] J Visser, Th J M Jeurnink, Fouling of heat exchangers in the dairy industry.
Experimental Thermal and Fluid Science (1996) vol. 14(4) pp. 407-424

[35] A Krishnan et al, Mixology of protein soultions and the vroamn effect.
Langmuir (2004) vol. 20 pp. 5071-5078

[36] G T Barnes IR Gentle, An Introduction to Interfacial Science. Great Britain
Oxford (2005) 987-0-19-927882-4

[37] K K Chittur FTIR/ATR for protein adsorption to biomaterial surfaces
Biomaterials (1998) vol. 19 pp. 357-369

[38] G Attard, C Barnes Surfaces New York Oxford Science Publications (1998)
978-0-19-855686-2

[39] FIBRO System AB, Surface Free Energy Calculations With Two Fluids in
DAT Win NT Software. FLR (2000-10-27)

[40] C Sun, D Zhang, L C Wadsworth, Corona Treatment of Polyolefin Films - A
Review. Advances in Polymer Technology (1999) vol. 18(2) pp. 171-180

[41] M D Nolan et al, Corona, Ozone and Flame Treaters for Extrusion Coating
Lines. (2001) Tappi www.tappi.org (2010-03-31)

[42] P Rytlewski, M Zenkiewicz. Laser-induced Surface Modification of
Polystyrene Applied Surface Science (2009) vol. 256 pp. 857-861



48 Bibliography

[43] L Cerne, The influence of repellent coatings on surface free energy of glass
plate and cotton fabric. Applied Surface Science (2008) vol. 254 pp. 6467-6477



Appendix A

Statistical Evaluation

A.1 Full-factorial Experiment

Both the study with different dairy products, and the run-off study was analysed
with a full-factorial design according to the model

Yijkl = µ+ τi + βj + γk + εijkl ∼ N(0, σ)

where
Yijkl is amount of adhered product per area unit for material i, product j, and
incubation time k.
εijkl is a error coefficient ∼ N(0, σ).

Null hypothesis
H0 : characteristic values are equal (µ1 = µ2 = ... = µn)
versus
H1 : characteristic values are not equal

In the dairy product study the degrees of freedom were 45, and the standard
deviation was 0.12. The data was normal distributed and no patterns which indicate
correlation could be seen (data not shown). The most important parameter was
product with p-value (low p-value means that the factor gives great contribution,
and a high p-value indicates that the factor does not contribute to the results)
0.000, and the second most important parameter was the two-factor interaction
with product and incubation time with p-value 0.114.

In the run-off analysis the degrees of freedom were 141, and the standard
deviation was 0.03. The data was normal distributed and no patterns which
indicate correlation could be seen (Figure A.1 on the next page).

In the run-off study, the most important parameter was material with p-value
0.000, followed by incubation time with p-value 0.000 and fat content with p-value
0.021.
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A.2 Principal Component Analysis
The principal component analysis was only performed at the run-off results. The
scores in the principal component analysis for the run-off study reviles two out-
line values which corresponds to the combination of material I incubated 24 h in
filmjölk 3.0%. Other than this, all scores are distributed equal around the axis
(Figure A.2) and there were no outliners within the time points (Figure A.3. The
first principal component explains 97.9% of the data, and the second principal
component explains 1.2%. Those two components therefore explains 99.1% of the
data (Table A.1). The principal component analysis has 141 degrees of freedom,
and the standard deviation is 0.096. The first principal component is totally normal
distributed, but the second principal component has two out-liners corresponding
to the combination of material I incubated in filmjölk 3.0% during 24 h. It is the
same value as the out-line in the score plot corresponds to.

The most significant parameter in the PCA analysis, as for all times in the
general full factor analysis, is material with p-value 0.000. It is followed by
incubation time with p-value 0.001.
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Figure A.1: The residual plots for response for the run-off at 0 min.



A.2 Principal Component Analysis 51

Table A.1: The proportions explained by the first three axes in the principal
component analysis.

Axis Proportion {%} Total Proportion {%}
1 97.9 97.9
2 1.2 99.1
3 6.0 99.7
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Figure A.2: The score plot from the principal component analysis for the run-off
study. The outline values correspond to material I incubated 24 h in filmjölk 3.0%.
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Appendix B

Standard Deviation of
Replicas

The big standard deviation was due to some underlying interference that could not
be found in the studies although they were handled the same way. This standard
deviation could be seen in all samples disregarding combination of material, dairy
product, incubation time and day of execution. Shown in Figure B.1 is the five
replicas for material I incubated in filmjölk 3.0%.

Figure B.1: The five replicas made on Material I incubated in filmjölk 3.0 %. The
same spread could be seen in all samples disregarding combination of material,
dairy product and incubation time.
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Appendix C

Minitab Print Out

General Linear Model: Vikt/area 1_1  versus Product; Material; Time  
 
Factor    Type   Levels  Values 

Product   fixed       4  Soygurt; Crème fraiche; Filmjölk; Yoghurt 

Material  fixed       4  A; D; B; C 

Tid_1     fixed       6  0,0; 0,5; 1,0; 5,0; 24,0; 96,0 

 

 

Analysis of Variance for Vikt/area 1_1, using Adjusted SS for Tests 

 

Source            DF   Seq SS   Adj SS   Adj MS      F      P 

Product            3  0,53189  0,53189  0,17730  11,89  0,000 

Material           3  0,07196  0,07196  0,02399   1,61  0,201 

Tid_1              5  0,11920  0,11920  0,02384   1,60  0,180 

Product*Material   9  0,11207  0,11207  0,01245   0,84  0,588 

Product*Tid_1     15  0,35660  0,35660  0,02377   1,59  0,114 

Material*Tid_1    15  0,26427  0,26427  0,01762   1,18  0,320 

Error             45  0,67094  0,67094  0,01491 

Total             95  2,12692 

 

 

S = 0,122105   R-Sq = 68,45%   R-Sq(adj) = 33,40% 
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 General Linear Model: Weight/area versus Product; Material; Incubation Time  
Run-off study 
Factor          Type   Levels  Values 

Material        fixed       6  D; C; E; G; F; I 

Product         fixed       2  3,0%; 0,5% 

Icubation time  fixed       3  24h; 96h; 168h 

 

 

Analysis of Variance for 0 min, using Adjusted SS for Tests 

 

Source                            DF    Seq SS    Adj SS    Adj MS      F 

Material                           5  0,037331  0,036846  0,007369   6,24 

Product                            1  0,007426  0,007206  0,007206   6,10 

Icubation time                     2  0,024622  0,024547  0,012273  10,39 

Material*Product                   5  0,004208  0,004201  0,000840   0,71 

Material*Icubation time           10  0,016189  0,016083  0,001608   1,36 

Product*Icubation time             2  0,005275  0,005303  0,002651   2,24 

Material*Product*Icubation time   10  0,011096  0,011096  0,001110   0,94 

Error                            143  0,168942  0,168942  0,001181 

Total                            178  0,275089 

 

Source                               P 

Material                         0,000 

Product                          0,015 

Icubation time                   0,000 

Material*Product                 0,616 

Material*Icubation time          0,204 

Product*Icubation time           0,110 

Material*Product*Icubation time  0,499 

Error 

Total 

 

 

S = 0,0343717   R-Sq = 38,59%   R-Sq(adj) = 23,56% 

 

 

Analysis of Variance for 1 min, using Adjusted SS for Tests 

 

Source                            DF    Seq SS    Adj SS    Adj MS     F      P 

Material                           5  0,037434  0,037213  0,007443  7,10  0,000 

Product                            1  0,010321  0,010097  0,010097  9,64  0,002 

Icubation time                     2  0,019613  0,019533  0,009767  9,32  0,000 

Material*Product                   5  0,003624  0,003616  0,000723  0,69  0,632 

Material*Icubation time           10  0,011002  0,010861  0,001086  1,04  0,416 

Product*Icubation time             2  0,001359  0,001402  0,000701  0,67  0,514 

Material*Product*Icubation time   10  0,005841  0,005841  0,000584  0,56  0,846 

Error                            143  0,149850  0,149850  0,001048 

Total                            178  0,239045 

 

 

S = 0,0323713   R-Sq = 37,31%   R-Sq(adj) = 21,97% 

 

 

Analysis of Variance for 2 min, using Adjusted SS for Tests 

 

Source                            DF     Seq SS     Adj SS     Adj MS      F 

Material                           5  0,0396541  0,0394275  0,0078855   8,18 

Product                            1  0,0109230  0,0106893  0,0106893  11,09 

Icubation time                     2  0,0176972  0,0176522  0,0088261   9,15 

Material*Product                   5  0,0036809  0,0036677  0,0007335   0,76 

Material*Icubation time           10  0,0087357  0,0086176  0,0008618   0,89 
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Product*Icubation time             2  0,0004605  0,0004903  0,0002451   0,25 

Material*Product*Icubation time   10  0,0049485  0,0049485  0,0004948   0,51 

Error                            143  0,1378892  0,1378892  0,0009643 

Total                            178  0,2239891 

 

Source                               P 

Material                         0,000 

Product                          0,001 

Icubation time                   0,000 

Material*Product                 0,580 

Material*Icubation time          0,541 

Product*Icubation time           0,776 

Material*Product*Icubation time  0,879 

Error 

Total 

 

 

S = 0,0310525   R-Sq = 38,44%   R-Sq(adj) = 23,37% 

 

 

Analysis of Variance for 3 min, using Adjusted SS for Tests 

 

Source                            DF     Seq SS     Adj SS     Adj MS      F 

Material                           5  0,0402138  0,0400545  0,0080109   8,66 

Product                            1  0,0102138  0,0100230  0,0100230  10,83 

Icubation time                     2  0,0141363  0,0140827  0,0070413   7,61 

Material*Product                   5  0,0036726  0,0036554  0,0007311   0,79 

Material*Icubation time           10  0,0071822  0,0070695  0,0007069   0,76 

Product*Icubation time             2  0,0001628  0,0001814  0,0000907   0,10 

Material*Product*Icubation time   10  0,0055387  0,0055387  0,0005539   0,60 

Error                            143  0,1323035  0,1323035  0,0009252 

Total                            178  0,2134236 

 

Source                               P 

Material                         0,000 

Product                          0,001 

Icubation time                   0,001 

Material*Product                 0,558 

Material*Icubation time          0,663 

Product*Icubation time           0,907 

Material*Product*Icubation time  0,813 

Error 

Total 

 

 

S = 0,0304171   R-Sq = 38,01%   R-Sq(adj) = 22,84% 

 

 

Analysis of Variance for 4 min, using Adjusted SS for Tests 

 

Source                            DF     Seq SS     Adj SS     Adj MS      F 

Material                           5  0,0427574  0,0425794  0,0085159   9,79 

Product                            1  0,0093822  0,0091987  0,0091987  10,58 

Icubation time                     2  0,0114876  0,0114730  0,0057365   6,60 

Material*Product                   5  0,0038454  0,0038303  0,0007661   0,88 

Material*Icubation time           10  0,0068102  0,0067294  0,0006729   0,77 

Product*Icubation time             2  0,0000675  0,0000754  0,0000377   0,04 

Material*Product*Icubation time   10  0,0050964  0,0050964  0,0005096   0,59 

Error                            143  0,1243369  0,1243369  0,0008695 

Total                            178  0,2037835 

 

Source                               P 

Material                         0,000 
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Product                          0,001 

Icubation time                   0,002 

Material*Product                 0,496 

Material*Icubation time          0,654 

Product*Icubation time           0,958 

Material*Product*Icubation time  0,823 

Error 

Total 

 

 

S = 0,0294871   R-Sq = 38,99%   R-Sq(adj) = 24,05% 

 

 

Analysis of Variance for 5 min, using Adjusted SS for Tests 

 

Source                            DF     Seq SS     Adj SS     Adj MS      F 

Material                           5  0,0428397  0,0426953  0,0085391  10,13 

Product                            1  0,0096272  0,0094533  0,0094533  11,22 

Icubation time                     2  0,0098571  0,0098449  0,0049224   5,84 

Material*Product                   5  0,0039910  0,0039763  0,0007953   0,94 

Material*Icubation time           10  0,0065089  0,0063688  0,0006369   0,76 

Product*Icubation time             2  0,0000907  0,0001089  0,0000544   0,06 

Material*Product*Icubation time   10  0,0058855  0,0058855  0,0005885   0,70 

Error                            143  0,1204903  0,1204903  0,0008426 

Total                            178  0,1992903 

 

Source                               P 

Material                         0,000 

Product                          0,001 

Icubation time                   0,004 

Material*Product                 0,455 

Material*Icubation time          0,671 

Product*Icubation time           0,937 

Material*Product*Icubation time  0,725 

Error 

Total 

 

 

S = 0,0290274   R-Sq = 39,54%   R-Sq(adj) = 24,74% 

 

 

Analysis of Variance for 6 min, using Adjusted SS for Tests 

 

Source                            DF     Seq SS     Adj SS     Adj MS      F 

Material                           5  0,0430329  0,0429113  0,0085823  10,78 

Product                            1  0,0090570  0,0088995  0,0088995  11,18 

Icubation time                     2  0,0090510  0,0090342  0,0045171   5,67 

Material*Product                   5  0,0029687  0,0029573  0,0005915   0,74 

Material*Icubation time           10  0,0063584  0,0062284  0,0006228   0,78 

Product*Icubation time             2  0,0000429  0,0000530  0,0000265   0,03 

Material*Product*Icubation time   10  0,0058292  0,0058292  0,0005829   0,73 

Error                            143  0,1138694  0,1138694  0,0007963 

Total                            178  0,1902094 

 

Source                               P 

Material                         0,000 

Product                          0,001 

Icubation time                   0,004 

Material*Product                 0,593 

Material*Icubation time          0,646 

Product*Icubation time           0,967 

Material*Product*Icubation time  0,693 

Error 
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Total 

 

 

S = 0,0282186   R-Sq = 40,13%   R-Sq(adj) = 25,48% 

 

 

Analysis of Variance for 7 min, using Adjusted SS for Tests 

 

Source                            DF     Seq SS     Adj SS     Adj MS      F 

Material                           5  0,0436045  0,0435445  0,0087089  11,25 

Product                            1  0,0092542  0,0091271  0,0091271  11,80 

Icubation time                     2  0,0082787  0,0082312  0,0041156   5,32 

Material*Product                   5  0,0032601  0,0032454  0,0006491   0,84 

Material*Icubation time           10  0,0058614  0,0057611  0,0005761   0,74 

Product*Icubation time             2  0,0000594  0,0000677  0,0000339   0,04 

Material*Product*Icubation time   10  0,0053495  0,0053495  0,0005349   0,69 

Error                            143  0,1106544  0,1106544  0,0007738 

Total                            178  0,1863220 

 

Source                               P 

Material                         0,000 

Product                          0,001 

Icubation time                   0,006 

Material*Product                 0,524 

Material*Icubation time          0,682 

Product*Icubation time           0,957 

Material*Product*Icubation time  0,731 

Error 

Total 

 

 

S = 0,0278174   R-Sq = 40,61%   R-Sq(adj) = 26,08% 

 

 

Analysis of Variance for 8 min, using Adjusted SS for Tests 

 

Source                            DF     Seq SS     Adj SS     Adj MS      F 

Material                           5  0,0427759  0,0427460  0,0085492  11,26 

Product                            1  0,0084084  0,0083058  0,0083058  10,94 

Icubation time                     2  0,0078314  0,0077682  0,0038841   5,11 

Material*Product                   5  0,0030362  0,0030240  0,0006048   0,80 

Material*Icubation time           10  0,0054404  0,0053358  0,0005336   0,70 

Product*Icubation time             2  0,0000695  0,0000776  0,0000388   0,05 

Material*Product*Icubation time   10  0,0054835  0,0054835  0,0005483   0,72 

Error                            143  0,1085908  0,1085908  0,0007594 

Total                            178  0,1816360 

 

Source                               P 

Material                         0,000 

Product                          0,001 

Icubation time                   0,007 

Material*Product                 0,554 

Material*Icubation time          0,721 

Product*Icubation time           0,950 

Material*Product*Icubation time  0,703 

Error 

Total 

 

 

S = 0,0275568   R-Sq = 40,22%   R-Sq(adj) = 25,58% 
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Analysis of Variance for 9 min, using Adjusted SS for Tests 

 

Source                            DF     Seq SS     Adj SS     Adj MS      F 

Material                           5  0,0421408  0,0421286  0,0084257  11,44 

Product                            1  0,0081904  0,0080994  0,0080994  11,00 

Icubation time                     2  0,0070876  0,0070241  0,0035120   4,77 

Material*Product                   5  0,0028659  0,0028530  0,0005706   0,78 

Material*Icubation time           10  0,0053580  0,0052612  0,0005261   0,71 

Product*Icubation time             2  0,0000964  0,0001041  0,0000520   0,07 

Material*Product*Icubation time   10  0,0051197  0,0051197  0,0005120   0,70 

Error                            143  0,1052826  0,1052826  0,0007362 

Total                            178  0,1761414 

 

Source                               P 

Material                         0,000 

Product                          0,001 

Icubation time                   0,010 

Material*Product                 0,569 

Material*Icubation time          0,710 

Product*Icubation time           0,932 

Material*Product*Icubation time  0,728 

Error 

Total 

 

 

S = 0,0271338   R-Sq = 40,23%   R-Sq(adj) = 25,60% 

 

 

60 Minitab Print Out


