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This thesis addresses the issue of creating a water barrier based on a water 

sensitive material, potato starch. Some people would probably consider this to 

be a bad idea, or event that it is impossible… 

It is a mistake to think you can solve any major problems just with 

potatoes. 

Douglas Adams 

Sometimes it can be good to listen to the critics and use what they say in order 

to think around the problem. Why do you only have to use potatoes, can’t you 

add something which makes the material water insensitive? Cross-linking is a 

well-known method for reducing the water sensitivity of starch, however most 

cross-linking agents are toxic (read reactive and/or efficient) and that kind of 

chemicals are perhaps not a hit for products in direct contact with food. So, 

how do you find a non-toxic cross-linker that works efficiently? That is hard! 

When fate hands you lemon, make lemonade. 

Dale Carnegie 

  



 

II 
 

Abstract 

 

With growing environmental concerns, efforts are made to replace petroleum 

based products with renewable alternatives. This is particularly evident in the 

packaging industry, where replacing synthetic polymers with renewable 

materials is of considerable interest. Materials for food packaging need to give 

protection, acting as a barrier against substances that can adversely affect the 

food quality such as water and oxygen. 

In this work, barrier dispersion coatings based on starch were used to produce 

coated papers which act as barrier against water and oxygen. However, since 

starch is both a hydrophilic and hygroscopic material, this barrier material 

becomes problematic to use at high relative humidity. In order to reduce this 

problem and improve the barrier properties enabling starch based barrier 

materials to be used in food packaging applications, two approaches were 

studied. 

Citric acid was utilized as a cross-linker of the starch and it was found to reduce 

the moisture sorption, the molecular movement and swelling at high relative 

humidity. It was seen that cross-linking and hydrolysis due to the low pH both 

affected the barrier properties significantly, but in opposing directions. By 

controlling these two reactions it was seen that this could lead to reduced gas 

permeability. It was also seen that cross-linking of starch by citric acid occurs at 

low temperatures, 70 °C at pH as high as 6.5. 

Starch nano-composites were produced by incorporating montmorillonite, to 

the barrier dispersion to improve the barrier properties. It was seen that the 

suspension viscosity was reduced by poly(ethylene glycol) and citric acid 

adsorption on the montmorillonite particles. Also, a tendency for improved 

barrier properties with reduced aggregate volume fraction and reduced swelling 

was observed. It was also seen that up scaling this formulation to pilot scale was 

possible and that promising results were achieved. 
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Populärvetenskaplig sammanfattning (In Swedish) 

 

På grund av det höga oljepriset och ökad miljömedvetenhet har mycket arbete 

genomförts för att ersätta oljebaserade produkter med förnyelsebara alternativ. 

Ett av de områden där mycketav detta arbete sker är i förpackningsbranchen, 

där förnyelsebara material spås kunna ersätta en stor del av den plast som 

används idag. 

För att förpacka livsmedel rätt ställs ett antal krav på de förpackningsmaterial 

som används. Det gäller bland annat att förpackningen ska skydda livsmedlet 

mot skadliga ämnen från omgivningen som till exempel vatten och syre. 

Förpackningen måste fungera som en fysisk barriär. Skyddar en förpackning 

inte livsmedlet tillräckligt bra leder det till sämre hållbarhet, vilket bland annat 

kan innebära ett ökat matsvinn, ökad miljöpåverkan och oönskade kostnader. 

I avhandlingen beskrivs det hur dispersioner baserade på vattenlösliga 

polymerer, som stärkelse, kan appliceras som ett tunt lager på papper eller 

kartong. Vidare beskrivs hur detta tunna lager kan fungera som barriär och 

därigenom skydda livsmedel från skadliga ämnen. Stärkelse, liksom de flesta 

naturliga polymerer, har problem med vattenkänslighet. Stärkelse tar upp vatten 

från omgivningen. Detta leder till dåliga barriäregenskaper vid hög luftfuktighet 

och vid kontakt med vatten vilket begränsar användbarheten som 

barriärmaterial. Att lösa detta problem och förbättra barriäregenskaperna hos 

stärkelsebaserade plaster och därigenom möjliggöra användningen av den 

förnyelsebara råvaran stärkelse som barriärmaterial har varit fokus på det arbete 

som beskrivs i den här avhandlingen. 

Genom användning av citronsyra, en mycket billig förnyelsebar 

industrikemikalie, som tvärbindare för stärkelsen går det att minska 

vattengenomgången (permeabiliteten) genom barriärmaterialet markant då både 

vattnets rörlighet i materialet (diffusionskoefficienten) och lösligheten av 

vattenånga i materialet minskar enligt ekvation A.  

           (A)  

där P är vattengenomgången (permeabiliteten), D är en diffusions koefficient 

och S är lösligheten. 

Från resultaten av en grundläggande materialkarakterisering där nya 

analysmetoder utvecklades och där materialegenskaperna jämfördes med 
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barriäregenskaperna var det möjligt att förstå principerna till varför vissa 

egenskaper hos materialen minskade vattengenomgången och använda sig av 

detta för att minska vattengenomgången ytterligare. Det visades då att 

citronsyra kan tvärbinda stärkelse vid så pass låga temperaturer som 70 °C och 

pH värden i lösning upp till 6,5. Vilket ger möjlighet att tvärbinda vid 

industriellt relevanta betingelser. 

Produktion av stärkelse-(nano)kompositer, genom att tillsätta montmorillonite, 

en flakformig nanolera, är ett känt sätt att reducera permeabiliteten i 

stärkelsefilmer. Genom tillsats av poly (etylen glykol) och låg halt citronsyra till 

montmorillonite, kan man se tendenser till minskad permeabilitet hos 

stärkelsebarriärer och få en reducerad viskositet. Detta på grund av en minskad 

volymfraktion aggregat och minskad svällning av leran vilket beror på att 

poly(etylen glycol) och citronsyr adsorberar på nanoleran. Detta koncept har 

även visat sig fungera tillfredställande i pilotskala, 500m/min på en 0,6m bred 

pappersbana, där det gett barriäregenskaper som i mångt och mycket är 

jämförbara med kommersiella latexbaserade alternativ.  
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1 Objective of this study 

 

Due to growing environmental concerns and an increasing oil price, there has 

been focused research interest to replace petroleum based products with 

renewable alternatives. This is particularly evident in the packaging industry, 

where replacing synthetic polymers with renewable materials is of considerable 

interest. 

Paper is an incredibly versatile renewable material which can be used in a vast 

range of applications. However, paper is a hydrophilic and porous material, 

which means that paper alone is not a good barrier material especially against 

water and moisture. For paper to function as a barrier material, a thin barrier 

layer has to be applied on top of it. The materials used for the barrier layer in 

this project are based on starch from potatoes and the application technique is 

dispersion coating. 

This thesis is part of one of the largest Swedish projects in fibre based 

packaging jointly operated by academia and industry, Renewable Functional 

Barriers, a research project involving 8 research affiliations and 15 companies 

with additional funding from VINNOVA, the Swedish Governmental Agency 

for Innovation Systems. Within this project, academia and industry collaborated 

in order to achieve the following aims: 

 Produce suitable barrier materials based on renewable and compostable 

materials, with the required barrier properties at a competitive price. 

 Perform scale up trials and prove that this material has the potential to 

be used at real production scale. 

 Evaluate different processes, both proven and novel either alone or in 

combination with each other. 

 Identify the limitations and possibilities and expand the possibilities of 

renewable packing materials. 

In order to satisfy the aims of the project, the work described in this this thesis 

has been focused to come up with a solution to one of the most problematic 

issues regarding starch based barriers, its inherent water sensitivity. By 

incorporating citric acid, CA, into the starch coating, it was possible to reduce 

the water vapor transmission rate, WVTR, substantially and limit the increase in 

permeability of gases at high relative humidity, RH. 



 

2 
 

Within the project a large number of pilot trials have been performed. They had 

the goal to produce a packaging material which had the same good material 

properties as those achieved in the laboratory scale, some of these are described 

in this thesis. When some of the material properties of pilot coated materials 

did not entirely fulfill the demands, industry and academia worked together to 

understand and solve these problems, as well as looking into new pre- and post-

treatments which may simplify the process. 

 

1.1 Structure of the thesis 

 

A technical background to the subject is presented in Chapter 2. Differences 

between laboratory scale and pilot scale coating are compared in Chapter 3 and 

the methods for analyzing the results are given in Chapter 4. A summary of the 

papers included in this thesis is presented in Chapter 5. The main findings in 

this thesis are described in Chapter 6, conclusions, followed by the 

acknowledgements in Chapter 7: A list of abbreviations is included in Chapter 8 

and references are given in Chapter 9. 
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2 Background 

 

This thesis is part of the work performed within the Renewable Functional 

Barriers project, during which industry and academia have collaborated in order 

to better understand the entire value chain for food packaging and come up 

with a new renewable alternative to be used as a barrier for food products 

which has the possibility to replace todays commercial petroleum based 

materials. It has consisted of multidisciplinary research where different 

industries and scientific fields meet. The type of work and experiments 

performed within this project have consisted of both large- and small scale 

trials on materials and methods. 

The main scope of this thesis is focused on modifying starch in order to 

produce a less water sensitive barrier by utilizing citric acid, CA, as a potential 

plasticizer and cross-linker for the starch and as a dispersing agent for 

montmorillonite clay. For these materials, theoretical models for mass transfer 

through the materials were used and the resulting barrier properties and the 

effect of CA on the molecular properties and the structure were measured. 

Theory, barrier properties and molecular properties were then linked for use as 

a basis for producing packaging material with efficient barrier properties. The 

materials produced in laboratory scale was then optimized and used for scaling 

up to pilot scale. Some of the experiences seen in pilot scale are also described. 

 

2.1 Food spoilage and food packaging 

 

The scope of this thesis is the utilization of starch and CA to achieve sufficient 

barrier properties for a packaging material for food applications. Therefore a 

short overview of the general problem of food spoilage and an introduction to 

packaging is given. It is of utmost importance to prevent food spoilage in order 

to reduce economical loss, unnecessary negative environmental impact and 

starvation for the growing world population. There are many different ways 

food spoilage can occur, given here is a short introduction to micro-organisms, 

water and oxygen as well as a description of how to avoid or minimize these 

problems. The role of the packaging is subsequently described. 
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2.1.1 Micro-organisms 

 

Certain micro-organisms such as bacteria, yeast and mold can be very useful for 

food products. Examples of these are alcoholic beverages and CA who are both 

produced by fermentation and probiotic beverages whereby useful bacteria’s are 

added to the food product. However, micro-organisms can also spoil food 

products, both due to changes in the chemical environment and by production 

of toxic compounds (Huis in't Veld, 1996). Micro-organisms can be present in 

the food product naturally from the start or be transported to the food from 

the environment (Huis in't Veld, 1996, Anonymous 2003) . Micro-organisms 

present from the start can be dealt with through different processes like 

neutralization by heat treatment such as pasteurization or UHT treatment 

(Anonymous 2003) or by removing them mechanically from the food product 

by sterile filtration (Rajniak, et al., 2008, Olsson, 2009). It is also possible to 

produce an environment which is unsuitable for microbial growth (Gram, et al., 

2002), such as in the drying of fruits and pickling of vegetables. 

 

2.1.2 Water 

 

To minimize the transport of both liquid water and water vapor through a 

packaging material is important in order to prevent spoilage of the food 

product by growth of micro-organisms. It is not the total amount of water 

present in a food product that is important but rather the water available for the 

micro-organisms, i.e. water activity, aw (Anonymous 2003). The aw of a food 

product corresponds to the RH above just above the food product. For 

instance, mold requires an atmosphere with relative humidity, RH > 60% while 

bacteria and yeasts require RH > 80% for microbial growth (Andersson, 2008). 

Foods experiencing < 60 % RH are generally safe from further spoilage from 

micro-organisms (Anonymous 2003) despite that there are some micro-

organisms which can withstand such conditions (Gram, et al., 2002). In many 

food products, water can also affect the sensory properties in a unsatisfactory 

way. Many dry foods such as cereals and crisps tend to become soggy when 

subjected to water or high RH. For some food products however, it is not the 

moisture transport into the package that is important. Food products with high 

moisture content can be spoiled if too much water leaves the food product and 

it dries out. 
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2.1.3 Oxygen 

 

By exposure to oxygen, certain food can be altered significantly by oxidation. 

Examples of this are fats that can be turned rancid (Brown and Williams, 2003) 

and fruit and vegetables that can experience enzymatic browning (Tucker, 

2003). Oxygen is also important for aerobic micro-organisms in their energy 

production which makes this a way to reduce microbial growth (Gram, et al., 

2002, Anonymous 2003) . One way to minimize the exposure to oxygen for a 

food product is to pack it in modified atmosphere. Other ways include adding a 

barrier layer thus preventing oxygen transmission into the package. 

 

2.1.4 Packages 

 

Packaging of food is not a new occurrence. Even the ancient Greeks and many 

other old civilizations used packages for food applications. “Modern 

packaging” has been described to have started in the 1790s when Nicolas 

Appert managed to conserve food in metal container (Singh and Singh, 2007). 

A food package is a vessel of some kind which stores the food product, which 

helps to prevent food spoilage and facilitate transportation. It should contain 

the product, protect the product from the environment and/or the 

environment from the product. 

 

2.2 Paper 

 

Paper is a renewable material based on cellulose fibers. Today, the main source 

of the cellulose fiber is wood, which can be treated both mechanically and 

chemically to produce pulp which can be used for paper manufacturing (Ek, et 

al., 2006). Paper is a versatile material, it can be used to produce materials with 

a wide range of properties. The properties of the paper depend on a number of 

factors such as the wood raw materials, the type of process used to produce the 

pulp, the way this process is run, the treatment of the pulp before reaching the 

paper machine and how the paper machine is run. Some examples of the range 
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of different paper grades are: Tissue paper, grease proof paper, sack paper, 

trays, newspaper, printing paper, liquid packaging board and corrugated board 

boxes. For all these different paper grades, there are some properties making 

them superior to any other paper grades for specific purposes. Examples of 

important properties for packaging paper are water absorption, wet strength, 

porosity, surface roughness, opacity and compressive strength. However, there 

are some major limitations of paper in general as a packaging material for food 

products. Paper is a porous and hydrophilic material. It is therefore important 

to provide an additional material to the paper, one which seals the pores and 

acts as a barrier. 

 

2.3 Polymers in Solution 

 

This thesis deals with dispersion coating of a water soluble polymer onto paper 

in order to create a barrier layer. It is important to understand and control how 

the polymers in solution interact since it will affect the final properties of the 

dry layer. For polymer solutions, the polymer conformation depends on the 

interaction between the polymer and the solvent. Simplified, the polymers can 

conform into three different states: compact sphere, random coil and stiff rod. 

The compact sphere forms when the interactions between the polymer and the 

solvent are unfavorable, the random coil forms for flexible polymers with 

favorable interactions with the solvent and the stiff rod forms for highly 

charged or stiff polymers. Some areas in which this information is important 

are rheology, phase separation, and film formation. 

 

2.3.1 Flory-Huggins interaction theory and phase separation 

 

In general, the solubility of a material in a solvent depends on the entropy and 

enthalpy of mixing. For polymer solutions, the miscibility can be described by 

the Flory-Huggins interaction theory. In order for two liquids to be completely 

miscible, the Gibbs free energy of mixing (Δ G) must be negative. The Flory-

Huggins theory of polymer solutions is based on the Bragg-Williams theory 

often called regular solution theory. The Bragg-Williams model is a lattice 

model in which each site can accommodate one molecule and the mixing is 

random. In this model, the number of neighbors is always constant, since it 
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assumes that all the lattice positions are occupied, the volume of the system is 

unchanged and the interaction is only considered to be between neighboring 

molecules. In the Flory-Huggins model, one polymer segment or one solvent 

molecule can occupy each of the lattice cells. In this model, the polymer first 

placed in the lattice and then the empty cells are subsequently filled up with 

solvent molecules. The entropy of mixing is significantly smaller for polymer in 

solvent systems compared to the small molecules in the Bragg-Williams model 

since the polymer segments are interconnected and hence can’t be placed totally 

at random. The enthalpy of mixing is dependent upon the χ parameter, a 

dimensionless interaction parameter often referred to as the Flory-Huggins 

interaction parameter. From the Flory-Huggins theory, it is possible to calculate 

and explain phase separation behavior of polymers in solution and also the 

conformation of polymer chains (Flory, 1953). 

 

2.4 Rheology 

 

In order to process the barrier dispersions, it is important to understand their 

flow behavior. Rheology is the study of material deformation and flow 

properties of liquids, viscoelastic liquids and solid materials. All materials 

deform under stress, the scope of deformation can however be very small and 

slow for many materials. A simplified version of the rheological behavior of 

materials can be described by either Hooke’s law of elasticity for elastic solids 

or Newton’s law of viscosity for viscous liquids. All type of materials can be 

considered to have flow and deformation properties that are somewhere in 

between the two extremes viscous liquids or elastic solids (Mezger, 2011) and 

these viscoelastic materials have characteristics of both types. 

 

2.4.1 Hooke’s law of elasticity 

 

Hooke’s law of elasticity, often exemplified by a spring, states that the 

deformation of an elastic solid is proportional to the applied force. When the 

force is removed, the deformation is completely reversible. 

 



 

8 
 

2.4.2 Newton’s law of viscosity 

 

One can consider a fluid element separated between two parallel plates by a 

distance y, one of which is stationary and the other which is moving at a 

velocity, v. The movement of one of the plates induces a velocity gradient in the 

fluid, the shear rate,  ̇  
  

  
. According to Newton’s law of viscosity, the shear 

stress, τ defined as the force per area is proportional with the velocity gradient 

and the viscosity, η is the proportionality constant according to:     ̇. When 

the force is removed, the fluid continues to move in the direction of flow. In 

this model, the fluid has adhesion to both surfaces and no wall-slip occurs. The 

flow profile is laminar and not turbulent and the system has a linear velocity 

distribution which gives a constant shear rate. Fluids such as water, which abide 

by this rule, are known as Newtonian fluids (Mezger, 2011). 

 

2.4.3 Non-Newtonian fluids 

 

Non-Newtonian fluids, or viscoelastic materials, have characteristics in between 

ideal Newtonian liquids and ideal Hookean solids. They tend to show a non-

linear behavior in a shear rate vs. shear stress plot, or in other words, have a 

viscosity that is dependent on the shear rate and/or shear history. For non-

Newtonian liquids, the apparent viscosity η is defined as   
 

 ̇
 for each given 

shear rate (Mezger, 2011). 

Various types of flow behavior are exemplified in Figure 1. Newtonian fluids 

have constant viscosity resulting in a constant slope of the shear rate vs. shear 

stress. Fluids not following the Newton’s law of viscosity are dilatant or shear 

thickening if their viscosity increases with increasing shear rate, where the shear 

rate vs. shear stress give an increasing slope with increasing shear rate. 

Pseudoplastic or shear thinning materials have a reduced viscosity with 

increasing shear rate, the slope of the shear rate vs. shear stress is reduced. 

Plastic or Bingham plastic materials possess an initial yield stress before 

deformation occurs. Fluids can also possess thixotrophy or so called memory 

effects, meaning that the viscosity depends on the history of the sample. 
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Figure 1: Comparison of flow behavior for Newtonian and non-Newtonian liquids. 

 

2.4.4 Determining aggregate size from rheology 

 

The volume fraction of aggregates for particle suspensions can be determined 

by rheological data (Vandeven and Hunter, 1977). From a shear stress versus 

shear rate plot, it is possible to extract both the Bingham yield value, τB, and the 

plastic viscosity, ηpl as shown in Figure 2. 
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Figure 2: Method to extract τB the and ηpl from a shear stress vs. shear strain diagram. 

Both τB and ηpl can be used to determine the volume fraction of aggregates as 

long as the volume fraction of particles can be considered to be constant. The 

volume fraction of aggregates can be determined according to the elastic floc 

model, (Vandeven and Hunter, 1977) Equation 1:  

   
      

   
     (1)  

Where τB is the Bingham yield, φf and φp is the volume fraction of aggregates 

and particles respectively, EL is the energy to break up the aggregates and r is 

the particle radius. The plastic viscosity can be used to determine the volume 

fraction of aggregates according to the Krieger equation (Krieger and 

Dougherty, 1959), Equation 2: 

     (  
 

 
)
 [ ] 

    (2)  

Where ηPL is the plastic viscosity, η is the viscosity of the suspending medium, 

  is the volume fraction of solid phase, p is the volume fraction at which the 

viscosity goes to infinity and [η] is the intrinsic viscosity. 
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2.5 Solid polymeric materials 

 

All polymeric materials can be divided into two major groups based on their 

thermal processing, they are either thermoplastics or thermosets. 

Thermoplastics are the polymers that can be heat-softened in order to process 

the plastic into a desired form. Waste thermoplastics can be reused and 

reshaped by applying heat and pressure. Thermosets are polymers whose chains 

have been strongly linked to another by covalent bonds (cross-linked), either in 

the polymerization process or by subsequent processing. These thermosets 

resist heat softening, creep and solvents but cannot be reshaped by thermal 

processing and tend to be rather rigid and brittle (Turi, 1997). 

The starch based coatings described in this thesis possess some characteristics 

of thermoplastic starch, but the coatings and films containing CA are cross-

linked to some extent and hence also possess some characteristics of 

thermosets. The degree of cross-linking is however small and it can be easily 

broken by subjecting the material to a strong base and performing basic ester-

hydrolysis. 

Solid polymeric materials can also be divided into groups based on the 

molecular ordering. A material can be crystalline, amorphous or semi-

crystalline. 

 

2.5.1 Crystalline phases 

 

Crystalline materials possess long range order. In crystals the equilibrium 

positions, about which vibrations occur, are fixed and dependent on the crystal 

structure. The main transition for crystals is melting, which is a sharp first order 

transition in which the crystals change from solid to liquid. Due to the low 

molecular mobility in crystalline faces, they are generally impermeable to flow. 

It is possible to accurately determine the volume fraction of the crystalline part 

of a semi-crystalline material by means of X-ray diffraction (Turi, 1997). 
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2.5.2 Amorphous phases 

 

In amorphous materials, only short range order is present. The main transition 

for an amorphous material is the glass transition temperature, Tg, which is a 

broad second order transition at which the amorphous material changes from a 

glassy state to a rubbery phase. 

 

2.5.3 Barrier properties: Permeability 

 

The permeation of small gaseous molecules through any material can occur by 

two main mechanisms. The transport occurs either by a solubility and diffusion 

mechanism through the amorphous part of the polymer matrix, or by free 

transport/capillary flow through defects in the material such as cracks and 

pinholes. 

The permeability through a material is dependent on the resistance to mass 

transfer. Since the work in this thesis deals with multiple layers and non-

homogenous materials, it is important to consider mass transfer in multi-layer 

structures. In general, for materials in series, illustrated with the x-direction in 

Figure 3, the overall transport is dependent on the sum of all the individual 

resistances. For materials that are parallel however, illustrated as the y direction 

in Figure 3, the overall resistance is dependent on the respective area of the 

different materials and their individual resistance to flow. This means that for 

materials in series, the transport is mainly dependent on the material which has 

the highest resistance to flow, whereas for parallel materials, it is mainly 

dependent on the material with the lowest resistance to flow. Coated paper is a 

material which can be considered to have resistance towards mass transfer both 

in series and in parallel. The coating layer, located mainly on top of the paper, is 

the material which has the highest part of the resistance towards mass transfer, 

air is the material in a coated paper which has the least resistance towards mass 

transfer. Defects in the coating layer such as cracks and pinholes can hence 

stand for a major part of the permeability. From this, it is also seen that it is not 

the maximum or average thickness of a coating layer which affects the barrier 

properties but rather the minimum thickness, or the part with the least 

resistance towards mass transfer. From this, it becomes apparent that multilayer 
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concepts have the potential to greatly enhance the barrier properties by sealing 

of pores. 

 

Figure 3: Dependence on direction, sandwich structure of 5 layers, of two different materials 

(white and grey) 

In general, the permeability of a solute through a thin layer phase is governed 

by the amount of solute in the phase, its solubility, and the rate at which 

transport occurs, its diffusion coefficient, (Crank, 1975) Equation 3: 

           (3)  

where P is the permeability coefficient, D is the diffusion coefficient and S is 

the solubility. 

 

2.5.3.1 Diffusion 

 

Diffusion is the process by which molecules are transferred from one place to 

another due to random molecular motion. The diffusional movement of a 

molecule is totally random and can be described by the “random walk” model, 
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but regardless there is a transport from high to low concentration. This is due 

to probability reasons. This was first recognized by Fick (1855) who adopted 

the mathematical equations for heat transfer of Fourier (1822), a process also 

based on random molecular motions. This resulted in a hypothesis, commonly 

known as Fick’s first law, which states that the flow rate through a cross-section 

of a matrix is proportional to the concentration gradient (Crank, 1975) and is 

given by Equation 4: 

     
  

  
      (4)  

where FX is the flux in x-direction, D is the diffusion coefficient, C is the 

concentration and x is the distance. From Fick’s first law, it can be derived that 

the change in concentration with time is dependent on the flux, which for one 

dimensional diffusion is explained by Equation 5 (Crank, 1975): 

 
  

  
  

   

  
      (5)  

If the diffusion coefficient is constant, this gives Fick’s second law in one 

dimension (Crank, 1975) Equation 6: 

 
  

  
 

 

  
( 

  

  
)    (6)  

Gas permeation through a material with the diffusion and solubility principle is 

made up of three processes. Gas adsorption on the surface, diffusion through 

the material and desorption from the opposite surface. The adsorption and 

desorption is based on the molecules positioning themselves in the free volume 

holes and the diffusion is due to these molecules jumping between neighboring 

free volume holes. In general, the diffusion coefficients depend on the 

molecular weight or size, the larger the molecule the lower the diffusion since 

the activation energy for diffusion increases with the size of the solute 

(Hedenqvist, 2002). 

 

2.5.3.2 Concentration dependent diffusivity and swelling of flexible polymers 

 

For systems where the segmental movement is dependent on the penetrant, 

such as when the penetrant functions as a plasticizer for the system, the 

diffusion coefficient is dependent on the penetrant concentration. One 

common way to express this (Hedenqvist, 2002) is by Equation 7: 
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       (7)  

where DC0 is the diffusivity at 0 penetrant concentration, and γ is a constant. 

The magnitude of the constant γ is related to the increase in segmental mobility 

due to the penetrant (Hedenqvist, 2002). 

 

2.5.3.3 Solving the diffusion equation for free films 

 

It is possible to analytically solve Fick’s law of diffusion if the diffusion 

coefficient is constant. However, if the diffusion coefficient is not constant, 

Fick’s law has to be solved numerically. In order to calculate the diffusion 

coefficient in this study, a number of simplifications were utilized. 

i) One dimensional diffusion. This means that the diffusion through the edges 

of the film is insignificant. This assumption works for thin films with large area. 

ii) Constant diffusion coefficient. It is well known that the diffusion coefficient 

changes with the moisture content and relative humidity in renewable materials. 

Therefore, to minimize the impact of the change in diffusion coefficient with 

increasing RH changes, each determination of the diffusion coefficient was 

performed with small increment to the RH (10 % RH increase in each change). 

The diffusion coefficient was considered constant within each step change in 

RH. iii) The film thickness was considered to be constant during the 

measurement. By utilizing small step changes in the RH, the impact of material 

swelling within each step was minimized. iv) The concentration of moisture at 

the surface of the film was considered to reach equilibrium at time 0 and the 

adsorption to the surface was not considered to be rate determining. v) The 

materials were at equilibrium at the start of the measurements. These 

assumptions made it possible to use either of the following two equations 

which are analytical solutions to Fick’s first law (Crank, 1975), Equation 8 and 

Equation 9. 

  
      
    
  

      (8)  

  (  
  

   
)    

 

  
 
    

  
    (9)  

where t0.5 is the time to reach half the equilibrium moisture uptake, L is the 

thickness (half of the film thickness due to symmetry), Mt is the mass uptake at 
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time t and Meq is the mass uptake at equilibrium. The combination of these two 

solutions to Fick’s law, using different parts of the mass uptake curve can also 

be used to identify regions where mass uptake is not entirely diffusion 

controlled (Olsson, et al., 2013a). 

 

2.5.3.4 Solubility of penetrants 

 

The solubility of small molecules in a polymer strongly depend on the 

interactions between the monomer and the polymer and in general, the larger 

the difference in solubility parameters, which is the square root of the cohesive 

energy, between the polymer and the monomer, the less the solubility 

(Hedenqvist, 2002). It also depends on the morphological properties of the 

material such as macro voids, free volume, crystallite size and degree of 

crystallinity (Cyras, et al., 2008). 

 

2.5.4 Plasticization 

 

The addition of plasticizers assists in avoiding the formation of cracks and 

pinholes by increasing the flexibility of the polymeric material and decreases the 

Tg of the material. It can also improve the polymer processability. Not only the 

type of plasticizer, but also the ratio of plasticizer to polymer is of great 

importance for the plasticizing effect. Low molecular weight molecules are 

particularly efficient as plasticizers since they tend to have a large number of 

end groups that increase the molecular movement and often possessing a low 

Tg (Cadogan and Howick, 2008). Generally, the higher the molecular weight of 

the plasticizer, the more brittle is the resulting material (Mathew and Dufresne, 

2002). 

There are two main methods to plasticize a polymeric material, internal 

plasticization and external plasticization. Internal plasticization is achieved by 

introducing a reagent onto the polymer chain by chemical modification in order 

to make it less rigid. External plasticization is achieved by the addition of 

plasticizers that do not react chemically with the polymer (Cadogan and 

Howick, 2008). Plasticizers can be either primary or secondary. Primary 

plasticizers can plasticize by themselves whereas secondary plasticizers only 
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plasticize when a primary plasticizer is present (Cadogan and Howick, 2008). 

Some important requirements of plasticizers are: Compatibility with the 

polymer, low volatility and a resistance towards migration and extraction (Turi, 

1997).  

The reason why plasticizers can give an increased flexibility to polymers is 

complex and is composed of many different phenomena. Plasticizers work by 

lowering the glass transition temperature, Tg of the sample increasing the free 

volume, thus acting as internal lubricants reducing the internal friction between 

neighbouring chains. This provide a screening effect, reducing the interactions 

between neighbouring polymer chains, thereby preventing the formation of a 

rigid polymer network (Cadogan and Howick, 2008). The most effective 

plasticizers tend to have a similar solubility parameter to the material they are 

plasticizing (Mali, et al., 2005). In addition to the decrease in Tg, a broadening 

of the transition region also occurs (Jansson, 2006). The glass transition of 

polymeric mixtures such as polymers with plasticizers is in general an 

intermediate of the different glass transition temperatures in the system. One 

simplified model for mixtures is the simple Fox equation (1956) found for 

instance in (Turi, 1997) Equation 10: 

 

  
 ∑

  

   
       (10)  

where Mi and Tgi are the mass fraction and glass transition temperature of the 

different components respectively. This model describes the general principles 

in a comprehensible fashion but it is however an oversimplification, and the 

actual Tg results might differ substantially from what is predicted with this 

equation. 

 

2.5.4.1 Antiplasticization 

 

With low to intermediate plasticizer addition, the plasticizer may be 

immobilized by attraction to the polymer chains. This tends to reduce the 

movement of both the plasticizer and the polymer chains, making it more rigid 

(Cadogan and Howick, 2008). This well-known effect of plasticizers is called 

antiplasticization and results in more brittle films when the plasticizer is added 

in small amounts. 
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2.5.4.2 Phase separation 

 

Blends that are miscible experience one Tg that lies between the Tgs of the 

ingoing components whereas immiscible blends have separate Tg values for 

each phase present. The most common method to measure if all components 

of a polymer blend are miscible is to measure the glass transition temperature 

of the blend. If only one Tg which is somewhere between the Tg of the 

components making the blend is present, it is likely that the components in the 

blend are miscible. However, if more than one Tg is present, they are at least 

partly non-miscible and phase separation has occurred. If the different glass 

transition temperatures of a phase-separated system all are very close to the 

glass transition temperatures of the pure samples of the different components, 

then the miscibility between the components is very low. A shift in the glass 

transition is due to partial miscibility (Turi, 1997). Partial miscibility between the 

starch and the plasticizer affects the plasticizing effect. It has been reported that 

this both leads to problems with brittle films (Mathew and Dufresne, 2002) and 

that the main plasticizing effect is due to clustering of plasticizer rich phases 

which stand for the plasticization (Gaudin, et al., 1999). Phase separation has 

been reported to occur at high plasticizer content due to low miscibility 

(Altskar, et al., 2008) at the concentration where the polymer sorption sites are 

saturated with plasticizers (Godbillot, et al., 2006). 

 

2.5.4.3 Free volume 

 

The concept of free volume is not the same as unoccupied or empty volume 

(Painter and Coleman, 1997). Free volume is a measurement on how easy it is 

for molecular movement to occur in a material and unoccupied volume is one 

of the factors that strongly affect the free volume. The free volume increases 

with temperature since it is dependent on the oscillations that molecules have at 

temperatures above the absolute zero temperature. In this sense, it is related to 

the thermal expansion coefficient of a material. At the glass transition 

temperature, the free volume of the system increases significantly (Painter and 

Coleman, 1997). 
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2.5.4.4 Glass transition temperature 

 

The glass transition temperature, Tg, characterizes the molecular movement in 

the amorphous phase and is the temperature at which the amorphous part of a 

material passes through a transition from a rigid solid or glassy state through a 

leathery state to a rubbery state (Brydson, 1995). Below the Tg the material is in 

the glassy state where no long range order is present and the positions of the 

molecules are essentially frozen. Since the molecular movement is so limited in 

the glassy state, the chains cannot move to orient themselves and hence no 

crystallization can occur (Painter and Coleman, 1997). Above the Tg, the 

molecules have the possibility to move relative to one another and the material 

behaves like a rubbery liquid (Painter and Coleman, 1997). 

The glass transition temperature is the temperature associated with the onset of 

long range segment mobility of the amorphous phase of the polymer (Turi, 

1997). The glass transition is not a sharp transition such as the melting of 

crystallites and it can shift in temperature depending on the heating rate 

(Painter and Coleman, 1997). Any structural features in a polymer that reduces 

either the chain mobility or the free volume will lead to an increase in the glass 

transition temperature (Turi, 1997). It has previously been described how 

plasticizers affect the glass transition temperature. Other important structural 

features affecting the glass transition temperature are: 

1. Strength of the attractive forces in the polymer 

The stronger the attraction, the higher the Tg. This is due to the higher force 

necessary to induce molecular motion. One explanation is that groups 

participating in strong interactions are closer to one another and need a higher 

force to separate from one another than groups that have weaker interactions 

(Painter and Coleman, 1997). 

2. Chain stiffness 

The stiffer the polymer chains, the higher the Tg. Since chain stiffness affects 

the chain mobility, giving these chains less freedom to rotate around the 

polymer backbone results in an increase of Tg with increasing chain stiffness 

(Painter and Coleman, 1997).  

3. Chain length 



 

20 
 

Tg is known to increase with increasing molecular weight up to a limiting value 

at high molecular weight. It can be described by Equation 11 from Fox and 

Flory (1950), found for instance in (Turi, 1997) which states: 

     
  

 

  ̅̅ ̅̅̅
     (11)  

where   
  is the glass transition at high molecular weight, K is a constant and 

   is the number average molecular weight. The dependence of the molecular 

weight on the glass transition temperature is relatively strong for short chains 

where the Tg increases strongly with increasing molecular weight. However, this 

effect levels off asymptotically for longer chains. This is due to the chain ends 

having more freedom to move and that a polymeric material with shorter 

chains contain more chain ends (Painter and Coleman, 1997).  

4. Crystallinity 

The crystalline part of materials as such does not experience a Tg resulting in 

the reduction of the observable effect of the Tg with increasing crystallinity 

(Turi, 1997). However crystallinity in polymers often, but not always increases 

the Tg of the amorphous part (Stading, et al., 2001). The increase often seen is 

due to a restrainment in movement of the amorphous regions which are in 

close contact with the crystalline phase. However, crystallites do not necessary 

give an increase in the Tg. One possible reason is that a low number of large 

crystals might induce voids and hence increase the free volume in the sample 

whereas many smaller crystalline areas can function as physical cross-links, thus 

reducing the mobility (Bizot, et al., 1997). Crystallites have also been seen to 

broaden the transition temperature range (Turi, 1997). 

5. Particulate fillers 

Particulate fillers can increase the glass transition temperature and broaden the 

transition in a similar way as crystallites, but the effect is dependent on the 

matrix-filler interactions and it is possible with either an increase in Tg, or a 

reduction in Tg (Turi, 1997). 

6. Cross-linking 

Cross-linking increases the Tg since it binds different chains together, thus 

forcing parts of them to be more closely attached (Painter and Coleman, 1997). 

Cross-links have a particular stiffening effect on the polymer in the rubbery 

state (Stephens, 1999). 
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2.5.5 Film formation 

 

Film formation from solution is dependent on a number of different 

parameters. The polymer must have favorable interactions with the solvent to 

be dissolved and stretched out. The polymer also has to be flexible and the 

molecular weight has to be sufficiently high. When the polymer chains are 

sufficiently long, above the minimum polymer entanglement chain length, Mc, 

they are able to form stable flow restricting entanglements, and this is the base 

for film formation. The Mc depends on the flexibility of the polymer. It is 

therefore easier to form films with longer polymer chains and in general, the 

longer the chains, the better the film forming properties (Hare, 1998). Another 

way to improve the film forming properties in a film is to increase the flexibility 

of the chains, which can be achieved with the addition of plasticizers as 

described above. 

 

2.6 Composites 

 

The addition of particulate fillers to polymeric matrices to form a composite 

material is commonly used to reduce the permeability. In this thesis, particulate 

filler is defined as any solid material that is impermeable to diffusion. For 

barrier dispersions, the purpose of introducing fillers and produce a composite 

is to decrease the permeability through the dry coating layer. For composite 

science, the amount of filler is important as described in 2.6.1. However, the 

improvement in barrier properties does not only depend on the amount of 

particles but also on the orientation and the increase in diffusive path length 

they induce, the tortuosity (section 2.6.2). However, fillers can affect the 

permeability in other ways than by just increased path length, which will be 

described more in section 2.6.3, the polymer-filler interface. In section 2.6.4, an 

explanation why nano-science is such an intense research subject is discussed 

and in 2.6.5 semi-crystalline materials are described regarding their similarity to 

composites. 
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2.6.1 Pigment volume concentration and the critical pigment volume 

concentration 

 

For particulate-filler-polymer systems, it is not the weight fraction of the filler 

that is of the most critical importance for the properties, but the filler (pigment) 

volume concentration, PVC. The critical pigment volume concentration, CPVC 

is an important factor regarding filler-polymer interaction. The CPVC is a 

transition point at which large differences in the properties of particle filled 

coating systems occur. At the CPVC, the polymer concentration is just large 

enough to fill all the interstitial voids present between the filler particles in the 

dried state. It represents the most dense way to pack the system at the current 

degree of dispersion, meaning that it is not a constant value for a system. The 

CPVC is influenced by many factors such as fundamental packing 

characteristics, type of polymer and additives and importantly, states of 

dispersion or agglomeration (Asbeck and Loo, 1949). In paper coatings 

designed for optical purposes, the filler content is higher than the CPVC, and 

for barrier coatings the filler content is lower in order to eliminate any voids 

present between the particles that would lead to increased permeability 

(Andersson, 2008). 

 

2.6.2 Tortuosity 

 

For particle filled barrier systems, the permeability of gases can be considered 

to be dependent on the permeability of the unfilled system, the fraction of the 

polymer phase and the tortuosity factor. The tortuosity is defined as the actual 

distance the gas molecules have to travel to pass through the film compared to 

the thickness of the film, an example of this is seen in Figure 4. The tortuosity 

factor can be calculated depending on the orientation of the particles, their 

aspect ratio and the particle volume fraction. From this, it is clear that increased 

particle volume fraction (and reduced polymer volume fraction), increased 

particle aspect ratio and enhanced particle alignment results in lower 

permeability (Nielsen, 1967). The model of Nielsen also states that if the 

particle system is aggregated, the gas permeability increases (Nielsen, 1967). 

However, the model of Nielsen, does not take into consideration the changes 

that occur in the matrix (Drozdov, et al., 2003). 
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Figure 4: A tortuous pathway, adaptation of Nielsen. 

 

2.6.3 The polymer-filler interface 

 

The incorporation of rigid filler particles into a polymeric matrix can affect the 

barrier properties in more ways than just the change in the diffusive path length 

through the material. It can result in either an increase or a decrease in the 

molecular mobility, free volume and the diffusion coefficient depending on 

whether the filler matrix interactions are strong and favorable and the 

amplitude of changed depend on the interfacial area. 

The total filler-matrix interactions depend on a number of factors such as (Turi, 

1997): 

1: Adsorption and wetting. In order to achieve complete wetting of the filler by 

the matrix, the surface energy of the filler should exceed that of the matrix.  

2: Interdiffusion. The adhesion between the filler and the matrix is enhanced by 

molecules diffusing from one surface to another. 

3: Electrostatic charge. A difference in electrostatic charge between the filler 

and the matrix enhance the strength of the interfacial bonding. 

4 Chemical bonding. A covalent bond formation between the filler and the 

matrix enhances the interfacial bonding. 
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5 Mechanical adhesion. The fiber matrix interconnection can be enhanced by 

mechanical interlocking from for instance surface roughness. 

When favorable interactions between the filler and the matrix exist and the filler 

is completely wetted and immersed in the matrix, the rigid particles reduce the 

mobility of the matrix close to the surface of the filler. However, if there is air 

next to the filler due to incomplete wetting of the filler by the matrix, this 

unoccupied volume leads to an increase in the free volume (Paul and Robeson, 

2008). The change in molecular mobility induced by the filler also depends on 

the amount of filler-polymer interfacial area per unit volume (Brydson, 1995). 

 

2.6.4 Nano-science 

 

Nano-science is all about interfaces and surfaces. As previously described, filler 

materials can reduce the molecular mobility of the matrix close to its surface 

due to interactions between the filler and the matrix. One way to simplify 

things, are by looking at a sphere (which is the geometrical shape with the 

lowest surface area to volume ratio, or lowest specific area). The volume V of a 

spherical particle is:   
 

 
    and its surface area A is:       . It is clear 

from this that the reduction in radius of the sphere leads to an increased 

specific area since the volume is more dependent on the radius (to the power of 

3) than the area (to the power of 2). From this, it can be deduced that the 

reduction in particle size results in a larger filler-matrix interface area and if 

favorable interactions between the filler and the matrix are present a greater 

part of the matrix will experience a reduction of movement close to the filler 

particle compared to normal micro-composites. 

 

2.6.5 Semi-crystalline materials and their barrier properties 

 

The barrier properties for semi-crystalline materials follow the same theory as 

for composite materials as both fillers and crystals are generally considered to 

be hard rigid particles impermeable to diffusion, which means that the diffusion 

only occurs in the amorphous part of a semi-crystalline material. Crystals 

change the diffusive pathway in the same way as other fillers and they too have 
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the possibility to both increase and decrease the free volume depending on the 

strength of the association with the matrix (Mogri and Paul, 2001). 

 

2.7 Starch 

 

Thermoplastic starch, TPS, is a material which holds a high unused potential as 

a barrier for consumer packages. Starch is the second most abundant plant bio-

polymer on earth, only cellulose is bio-synthesized in greater quantities. Starch 

is produced in all higher plants and is built up from repeating α-D 

anhydroglucose molecules. It has the function as the main energy reservoir for 

higher plants and the starch is incorporated into so called granules (section 

2.7.1). The starch granules can be turned thermoplastic by gelatinization 

(section 2.7.2) and by addition of plasticizers. Starch contains two groups of 

different polymeric molecules, amylose which is an almost linear molecule and 

amylopectin which is highly branched. The structure of amylose and 

amylopectin will be described in more detail in section 2.7.3. Starch is a semi-

crystalline material and the crystallinity is different when it is present in granules 

(section 2.7.4) compared to when it recrystallizes (section 2.7.5). In order to 

improve the processability and to find new uses for starch, it is possible to 

perform chemical modifications (section 2.7.6). To be able to to handle solid 

TPS films, they have to be flexible and this is achieved with the use of 

plasticizers (section 2.7.7). 

 

2.7.1 Granules 

 

In the nature, starch is present in the form of granules. These granules are 

insoluble in cold water. When starch granules are exposed to cold water, below 

40°C, reversible swelling occurs (Wurzburg, 1986c). In the center of the starch 

granule is the hilum which is the original growth point. It is commonly a less 

organized region compared to the rest of the starch granule and may contain 

materials other than polysaccharides (French, 1984). When starch is examined 

optically, it can be seen that it has a concentric growth ring pattern or onion-

like structure with areas of alternating low and high refractive index. Starch 

granules are semi-crystalline with crystals embedded in the amorphous parts of 

the starch matrix. In the starch granule, amylopectin is the main source of the 



 

26 
 

crystalline order whereas the amylose is present only in the amorphous parts of 

the granule (French, 1984). 

 

2.7.2 Gelatinization 

 

When a slurry of starch granules are heated above a certain temperature in 

excess water, a process of irreversible swelling and leaking of amylose from the 

granule in a process known as gelatinization occurs. In this process, the 

hydrogen bonds responsible for the structural integrity of the granule are 

weakened and water can diffuse into the granule structure and hydrolyze the 

linear parts of amylopectin. During this process, an internal pressure is formed 

causing the granules to absorb water and swell, thereby enlarging the granules 

to many times their initial size. At the same time, amylose tends to leak out of 

the granule. In the gelatinization, the starch granules become more and more 

hydrated and the viscosity of the solution rises up to a peak value at which the 

granules have reached their maximum hydration. From here the granules tend 

to rupture and fragments are released causing a decrease in viscosity (Wurzburg, 

1986c). As long as water is present in excess, the gelatinization of starch will 

occur at a fixed temperature range. This is normally between 60-70°C. Swollen 

granules of starch disintegrate when cooking at high temperatures due to the 

influence of shear force (Hermansson, Anne Marie, Svegmark, Karin, 

1996).The temperature at which gelatinization occurs can be changed by 

modification of the starch. For instance, the introduction of hydroxypropyl 

groups tend to lower the gelatinization temperature of starch (Tuschoff, 1986). 

 

2.7.3 Amylose and Amylopectin 

 

Starch mainly consists of two different polymers, amylose and amylopectin, 

where the repeating units consists of anhydroglucose. Amylose is mainly built 

up of α-D-(1→4) glycosidic bonds resulting in an almost linear molecule. 

Amylose generally has a molecular weight ranging from 105-106 but it is 

dependent on the botanical origin. The linearity of amylose is reported to give 

strong films. Amylose has a tendency to form complexes with iodine and 

amphiphilic substances. Amylopectin is a highly branched polymer built up of 

α-D-(1→4) with α-D-(1→6 ) glycosidic bonds acting as the branching points 
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(Wurzburg, 1986c). It generally has a molecular weight between 107-108 (Banks 

and Greenwood, 1975). Amylopectin is far more stable in solution than 

amylose where it forms clear solutions (Wurzburg, 1986c). It has been reported 

that amylose and amylopectin in native starch are not compatible in aqueous 

solutions and can phase separate. Even though amylose and amylopectin are 

built up from the same monomer, they have a tendency to phase separate in 

moderately concentrated aqueous solutions (Kalichevsky and Ring, 1987). They 

tend to phase separate into phases constituting of 70-80% of the major 

constituent (Altskar, et al., 2008). 

 

2.7.4 Starch crystallinity in granules 

 

In the starch granule, it is the short side chains of the amylopectin that stands 

for the crystallinity (Robin, J. P., Mercier, C., Charbonnière, R., Guilbot, A., 

1974). However, there is evidence of co-crystallization between amylose and 

amylopectin and of crystals that are formed from amylose fatty acid complexes 

in the granule (Averous, 2004). The type of crystalline structures found in 

starch granules depends on the botanical source. Three types of structures are 

generally occurring and are denoted as A-, B-, and C- type (vanSoest, et al., 

1996). Crystals of Cereal starches organize in an A-type pattern with amylose 

and/or amylopectin outer chains in an anti-parallel pattern separated by 

interstitial water. In root and tuber starches, the crystals arrange themselves in a 

B-type pattern with up to 30% water present as sheets or columns built into the 

crystalline structure. Legume starches however possess a mixture of the A-type 

and B-type crystals referred to as C-type (James R. Daniel, et al., 2008). 

 

2.7.5 Starch recrystallization or retrogradation 

 

The recrystallization, retrogradation or gelation of starch that has been melted 

or gelatinized is a well-known and studied phenomenon. In excess water, 

spontaneous recrystallization occurs into the B-type crystalline structure 

(Rindlav, et al., 1997) when the gelatinized starch solution is cooled below 

approximately 60-70°C (Tuschoff, 1986) since the amylose is not stable in 

aqueous solutions below this temperature (Hermansson, Anne Marie, 
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Svegmark, Karin, 1996). This results in an opaque and stiff paste or gel 

(Tuschoff, 1986). 

Amylose has a strong tendency to retrograde by forming hydrogen bonds 

between adjacent polymer chains and orient themselves in a parallel fashion due 

to the linearity, high mobility and strong interaction between the hydroxyl 

groups (Wurzburg, 1986c). Due to the larger size and the branched nature of 

the amylopectin polymer, the mobility of these polymers is much lower and the 

tendency for retrogradation is much lower (Wurzburg, 1986c). The amylopectin 

part of the retrogradation is reversible when heating the gel to 100 °C (Miles 

Mervin , Morris Victor J., Orford Paul D. Ring Stephen G., 1985) whereas for 

the retrograded amylose crystals, temperatures of up to 120°C may be required 

(Zobel, 1984). 

The kinetics of retrogradation depend on the type and content of plasticizers, 

the macromolecular mobility (Averous and Halley, 2009) and starch 

modifications (Hermansson, Anne Marie, Svegmark, Karin, 1996). The 

retrogradation of starch depends strongly on the plasticizers ability to form 

hydrogen bonds towards the starch. The stronger the bond between the starch 

and the plasticizer, the harder for the recrystallization to occur (Jiugao, et al., 

2005). Examples of plasticizers which have been successfully shown hinder 

retrogradation include urea, formamide (Ma and Yu, 2004) and CA (Shi, et al., 

2007, Jiugao, et al., 2005, Menzel, et al., 2013). The amount and type of 

plasticizer used and the storage conditions are also important factors affecting 

the retrogradation behaviour, large amounts of plasticizer have been shown to 

hinder retrogradation (Mali, et al., 2006). Conversely, plasticizers induce greater 

molecular movement within the material, and this increased movement can in 

turn induce the retrogradation (Lourdin, et al., 1997). Retrogradation behavior 

is dependent on the source of starch, likely due to differences in molecular 

weight (Zobel, 1984). The shorter the amylose molecular chains in the starch, 

the more mobile are the starch chains and hence the faster the recrystallization 

(Lafargue, et al., 2007). It is also dependent on components other than starch in 

the paste (Zobel, 1984). Retrogradation can be prevented or reduced by 

introducing chemical modifications such as hydroxypropyl groups into the 

starch chains (Tuschoff, 1986), even though hydroxypropyl-groups do not 

totally inhibit recrystallization (Lafargue, et al., 2007). The reason why 

modifications on the starch prevent or slow down the retrogradation is due to 

that they act as a steric hindrance (Hermansson, Anne Marie, Svegmark, Karin, 

1996). 
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2.7.6 Modification of starch 

 

To obtain new properties for starch in order to overcome some of its 

shortcomings and make a more suitable alternative for particular applications, 

the starch can be modified. Three main types of modifications can be 

performed: Reduction of chain length, pure substitutions and cross-linking 

reactions. Starch can be modified by substitution reactions on the three 

hydroxyl groups present on the anhydroglucose unit where the degree of 

substitution, DS, is the average number of hydroxyl groups in the 

anhydroglycose unit which have been substituted. The highest DS possible is 

thus 3. The functional properties of modified starches are dependent on both 

the chemical nature of the modifications and the DS (Wurzburg, 1986c). 

 

2.7.6.1 Chain length reduction 

 

There are four main methods for reducing the starch molecular weight or the 

chain length: Oxidation, enzyme conversion, thermal conversion 

(dextrinization) and acid hydrolysis. Chain length reduction is important since it 

reduces the viscosity of the starch paste due to the reduced molecular weight of 

the starch polymer. The paste viscosity is a limiting factor determining the 

maximum starch concentration in industrial applications. Therefore starch with 

reduced molecular weight is particularly suited for coating applications as it can 

be prepared at higher concentrations than non-modified starch, thus less water 

has to be evaporated at the drying stages (Wurzburg, 1986a) 

The oxidation of starch also introduces carboxyl and carbonyl groups into the 

starch, besides the chain scission. This is important for the film forming 

properties of the starch as they act as internal plasticizers. Oxidized starches 

tend to form strong clear films with a lower tendency to shrink and form cracks 

than acid modified or non-modified starches. The carboxyl and carbonyl 

groups introduced in oxidized starch also tend to hinder retrogradation of the 

starch paste. However, due to the hydrophilic nature of the carboxyl groups, 

films of these starches tend to be more soluble in water than acid modified or 

non-modified starches (Wurzburg, 1986a). 
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2.7.6.2 Substitutions 

 

Starch can be subjected to substitution reactions by any chemical substance that 

can react with the hydroxyl groups. Depending on the chemical nature and size 

of the substituents, many different material properties can be influenced. 

Introduction of hydrophobic substituents on the starch turns the starch more 

hydrophobic and leads to an increasing potential of water resistance to 

substrates that are coated or surface-sized with a starch film (Jonhed, et al., 

2008). Film forming and strength can be improved by incorporation of 

hydroxyethyl, hydroxypropyl, cyanoethyl or acetate groups (Maher S. L., 

Cremer C. W., 1986) and the affinity towards anionic substances such as 

cellulose in paper can be improved by a cationic modification (Solarek, 1986). 

 

2.7.6.3 Cross-linking 

 

Cross-linking is a subgroup of the substitution reactions whereby the reagent is 

a poly-functional chemical that contains two or more functional groups able to 

react with the starch hydroxyl groups. Cross-linking the starch polymers with 

covalent bonds can take place either within the same polymer chain, intra-

molecularly or between different polymer chains, inter-molecularly. Only inter-

molecular cross-linking reactions increase the average molecular weight of the 

starch (Rutenberg, Morton W., Solarek Daniel, 1984). Cross-linking reduces 

swelling in water and at high RH and reduces the solubility of the starch and 

increases the viscosity of starch pastes (Wurzburg, 1986b). 

Chemically cross-linked polymers have the disadvantage that they cannot be 

dissolved, molded or recycled (Stephens, 1999). Chemicals that have been 

successfully used for cross-linking of starch include epichlorohydrin (Lelievre, 

1984), sodium trimetaphosphate, sodium tripolyphosphate (Deetae, et al., 

2008), phosporous oxochloride (Wang and Wang, 2000), monochloroacetic 

acid, dichloroacetic acid (He, et al., 2007) and glutaraldehyde (Yoon, et al., 

2006). Another group of chemicals which can be used for cross-linking of 

starch are poly-carboxylic acids and these will be described in more detail in 

section 2.8. 
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When crystalline or semi-crystalline polymers are cross-linked, the degree of 

crystallinity often decreases. This is due to the interference with molecular 

packing by the cross-links. This can lead to a decrease in yield strength and to a 

polymer with reduced stiffness (Robertson, 1993). 

 

2.7.7 Different plasticizers for starch 

 

The plasticization of starch films largely depends upon the RH of the 

surrounding environment. This is due to the hydrophilic and hygroscopic 

nature of starch. Water is a well-known and particularly effective plasticizer for 

starch which migrates in and out of the matrix when the RH is changed 

(Mathew and Dufresne, 2002). Many plasticizers with higher molecular weight 

hold a higher hydrophobicity compared to lower molecular weight plasticizers 

and this is due to the lower availability of hydrophilic hydroxyl end groups on 

the higher molecular weight plasticizers. This tends to reduce the water content 

at equilibrium significantly and thus increase the brittleness of the material 

(Mathew and Dufresne, 2002). 

 

2.8 Citric acid 

 

Citric acid, (2-hydroxypropane-1,2,3-tricarboxylic acid) here abbreviated CA 

with its molecular structure shown in Figure 5 is a naturally occurring poly-

carboxylic acid present in many different fruits, especially in citrus fruits such as 

lemons. It was first isolated and crystallized from lemon juice in 1784 by the 

Swedish chemist Karl Wilhelm Scheele (Grewal and Kalra, 1995). CA was 

originally produced from lemons, but in 1893 a German botanist, Whemer, 

discovered that CA is a metabolite in fermentation by certain molds and in 

1917, the American chemist Currie discovered that Aspergillius Niger is a 

particularly useful microorganism for CA production. Commercial production 

of CA by fermentation started in 1919 by Societe des Produits Organique in 

Belgium and fermentation by Aspergillius Niger is still the major path for CA 

production (Grewal and Kalra, 1995). CA is generally recognized as safe, GRAS 

by the American Food and Drug Administration, FDA, and is used extensively 

within the food industry. The world production 2004 was 1.4 million tons. 

Because of its relatively low price, in 2004 the prices ranged from 0.7 -2 $ / kg, 
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(Soccol, et al., 2006) CA is mainly produced from by-products from sugar 

production (Grewal and Kalra, 1995). 

HO OH
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OH

HO OH
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OH

 

Figure 5: Molecular structure of citric acid 

The main scope of this thesis is the improvement in barrier properties upon 

addition of CA to barrier dispersions. CA is a low price bulk chemical with 

great potential to influence different properties. Discussed within this thesis are: 

The plasticizing effect, hydrolysis due to a reduced pH, cross-linking reactions 

and the dispersive properties it can have upon clay. 

 

2.8.1 Plasticization with citric acid 

 

CA, is not a true external plasticizer for starch since it can react with the starch 

(Cadogan and Howick, 2008) making it more rigid and brittle due to the cross-

linking reaction. CA has however been shown to increase the elongation at 

break for starch-poly (vinyl alcohol) blends where it showed an increase in 

elongation at break that was larger than when glycerol was used as plasticizer 

(Yoon, et al., 2006). It has also been shown to increase the elongation at break 

in combination with other plasticizers such as glycerol for starch (Jiugao, et al., 

2005, Wang, et al., 2007, Ning, et al., 2010), starch nano-composites (Wang, et 

al., 2009) or starch- poly (vinyl alcohol) blends (Ning, et al., 2010, Shi, et al., 

2008, Wang, et al., 2007).CA can function both as an external and internal 

plasticizer for starch. The function as an internal plasticizer of starch relies on 

the disruption of the inter- and intramolecular bonds due to the partial 

esterification of the starch (Shi, et al., 2007). In Paper I, it was demonstrated 

that the addition of CA reduces the moisture content of starch films (Olsson, et 

al., 2013a) and in Paper II, it is seen how the Tg of starch is affected by the 

addition of CA (Menzel, et al., 2013). 
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2.8.2 Hydrolysis 

 

The molecular weight of starch can be reduced by exposing starch to a low pH 

and elevated temperatures. This process is called hydrolysis or acidolysis of 

starch and is mainly used to lower the paste viscosity of starches. The reduction 

in molecular weight is well known to increase the molecular movement in 

polymeric films which increases the diffusion and permeability.  

CA can react with starch and cause hydrolysis, thereby reducing the molecular 

weight. This seems to be the dominant reaction between starch and CA at high 

moisture content (Shi, et al., 2007). Hydrolysis of starch with CA have been 

shown to occur during melt processing (Carvalho, et al., 2005) and during 

gelatinization (Hirashima, et al., 2004). The onset of acid hydrolysis on starch 

undergoing gelatinization is not dependent on the type of acid used but is 

rather an effect of pH (Hirashima, et al., 2005), the lower the pH the more 

pronounced the chain reduction (Shi, et al., 2007). With the addition of CA to a 

corn starch paste prior to gelatinization, it was seen that the viscosity increased 

significantly at low shear rates between pH 3.6 and 5.5. Below pH 3.6 a rapid 

decrease was observed. This was probably due to hydrolysis as a result of the 

low pH. At even lower pH, below 2.7 precipitation occurred, probably due to 

massive breakdown of amylose chains. However, if the acid was added after the 

gelatinization, no detectable hydrolysis occurred (Hirashima, et al., 2004). In 

Paper II (Menzel, et al., 2013), it is seen that hydrolysis even occurs in heating 

of pre-dried films. Paper III (Olsson, et al., 2013b), demonstrates how it is 

possible to eliminate the occurrence of hydrolysis by pH adjustment. 

 

2.8.3 Cross-linking with citric acid 

 

Polysaccharides containing hydroxyl groups have the possibility to be cross-

linked by poly-functional carboxylic acids. Examples of poly-carboxylic acids 

that have been used to cross-link polysaccharide materials are 1,2,3,4-

butanetetracarboxylic acid (Andrews and Collier, 1992, Blanchard, et al., 1994, 

Yang, et al., 1996), poly(maleic acid) (Yang, et al., 1996) and CA (Andrews and 

Collier, 1992, Blanchard, et al., 1994, Ma, et al., 2008, Ma, et al., 2009, Xie and 

Liu, 2004). Some examples of polysaccharide materials which have been cross-

linked with poly-carboxylic acids are starch granules (Ma, et al., 2009, Xie and 
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Liu, 2004), starch nanoparticles (Ma, et al., 2008), starch films (Jiugao, et al., 

2005, Reddy and Yang, 2010), starch gels (Seidel, et al., 2001), cotton fibers 

(Blanchard, et al., 1994), cellulose fibers (Andrews and Collier, 1992), paper 

(Yang, et al., 1996) and modified cellulose (Coma, et al., 2003). In all these 

studies, the reaction temperature is high, well above 100 °C and long reaction 

times (minutes) are used. This is because of the slow reaction kinetics of 

esterification of poly-carboxylic acids with hydroxyl groups on polymers due to 

the low amount of poly-carboxylic acid used in these studies compared to that 

in the papers presented in this thesis. 

It has also been seen that in films containing starch, PVOH and glycerol, the 

CA reacted with all hydroxyl groups present, but less on PVOH than on starch 

(Shi, et al., 2008). In presence of excess glycerol, the reaction took place solely 

on glycerol, which was explained by the lower reactivity of the secondary 

hydroxyl groups present in the starch compared to the primary hydroxyls of 

glycerol (Holser, 2008). The same phenomenon was seen with addition of 

poly(ethylene glycol), PEG, to cotton fabric (Andrews and Collier, 1992). 

CA has the possibility to react with two or more of the hydroxyl groups present 

in the starch. One good reason for using citric acid as a cross-linker is due to 

the fact that the unreacted CA is considered nutritionally harmless and may also 

act as a plasticizer for starch (Shi, et al., 2008).  

The esterification cross-linking reaction between CA and starch can be 

performed at both acidic and basic conditions. Here only acidic conditions are 

considered. For acidic conditions, known as Fischer esterification, the 

esterification reaction is an equilibrium controlled reaction between a carboxylic 

acid group and a hydroxyl group. The reaction starts with protonation of the 

carboxylic acid group, which in turn can be attacked by the alcohol group 

forming an ester. In this reaction, water is produced as a by-product that limits 

the equilibrium unless it is evaporated (Ellervik and Sterner, 2004). The reaction 

can be performed both with and without additional catalysts. Often the catalyst 

is a strong inorganic acid. The acid used as the catalyst needs to be stronger 

than the poly-carboxylic acid to be esterified otherwise excessive neutralization 

of the catalyst will retard the crosslinking reaction. The catalyst should be able 

to neutralize the carboxylic acid group, but not vice versa (Andrews, 1996).It 

has been indicated that it is not the addition of catalysts as such, but rather that 

the pH was the important factor for the esterification reaction to take place 

(Coma, et al., 2003). 
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Structural properties of the reaction chemicals affect both the reaction rate as 

well as the equilibrium. Primary alcohols are more readily esterified than 

secondary alcohols, which in turn are more easily esterified than tertiary 

alcohols due to steric reasons. The reaction rate in acidic conditions is 

proportional to both the reactants and the H+ ion concentration. The 

equilibrium constant of the esterification reaction is dependent on the 

temperature and the presence of salts. Usually, in order to achieve completion 

of the esterification equilibrium reaction either the water or the ester is 

removed from the reaction mixture. In laboratory scale, sulphuric and 

hydrochloric acid is often used as the classical catalyst for acid catalyzed 

esterification reactions. Phosphoric acid also works as catalysts but yield slower 

reaction kinetics. Another way is by the addition of acid anhydrides which has a 

higher rate of reaction than carboxylic acids and can be reacted with alcohols 

with the production of an ester and a carboxylic acid (Aslam, et al., 1996). 

CA has two pathways for the esterification of hydroxyl groups, both the Fisher 

esterification and by an anhydride formation mechanism. When CA is heated, it 

dehydrates yielding a highly reactive cyclic anhydride which easily reacts with 

the hydroxyl groups in the starch. This reaction has been shown to start at 

temperatures around 140-160°C (Noordover, et al., 2007). The reaction kinetics 

of the esterification of CA by ethanol show that the reaction is much faster 

with the two first carboxylic acid groups than with the third group, which was 

demonstrated both with and without added catalyst (Kolah, et al., 2007). 

 

2.8.4 Citric acid as a dispersant 

 

One of the limiting factors when using small fillers with high specific area is 

their tendency to form aggregates. One method to minimize this aggregate 

formation is to add dispersants. CA and salts of CA are well known dispersants 

and have been successfully used to disperse different inorganic particles such as 

calcium phosphate (Leeuwenburgh, et al., 2010) and montmorillonite (Wang, et 

al., 2009) as well as organic starch nanoparticles (Ma, et al., 2008). 

Dispersants can be used for controlling the rheological properties and the 

dispersion of sols. The dispersants stabilize the particles from aggregation by 

electrostatic, steric or electrosteric mechanisms. Dispersants are often more 

effective in dispersing particles whose charge is dependent on pH compared to 
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mere changes in the pH (Vishista and Gnanam, 2004). CA dispersion works by 

adsorption to positively charged surfaces of negatively charged CA anions. 

Using the pKa values of CA of 3.14, 4.77 and 6.39 (Stadlober, et al., 2001) with 

the method described in (Billo, 2001) it was possible to produce an equilibrium 

diagram showing CA and its mono, di and trivalent acid salts shown in Figure 

6. This figure shows the fraction of CA and its deprotonated forms at different 

pH values and is important for an understanding the properties of CA at 

different pH. It shows that the net negative charge on the citric acid molecule 

increases with increasing pH due to deprotonation of the carboxylic acid 

groups. 

 

Figure 6: Equilibrium diagram of CA between pH 1.5 and 8 where the – sign show how many 

carboxylic acid groups of the CA have been turned into sodium carboxylate groups. 

 

2.9 Montmorillonite 

 

Montmorillonite, one of the most studied clay minerals used for formation of 

nano-composites is a thin layered silicate with high aspect ratio. It has a a 2:1 

layered structure in which an aluminum octahedral sheet lies in between two 

silicate tetrahedral sheets. The layer thickness is approximately 1 nm. In 

montmorillonite, substitution of aluminum atoms with the lower valency 

magnesium atom leads to a negative charge of the surface. The negative charge 

is balanced by adsorption of cations of the alkali or the alkaline earth metal 

groups in the van der Waals gap (van Olphen, 1950b, Cyras, et al., 2008, Mittal, 
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2011). The van der Waals gap or interlayer spacing depends on the type of 

counter-ion. The montmorillonite used in this study, Cloisite Na+ from 

Southern clay products, which is a natural montmorillonite with Na+ as counter 

ion and has a basal spacing d001 of 1.17nm (Mittal, 2011). 

It is generally accepted that composites with montmorillonite can form three 

different structures, micro-composites, intercalated nano-composite and 

exfoliated nano-composite. Montmorillonite can behave like normal micro-

composites when the individual clay platelets are kept together in stacks and are 

present as aggregates which are of micro-meter size range. This occurs when 

there is no intercalation of the polymer and or plasticizer into the clay galleries 

and change in the interlayer spacing. Intercalated nano-composites have an 

ordered structure with alternating polymer chains and clay platelets and an 

increased d-spacing due to polymer and or plasticizer diffusion into the clay 

interlayer spacing. Exfoliated nano-composites occur when the platelets are 

individually delaminated and homogeneously dispersed in the matrix. 

It is generally accepted that three types of aggregates can be formed by 

montmorillonite clays, edge-to-face, EF, edge-to-edge, EE and face-to-face, FF. 

The faces of the montmorillonite have a negatively charged surface and the 

edges are positively charged below the isoelectric point, which was reported to 

be close to pH 7 (Ramos-Tejada, et al., 2001a). Due to this difference in charge, 

there is a tendency for concentrated montmorillonite suspensions to form a 

network or house of cards structure in which the positively charged edges 

associate with the negatively charged surfaces (van Olphen, 1950a). The degree 

of aggregation of montmorillonite has been reported to be highly dependent on 

the pH and is reduced with increasing pH (van Olphen, 1950a). It was seen that 

the degree of aggregation depends on the type of exchangeable cation where 

monovalent ions were more stable towards aggregation than divalent ions (van 

Olphen, 1950a). It was also seen to depend on the ionic strength of the clay 

suspension (van Olphen, 1950b). 

It is possible to change the state of dispersion of montmorillonite by the 

adsorption of different compounds on both the faces and the edges. It has been 

reported that PEG adsorbs on the faces and can be used to intercalate the clay 

and thereby increase the interlayer distance in solid composites (Schott, 1964), 

(Schott, 1968). It was reported to work by adsorption onto the clay faces where 

it can form mono- or bi-layers (Schott, 1964). Furthermore, the adsorption was 

reported to be most effective when sufficient PEG is available to form a bi-

layer on the clay platelets (Schott, 1968). The PEG adsorbs to the clay surface 
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through entropic effects and the adsorption has been reported to be 

independent of (Billingham, et al., 1997) and dependent on the PEG molecular 

weight (Luckham and Rossi, 1999). It has also been shown that PEG can be 

used to induce the adsorption of other substances to the clay since it can 

promote other molecules to intercalate the clay galleries (Billingham, et al., 

1997). It was shown by (Johansson, et al., 2010) that addition of PEG to starch 

montmorillonite systems reduced the water vapor transmission rate, WVTR, 

more than some other investigated plasticizers. It has also been seen that the 

adsorbed PEG onto the clay platelets form a strongly constrained layer with 

very low oxygen permeability (Chaiko, 2003). With the adsorption of PEG onto 

montmorillonite surfaces, the PEG replaces the surface bound water. This 

adsorption can then prevent swelling of the clay in water (Luckham and Rossi, 

1999) which can lead to a reduction in the viscosity. It has been shown for low 

concentrations of bentonite that more aggregated clays possess a lower 

viscosity (van Olphen, 1957). This can be explained by the reduction of the 

hydrated layer and hence the effective particle volume fraction. 

It has also been shown previously that montmorillonite clays can be 

electrostatically stabilized by adsorption of anionic compounds to the edge of 

the clay platelets and that this can be used to reduce the edge to face 

aggregation which is promoted by the difference in charge (van Olphen, 1964). 

It has been suggested that the mechanism of this stabilization by the adsorption 

of ions such as humic, gallic and salicylic acid onto the edges of the clay is due 

to the change in charge of the edges shown by the zeta potential measurements 

(Ramos-Tejada, et al., 2001b, Tombácz, et al., 1999).With CA adsorption on the 

clay particles, the net negative zeta potential, has been shown to increase, and it 

increases to a more negative value with increasing pH since the net negative 

charge increases (Xia, et al., 2003). This is consistent with the results from 

particle charge measurements presented in this thesis (Olsson, et al., 2013c) 

It has been proposed that the CA plays an important role as bridge between the 

clay surface and the starch by hydrogen bonding and by increasing the 

interlayer distance rendering it more for the larger starch molecules to 

intercalate the clay structure resulting in more starch intercalation into the clay 

galleries. This was the explanation to the higher increase in the Young’s 

modulus with the CA modified montmorillonite when compared to Cloisite 

Na+ and organo-modified montmorillonite. The increase in modulus was 

shown to correlate strongly to the increase in interlayer spacing in composite 
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and is thought of as a result of higher interfacial interactions due to that more 

starch is penetrating into the structure (Majdzadeh-Ardakani, et al., 2010). 

It is important to differentiate between behavior at low and at high 

montmorillonite concentration since the behavior of the montmorillonite is 

dependent on the concentration. For montmorillonite at high concentration, 

the clay aggregation leads to the formation of a continuous gel instead of 

individual aggregates. The concentration where this occurs is reported to be 

above 3 % in water (Luckham and Rossi, 1999). At high clay concentration and 

low ionic strength, the clays have been reported to form more parallel 

structures when the edges are negatively charged (Luckham and Rossi, 1999). 

Many reports have been published regarding the effect of montmorillonite clays 

on the properties of composites formed with different polymeric matrices for 

varying clay content and different methods of preparation. The 

montmorillonite addition sometimes had no effect or even a slight negative 

effect on the barrier properties (Schuman, et al., 2005), whereas in other studies 

it improved the barrier properties (Kampeerapappun, et al., 2007, Masclaux, et 

al., 2010, Park, et al., 2002, Park, et al., 2003) and the reduction in WVTR 

increased with increasing montmorillonite content (Ali, et al., 2011). One 

explanation for these types of differences has been differences in intercalation 

of the montmorillonite (Tang, et al., 2008). In a study which examined both low 

and high montmorillonite content in composites, it was seen that the film 

transmittance was reduced with montmorillonite addition, especially at high 

montmorillonite content (20 wt%), which suggest that the montmorillonite was 

aggregated. Tensile strength measurements also indicated that the degree of 

aggregation was increased at higher montmorillonite content. However, in the 

same study there was a reduction in water vapor permeability with increasing 

montmorillonite content for agar-based composites (Rhim, 2011). This has also 

been seen for starch-poly(vinyl alcohol)-montmorillonite composites (Ali, et al., 

2011). 
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3 Paper coating: laboratory coating vs. pilot coating 

 

This section addresses the preparation of water soluble barrier dispersions and 

the process of producing a coated paper. It will not give a comprehensive 

summary of the entire coating operation but rather it will rather highlight some 

of the major differences between laboratory coated and pilot coated papers, and 

why the end result often differs. 

 

3.1 Paper coating machinery 

 

Paper coaters are complex industrial machines. They involves equipment for 

preparing the coating dispersions such as boilers and mixers, means of 

transportation, screening of large particles, a method for application of the 

coating formulation onto the paper, metering of the excess coating, drying of 

the moist coating, callandering possibilities, means of cooling and sensors 

measuring properties such as weight and moisture among others. 

 

3.1.1 Preparation of coating formulations 

 

The preparation of the coating formulation is important for barriers dispersions 

and can have a substantial effect on the dispersion properties and the end 

result. It may also be important to consider the difference in chemicals used at 

laboratory and pilot scale, in the laboratory highly pure (and expensive) 

chemicals and deionized water are traditionally used. At the pilot scale, the price 

of chemicals and water becomes a much more important factor. This result in 

differences in ionic strength and pH between the starch dispersion prepared at 

laboratory and at pilot scale. 

 

3.1.1.2 Starch gelatinization 

 

The starch used in this thesis was gelatinized in hot water at/or close to the 

boiling temperature, P≈1 atm T ≈100 °C under rigorous stirring for a given 
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period of time. At laboratory scale, the starch solutions were heated by 

immersion of glass beakers in a boiling water bath (slight loss of water from the 

solution during gelatinization). At pilot scale, the starch solutions were heated 

in a steam boiler using direct steam as the heating method (addition of water to 

the solution during gelatinization). The time for the starch to reach the 

gelatinization temperature and also the steady state gelatinization temperature 

differs between these two methods due to the difference in size of the beakers 

and the method of heating. Starch gelatinization requires both shear and 

temperature to reach completion, the shear rate and the type of stirrers were 

different in the two methods. The difference in gelatinization can for instance 

result in differences in starch molecular weight due to thermal degradation. 

 

3.1.1.3 Equipment for dispersing clay 

 

At both the laboratory scale and the pilot scale, the clay was dispersed with 

equipment built for dispersing particles. However, as previously mentioned, the 

shear rate experienced by the clay is incredibly important for the state of 

dispersion for clays. In general, the higher the shear the more the aggregates are 

broken up. It is not the average shear rate for the dispersion that is important 

but the maximum shear rate experienced close to the mixing head and also that 

there is sufficient time so that the entire suspension experiences a high shear. 

 

3.1.2 Application and metering techniques 

 

The process of adding the barrier dispersion to the paper differs significantly 

between laboratory and pilot coated papers. For draw down laboratory 

coatings, the coatings are applied to the paper with a pipette whereas in the 

pilot scale, the coatings were applied by a roll applicator. The difference in 

application can result in different dispersion viscosity and differences in the 

amount of foam present in the coating formulation. It also affect the time 

before the coating is metered which affects the coating hold out .In the 

laboratory scale draw down coating, the coated paper is metered with a wire 

wound rod, moving at 7 m/min forming a volumetric addition with a rod 

pattern whereas in the pilot scale, the coating was metered with a blade (Soft 

tip) at 500 m/min which gives a fairly smooth addition but also results in some 
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compression of the base paper. This results in slightly different pattern of the 

coat weight variation between hills and low regions on the paper. Another 

major difference is the high shear experienced beneath the blade, which is not 

present in the laboratory coater. This difference in shear can lead to difference 

in orientation and particle aggregation between laboratory and pilot scale. 

 

3.1.3 Drying 

 

There is a major difference between drying characteristics in laboratory scale 

and pilot scale coatings. In the laboratory, the papers are oven dried one at a 

time for a time period of 90 s at relatively low temperature (often 105 °C) 

whereas on the pilot coater the papers experience high IR energy output 

followed by hot air dryers, making this drying time incredibly fast in 

comparison (≈1s). These differences in drying can lead to structural differences 

in the materials. The difference in drying speed can also result in a difference in 

coating hold out. 
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4 Analysis methods 

 

4.1 Water 

 

It has been described in great detail in previous sections of this thesis but 

nevertheless needs to be stressed again. Good barrier properties against both 

liquid water and water vapor are of utmost importance and a well-known 

problem area for starch based barrier materials. 

 

4.1.1 Water vapor transmission rate 

 

The water vapor transmission rate, WVTR for the coated papers was measured 

according to either the gravimetric dish method (ISO 2528) using silica gel as 

desiccant or by the dynamic sweep method using a Mocon Permatran-W 3/33 

(MOCON, Inc. Minneapolis, USA) according to ISO 9932:1990(E). In both 

these methods, there is a moisture gradient in the coated paper which is due to 

the difference in RH on the two sides of the coated paper, the coated side is 

experiencing the highest RH. 

 

4.1.2 Moisture content and moisture uptake 

 

Both the moisture content of the thermoplastic starch coatings and the water 

diffusion coefficient are important for the barrier properties since the 

permeability depends on both the solubility and the diffusion coefficient 

according to Equation 3. 

The moisture content of the films were measured by equilibrating the film 

samples at a given temperature and RH and by recording the weight of the 

sample. After this, the dry weight was measured by drying the samples in an 

oven at 105 °C for 1 h (small film fragments) or overnight (whole films) and 

measuring the weight. For 23 °C and 50 % RH, the samples were equilibrated 

in a climate room for at least 72 hours. For all other RH, the samples were 

equilibrated within the Controlled Moisture Generator. 
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For the moisture sorption, which can be used to calculate the diffusion 

coefficient (Barrier properties: Permeability 2.5.3), a Controlled Moisture 

Generator, CMG (TJT-Teknik AB, Järfälla, Sweden) was used. The weight of 

the sample was recorded on an analytical balance. The temperature inside the 

chamber was set to 23 °C. The chamber conditions were monitored every 

minute during the testing sequence. Before the moisture sorption trials were 

performed, the TPS films were conditioned in a room with controlled 

temperature and RH conditions (23 °C and ~25% RH) for at least 3 days 

 

4.1.3 Water absorption 

 

The water absorptiveness was measured by the Cobb method according to ISO 

535:1991 (E). In this method, the Cobb value, i.e. the amount water absorbed 

in g/m2 is determined gravimetrically by much water is taken up for a specified 

period of time when a water pressure of 10 mm is applied. 

 

4.1.4 Gel content 

 

The solubility of a polymeric material in a good solvent is one method which 

can be used to determine the degree of cross-linking of a material. The gel 

content is the amount of the material which is sufficiently cross-linked to 

oppose dissolving (Larson, 1999). The gel content measurement was performed 

by immersing a small piece of starch material in excess of solvent and allowing 

it to dissolve for a given period of time at a given temperature. The higher the 

temperature, the shorter the time needed. The gel content was measured 

gravimetrically as the amount of the film that did not pass through a stainless 

steel mesh (Tyler mesh 30). In this thesis, the solvent used was concentrated 

formic acid according to (Reddy and Yang, 2010) since this gave better 

differentiation than water. 

 

4.2 Grease and non-polar liquids 

 

Four different methods for examining the grease resistance and void in the 

coating layer were performed. 
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4.2.1 KIT 

 

The KIT test was performed according to TAPPI 559. In this method, single 

drops are applied on the surface and it is registered if they penetrate the coating 

layer in a period of 15 s or not. The liquids used are castor oil, toluene heptane 

and mixtures thereof. The higher the number of the liquid in the KIT test, the 

lower the viscosity and hence easier penetration, the test maximum value is 12. 

 

4.2.2 Pinholes 

 

The pinholes test is based on the penetration into the base paper with a colored 

(red) low viscosity, non-polar test liquid. In this method, the test liquid is 

applied with a brush over an area of at least 2 dm2. The excess of the test liquid 

is removed 15 s after application with tissue paper and a visual observation of 

the amount of the test liquid penetrating the barrier coating is performed. The 

result is scaled from 4 to 0 where 4 is no test liquid hold out, 3 is more than 100 

visible pinholes, 2 is 50 to 100 visible pinholes, 1 is 1-50 pinholes and 0 is no 

visible pinholes. 

 

4.2.3 Grease resistance 

 

The grease resistance was performed according to TAPPI T 454. In this 

method, the time for penetration of colored (red) turpentine oil through the 

paper is measured. The turpentine oil was applied to the coated side. 

 

4.2.4 Cobb-Unger 

 

Cobb-Unger was performed according to SCAN-P 37. This method is based on 

the same principles as the Cobb test, but using oil instead of water. In this 

method, the weight difference, before and after the oil is put on the paper is 

measured. 
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4.3 Air permeance 

 

Air permeance is generally measured by air leakage instruments which measure 

the air flow through a defined area caused by a defined difference in pressure 

between the two sides of the paper. This was performed according to either of 

two standardized methods. Tests according to SCAN P-26:78 were performed 

with Air Permeance Tester SE168 low range from Lorentzen and Wettre AB 

Stockholm Sweden and tests according to ISO 5636-3 were performed with a 

Bendtsen Tester 114 from Lorenzen and Wettre AB Stockholm Sweden. 

 

4.4 Oxygen transmission 

 

The oxygen transmission rate, OTR, for the coated papers was measured 

according to ASTM D3985-05 by a Mocon® OxTran® oxygen transmission 

rate tester, (Mocon Inc., Minneapolis, MA, USA). In this method, there are two 

chambers separated by the barrier material to be tested. The temperature and 

RH is controlled and kept constant on both sides of the barrier material to be 

tested. Oxygen gas or air is applied to the chamber on one side of the material, 

nitrogen gas is applied on the other side of the material and this gas is routed 

past a sensor detecting the occurrence of oxygen. The driving force in this 

method is the difference in oxygen concentration between the two sides of the 

material. 

 

4.5 Glass transition temperature by modulated differential scanning 

calorimetry 

 

Differential scanning calorimetry, DSC, is an analysis method measuring the 

heat flow in materials as a function of time and temperature. DSC can be used 

to study any structural transition such as first order transitions (e.g. 

crystallization and melting) and second order transitions (e.g. glass transition). 

Modulated DSC, MDSC, is a modification of conventional DSC incorporating 

an oscillating time temperature wave on top of an underlying heating rate. This 

makes it possible to split the heat signal into reversible and irreversible heat 
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transfer signals making it possible to separate phenomena with different 

characteristics that overlap in temperature (Giron, 1995). The glass transition 

temperature is seen as a characteristic bend in the DSC curve, or as a 

characteristic bend in the reversible heat flow MDSC. 

The glass transition temperature, Tg, of starch films was measured by 

modulated differential scanning calorimetric, MDSC on a TA system DSC 

Q2000 (TA Instruments, New Castle, USA). The inflection point in the 

reversible heat flow curve was taken as the glass transition temperature, Tg. 

 

4.6 Molecular Weight determination by Size Exclusion Chromatography 

 

Size exclusion chromatography, SEC is a separation method which separates 

polymers and molecules in solution based on their size. In this method, the 

solution passes through a porous particle bed. The pore volume inside the 

particles and the void volume between the particles is the total volume. Based 

on the size difference of molecules and polymers in solution, they can penetrate 

different amounts of the pores in the bed. Very large molecules cannot 

penetrate into any of the pores and hence only have access to the void volume 

between the particles thus transit straight through the bed. Small molecules can 

penetrate all of the pores and experience a larger volume and hence take a 

longer time to pass through the bed. 

After the SEC column, the system is equipped with different detectors which 

either measure online or on fractionates of the solution. In this thesis, two 

different systems were used: 

System 1: Multiangle laser light scattering + refractive index  

System 2: Carbohydrate analysis (phenol-sulfuric acid method) + Iodine 

staining 

 

4.6.1 Multiangle laser light scattering and refractive index 

 

Measures the molecular weight online with the principle of multi-angle laser 

light scattering and the concentration in the solution based on the refractive 

index described in more detail in (Andersson, et al., 2009). 
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4.6.2 Carbohydrate analysis 

 

Measures the carbohydrate content with the phenol sulphuric acid method 

(DuBois, et al., 1956). Using this method, it is possible to accurately determine 

the amount of carbohydrates because of their color reaction with phenol and 

sulphuric acid. 

 

4.6.3 Iodine staining 

 

Iodine staining was performed according to (Morrison and Laignelet, 1983). A 

mixture of I2 and KI was added to a fraction of starch and left to react for 15 

min. The sample was subsequently analyzed with a spectrophotometer between 

300 nm and 800 nm in order to determine the wavelength of maximum 

adsorption λmax. This method is able to detect the occurrence of amylose and 

amylopectin, since their maximum adsorption occurs at different wave lengths. 

It can also detect differences in chain length due to the shift in the λmax. 

 

4.6.4 Cross-linking determination and breaking of cross-links 

 

The starch solutions for the SEC were prepared by two different strategies. The 

first was to dissolve all the thermoplastic starch material by immersing it in 0.1 

M NaOH. This procedure breaks the starch-CA ester bonds and thus can be 

used to study the effect of hydrolysis on the starch. The other strategy involved 

partial dissolving of the starch films in water. This mechanism does not break 

the starch-CA ester bonds but only a fraction of the film is dissolved. This 

water soluble fraction is divided into two species, one where the molecular 

weight is analyzed directly with SEC and one which is subjected to 0.1 M 

NaOH to break the starch-CA ester bonds and subsequently analyzed with 

SEC. The difference in molecular weight is due to cross-linking. 

 

4.7 Detection of cross-linking by complexometric titration 

 

CA forms stable complexes almost instantaneously with copper (II)-ions in a 

stoichiometric copper (II):CA ratio of 1:1. Free copper ions in solutions form 

color complexes with metal indicators such as murexide which makes it 

possible to detect the amount of CA by visual observation of simple end point 

titration since the endpoint is sharp (Graffman.G, et al., 1974). It has previously 
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been shown that this method can be used to determine the citrate ester 

substitution in starch (Klaushofer, et al., 1979). It was also seen that asymmetric 

CA mono-methyl esters also form similar complexes and react like free CA. 

Thus, copper titration will detect free CA, as well as asymmetrically mono-

esterified CA (Klaushofer and Bleier, 1983). Based on this, a modification in the 

method was performed in (Menzel, et al., 2013) whereby it was carried out as 

two independent titrations on the starch films. In one titration, the cross-

linkages in starch film samples were hydrolyzed with KOH to measure the total 

amount of CA, including free and esterified CA. In a second titration, the 

water-swollen films were titrated directly to measure free plus mono-esterified 

CA. This made it possible to quantify the amount of CA di-esters. Tri-esters 

have previously been shown to be very unlikely due to steric reasons 

(Klaushofer and Bleier, 1982). The difference in the yield of CA titration 

between the hydrolyzed and non-hydrolyzed CA measurements was then 

calculated. The degree of di-esterification, DDE, of starch was calculated by 

equation 12:  

    
                   

           
   (12)  

where mCA is the amount of CA added (5, 10, 20, or 30 g), wdiester is the weight 

fraction of CA taking part in a diester linkage given as a percentage, 2 is a factor 

to reflect that two anhydroglucose units are esterified by one CA molecule, 

MAGU is the molar mass of one anhydroglucose unit (162 g/mol), MCA is the 

molar mass of CA (192 g/mol), and mstarch is the amount of starch in the CA-

containing film (100 g). DDE is defined as the number of anhydroglucose units 

in the starch chain that is di-esterified by CA. 

 

4.8 Rheology 

 

The rheological measurements were performed on a controlled strain (Paar 

Physica, MCR 300, Graz, Austria) rheometer. The rotational flow curve 

measurements were performed with a concentric cylinder measuring system 

(CC17) from low to high shear in the shear rate region from1 to 4000 s-1. 
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4.9 Particle charge 

 

The particle charge determination was performed on a Particle Charge 

Detector, PCD 03 (MÜTEK, Herrsching, Germany) whereby the streaming 

potential was measured. The clay suspensions with and without CA or its 

trivalent sodium salt as dispersing agent were diluted to 0.034 % solids content 

with deionized water. HCl was used for pH adjustments. The potential was 

measured after equilibrating for 5 min. 

 

4.10 Clay swelling 

 

Polarized attenuated total reflection,-Fourier transform infra red, ATR-FTIR, 

spectra using a diamond crystal were recorded on the coated paper using a 

FTIR-Nexus from thermo scientific Nicolet (Resolution 4 cm-1, accumulation 

of 32 scans) with the aim to investigate clay swelling. 

For layered silicates, the silicon-oxygen stretching band give rise to a complex 

spectra with strongly absorbing owerlapping bands in the region around 1000-

1100 cm-1 which can be studied both with transmission and reflectance FTIR 

(Díez, et al., 2012, Katti and Katti, 2006). There are four major peaks in this 

area. Peak I, Peak III and Peak IV corresponds to the basal oxygens of the Si-O 

tetrahedral linkages and are hence oriented in the direction of the clay layer, 

whereas Peak II arises from Si-O bonds directed towards the octahedrally 

coordinated aluminum ions in the centre of the clay layer and are hence 

perpendicular to the clay layer (Cole, 2008) and has been attributed to miss-

orientation between clay platelets within clay stacks (Katti and Katti, 2006) 

which was shown to be increased with increased swelling (Katti and Katti, 

2006). Also the ration between Peak III and Peak IV can be used to determine 

the interlayer distance and it has been shown that when the ratio of Peak III to 

Peak IV increases, the interlayer distance increases (Cole, 2008), which was 

found to be due to the increase in the intensity of Peak III with higher 

intercallation or exfoliation (Tzavalas and Gregoriou, 2009) or swelling (Katti 

and Katti, 2006). 
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5 Summary of papers 

 

5.1 Paper I: 

 

In this paper, the effect of different amounts of CA (0-30 pph), and curing 

temperatures (no curing, 105 °C and 150 °C) on the moisture content, diffusion 

coefficient and water vapor permeability are studied. A comparison with 30 pph 

glycerol, one of the most studied plasticizers for thermoplastic starch and 

glycerol CA co-plasticized starch is also performed. This paper mainly deals 

with dynamic moisture sorption with a Controlled Moisture Generator, CMG, 

(TJT-Tekink AB, Järfälla, Sweden) allowing the permeability to be calculated 

from diffusion and solubility. The validity of the results are validated from a 

comparison with moisture gradient diffusion on a Mocon Permatran-W 3/33 

(MOCON, Inc. , Mineapolis USA) according to ISO 9932:1990(E). All 

measurements were performed at the same temperature, 23 °C. 

The moisture content of the free films at the different RH was extracted as the 

equilibrium level after each increase in RH. Moisture content-CA content 

diagrams were produced for all the curing temperatures. Figure 7 shows this 

diagram for non-cured films. From this, it was possible to see how the CA and 

curing affected the moisture content at equilibrium, and an intersection line was 

produced suggesting one and two phase behavior according to (Godbillot, et 

al., 2006). The intersect with the x-axis can be used to calculate sufficient 

amount of CA to interact with all the hydroxyl groups of starch, and it was seen 

to be approximately 14 pph for the non-cured starch films. It highlights that a 

small CA addition (left of the intersection line) reduces the moisture content at 

all RH levels, suggesting a competition between CA and water for the 

interaction with the hydroxyl groups of starch. For large CA addition (to the 

right of the intersection line), the moisture content most likely depends on the 

moisture content behavior of two phases. The CA rich phase should have lower 

moisture content than the starch rich phase, up to at least 70 % RH, which was 

consistent with the moisture uptake of pure anhydrous CA crystals, data not 

shown. With increasing curing temperature up to 105 °C, it was seen that the 

slope of the intersection line changed and that the amount of CA needed to 

saturate the hydroxyl groups increased. This was explained by the possibility of 

CA to react with starch forming an ester-bond reducing the “free” CA 

molecules. 
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Figure 7: Equilibrium moisture content at 23 °C in CA-plasticized films dried at 70 °C vs. 

amount of CA at different ambient RHs. The thick solid line (intersection line) indicates the 

boundary between single-phase and two-phase behavior. 

The diffusion coefficient was extracted from the rate at which the weight 

increased in the films when the RH was increased. Two different analytical 

solutions to the diffusion equation presented in 2.5.3 (Equation 8 and Equation 

9) were compared statistically using the F-test and the difference in behavior 

was discussed, the results are shown in Figure 8. Equation 8 used the initial 

uptake and Equation 9 used the final uptake and both should theoretically yield 

the same result. However it was seen that in certain regions of the phase 

diagram (Figure 7), the results did not coincide. This was explained by 

brittleness or adsorption at low RH and slow processes at high RH such as 

reorganization, polymer relaxation or water clustering. The results showed that 

an increase in the amount of CA significantly reduced the diffusion coefficient 

of water at all RH studied. It was also demonstrated that curing affected the 

diffusion coefficient significantly and that high temperature curing, which 

suggests cross-linking, had the potential to reduce the diffusion at high RH. 
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Figure 8: Diffusion coefficient at 23 °C for TPS with different amount of CA dried at 70 °C 

without subsequent curing, calculated by method 1* and method 2* at different RHs. 

From the moisture content and the diffusion coefficient, the water vapor 

permeability, WVP, was calculated according to Equation 3. This showed that 

the addition of CA greatly reduces the WVP, since it reduces both the diffusion 

coefficient and the moisture content at equilibrium. This was validated against 

direct permeability measurement and it showed good correlation and that the 

WVP from diffusion and solubility measurements can be used to find the 

potential of the material. 

 

5.2 Paper II: 

 

In Paper I, it was shown that CA could be used to reduce the water vapor 

permeability of the starch films, and that high temperature curing could be used 

to reduce the water vapor transmission at high RH suggesting excessive cross-

linking of the starch. This work strived to understand how the barrier 

properties presented in Paper I originated. A number of different analyses were 

therefore performed upon both the starch films and on dissolved samples of 

the films. The most important findings were about the starch hydrolysis and 

cross-linking. 
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By dissolving the samples in NaOH, it was possible to study the hydrolysis 

caused by the low pH (1.9 to 2.5 depending on the CA concentration) in the 

starch solutions during preparation by determining the starch molecular weight 

with size exclusion chromatography, SEC. Table 1 clearly shows that the 

hydrolysis was dependent on both the CA concentration and the curing 

temperature, 150 °C curing led to a distinct reduction in the weight-average 

molecular weight, MW, for all films containing CA. These results were deemed 

remarkable as the films had been pre-dried before curing and hence should 

contain only minor amount of water, which is considered to be of utmost 

importance for acidolysis. 

Table 1: MW of non-cured and cured (105 °C, 150 °C) starch films with and without CA 

Sample / 

Curing 

MW [106 g/ mol] in NaOH 

Non-cured 105°C 150°C  

CA0 9.0 ± 0.37 9.9 ± 0.03 9.5 ± 0.14 

CA5 7.4 ± 0.27 6.7 ± 0.08 3.4 ± 0.12 

CA10 8.4 ± 0.26 5.5 ± 0.61 1.8 ± 0.02 

CA20 6.6 ± 2.13 7.4 ± 0.02 1.5 ± 0.02 

CA30 6.1 ± 0.08 5.8 ± 0.05 0.2 ± 0.01 

 

In this article, a new method to detect cross-linking by molecular weight 

measurements and a modification of a method using complexometric copper 

(II)-sulfate enabling CA-diester determination is described. This enables the 

cross-linking to be detected by actual changes in molecular weight as in Table 2 

and also the starch CA di-esterification reaction to be quantified as shown in 

Figure 9. To the best of our knowledge, this is the first time CA-cross-linking 

of starch has been shown to occur at temperatures as low as 70 °C. 

Table 2: MW of water-soluble starch before (water) and after subsequent de-esterification with 

NaOH (PlusNaOH) 

Sample Water soluble MW [106 g/mol]a 

 Non-cured 105 °C 150 °C 

 water PlusNaOH Water PlusNaOH water PlusNaOH 

CA0 9.9 ± 0.19 9.6 ± 0.05 9.9 ± 0.20 9.8 ± 0.22 9.2 ± 0.76 8.9 ± 0.78 

CA5 8.3 ± 0.99 6.1 ± 0.27 6.5 ± 0.09 5.2 ± 0.42 5.1 ± 0.05 2.2 ± 0.07 

CA10 7.4 ± 0.54 5.9 ± 1.05 7.3 ± 0.85 6.2 ± 0.19 6.1 ± 0.05 5.0 ± 0.54 

CA20 3.9 ± 0.01 3.3 ± 0.39 4.1 ± 0.43 3.1 ± 0.43 1.8 ± 0.44 0.31 ± 0.44 

CA30 0.41 ± 0.11 0.33 ± 0.01 0.27 ± 0.01 0.22 ± 0.02 0.42 ± 0.12  0.13 ± 0.12 

a mean value of duplicates ± standard deviation 



 

55 
 

 

 

Figure 9: Degree of di-esterification (DDE according to equation 1) of non-cured and cured 

(105 °C, 150 °C) CA-containing starch films (error bars represent standard deviation of 

triplicates) 

In this article, it was seen that there are two competing reactions in the starch, 

cross-linking which increases the Mw and hydrolysis that reduces the Mw. It 

was seen that both these reactions are favored at high curing temperature and 

high CA content. In this article, it was difficult to draw any clear conclusions 

how cross-linking and hydrolysis of the starch affects the barrier properties 

since both reactions were affected by the same parameters, CA content and 

temperature. 

 

5.3 Paper III: 

 

In this article, the connection between barrier properties and the starch 

molecular properties are further investigated. Low pH can be very problematic 

for industrial paper coating applications due to corrosion issues. The hydrolysis 

shown for the starch in paper II has also been known to reduce the barrier 

properties. In paper II, it was seen that the reactions was strongly dependent on 
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the CA concentration and that 30 pph CA gave a high cross-linking and 

hydrolysis. Therefore this amount of CA was used when the effect of pH was 

investigated. 

From the studies here, it is seen that both the di-esterification cross-linking 

reaction shown in Figure 10 and the MW reduction due to hydrolysis shown in 

Table 3, are both reduced by an increase in pH. However it can be seen that the 

hydrolysis is reduced to a further extent than the cross-linking reaction. There is 

no clear hydrolysis at pH≥3 for the non-cured samples, at pH≥4 for the 105 °C 

cured samples and at pH≥5 for the 150 °C samples. For the di-esterification 

cross-linking reaction however, it is evident that the reaction occurs at a pH as 

high as 6.5 for films that has only been dried at 70 °C without curing. 

 

Figure 10: Degree of di-esterification of starch films containing 30pph CA prepared at 

different pH values and curing temperatures, non-cured (white) and cured (105 °C – light grey 

and 150 °C –grey). (mean value of triplicates, error bars indicate standard deviation). 
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Table 3: Weight-average molecular weight (MW) de-esterfied starch molecules in cured and 

non-cured starch films produced at different pH values of starch-containing solution. Error 

limits indicate standard deviation based on duplicates. 

Curing 

MW [106 g/ mol] in NaOH 

pH 2 pH 3 pH 4  pH 5 pH 6.5 

non-cured 6.1 ± 0.08   8.7 ± 1.18  9.2 ± 0.53 8.5 ± 1.12 9.7 ± 0.42 

105 °C 5.8 ± 0.05 8.1 ± 0.76 9.1 ± 0.16 8.8 ± 1.15 9.4 ± 0.27 

150 °C ° 0.2 ± 0.01 3.9 ± 0.14 4.8 ± 0.75  8.3 ± 0.93 9.5 ± 0.36 

 

Some notable trends can be observed when examining the barrier properties 

shown in Table 4. The WVTR decreased with increased drying temperature and 

experiences a minimum around pH 4 for all the drying temperatures. This 

correlates well to that the point where almost no hydrolysis occurs, but where 

there is still high cross-linking. It is somewhat harder to draw any clear 

conclusions regarding the OTR due to the higher scatter, but it is clear that it is 

possible to achieve oxygen barrier at all the pH levels and drying temperatures 

measured. There is however an indication that the highest pH value, 6.5 does 

not have as good oxygen barrier as the other pH values examined, this is 

particularly evident when the OTR at higher RH is examined. 
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Table 4: Coat wt, WVTR (cup method) and OTR at different RH for coatings with different 

pH and different drying temperatures. Error limits indicate standard deviation based on 

triplicates. For OTR, measurements performed in duplicate, both measurements are indicated. 

Drying 

Property Coat wt (g/m2), WVTR (g/m2 24h) OTR (ml/ m2 24 h) 

pH 2 pH 3 pH 4 pH 5 pH 6.5 

70 °C 

Coat wt 

WVTR 

OTR 50 

18.1±0.7 

28.7±1.7 

7/8 

17.3±0.1 

26.2±1.2 

 

16.1±0.6 

25.5±2.9 

7/49 

16.8±1.2 

27.1±0.5 

 

18.5±1.4 

41.4±3.2 

40/200 

105 °C  

Coat wt 

WVTR 

OTR 50  

OTR 70  

OTR 80 

15.9±0.7 

25.8±2.0 

3/6 

12/13 

56/60 

15.5±0.5 

22.5±0.5 

5/8 

 

 

16.6±1.1 

20.3±2.1 

5/35 

7/9 

48/51 

16.4±0.5 

20.3±2.9 

6/140 

 

 

16.8±0.8 

33.3±1.8 

3/100 

560/880 

500/690 

150 °C 

Coat wt 

WVTR 

OTR 50 

14.8 0.28 

20.0±0.9 

3/7 

14.7±0.56 

17.9±0.7 

 

15.4±0.8 

15.6±1.7 

3/6 

15.0±0.4 

17.6±3.0 

 

15.1±0.1 

30.1±0.6 

2/6 

 

 

5.4 Paper IV: 

 

This paper deals with the polymer-matrix water barrier properties for starch 

without plasticizer, with PEG as a plasticizer and with CA as a potential 

plasticizer and how the barrier properties of a starch-montmorillonite-

nanocomposite are affected by the choice of plasticizer and small amount of 

CA at different pH as dispersant of the montmorillonite.  

The WVTR of the starch based coatings, Table 5, can be substantially decreased 

by the incorporation of plasticizers. The addition of PEG to the starch coating 

gives a slight reduction in the WVTR, whereas CA gives a substantial decrease 

in the permeability of the starch polymer matrix, comparable to the WVTR 

seen when incorporating montmorillonite. This has been attributed to the CA-

starch cross-linking (Olsson, et al., 2013b). When montmorillonite is 

incorporated into the coating, there is a notable reduction in the normalized 
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WVTR for the starch plasticized with PEG. Conversely the reduction is smaller 

in the starch without added plasticizer and there is no further improvement in 

the normalized WVTR for the CA plasticized starch with the incorporation of 

montmorillonite. There is also an indication that a small addition of CA or 

3NaCA (which is the sodium salt of CA) seem to have the potential to further 

decrease the WVTR of PEG plasticized starch. 

Table 5: WVTR, Coat wt, normalized WVTR and tortuosity factor for coating formulations 

with or without montmorillonite with standard deviation based on triplicate. 

Plasticizer 

Clay 

(pph) Dispersant 

WVTR 

(g/m2 24 h) 

Coat wt 

(g/m2) 

nWVTR 

(g/m2 24 h) 

Tortuosity 

factor 

No 

plasticizer 0 No dispersant 104.7±2.28 11.0±0.10 115.1±2.7  

PEG 0 No dispersant 85.6±2.15 12.1±1.21 103.3±10.7  

CA 0 No dispersant 21.2±0.11 11.7±0.55 24.8±3.7  

No 

plasticizer 30 No dispersant 87.7±3.10 7.4±0.57 64.6±5.5 1.6±0.14 

PEG 30 No dispersant 37.5±3.23 5.6±0.46 20.9±2.5 4.4±0.70 

PEG 30 CA 34.5±1.93 5.0±0.38 17.3±1.6 5.4±0.54 

PEG 30 3NaCA 34.7±4.13 6.1±1.00 21.0±4.3 4.4±1.10 

CA pH 4 30 No dispersant 39.1±4.58 6.1±1.73 23.8±7.3 0.9±0.29 

 

The difference in the change in normalized WVTR upon the montmorillonite 

addition can be explained by differences in aggregate volume fraction deduced 

from rheological measurements evaluated by both differences in Bingham 

Yield, Hunter floc theory (Equation 1) and differences in plastic viscosity, 

Krieger Dougherthy (Equation 2), as seen in Table 6, this is only valid if the 

volume fraction of the particles are constant for these different “plasticizers” 

and dispersants. Both methods show that the volume fraction of aggregates is 

lower in the PEG plasticized starch, than in the starch without added plasticizer 

or the CA plasticized starch. 

Table 6: Bingham yield value and plastic viscosity for the starch- and montmorillonite-

containing coating formulations with standard deviation based in duplicate. 

Plasticizer Dispersant τB ηpl 

No plasticizer No dispersant 105.3±1.88 0.103±0.0006 

PEG No dispersant 56.0±2.12 0.046±0.0008 

PEG CA 46.5±0.87 0.041±0.00002 

PEG 3NaCA 43.1±0.56 0.043±0.0004 

CA No dispersant 88.9±2.07 0.098±0.0006 
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The reduction in both Bingham yield and plastic viscosity with the small 

addition of CA or 3NaCA could be explained by adsorption of negatively 

charged CA anions onto the positively charged montmorillonite edges. The 

adsorption was indicated by the increase in the net negative charge of the 

montmorillonite particles, shown in Figure 11. A much larger addition of CA 

however, as when used as plasticizer would result in a much higher ionic 

strength and this is a possible explanation of why large amounts of CA would 

increases the volume fraction of aggregates suggested from both Bingham Yield 

and Plastic viscosity. It was also seen how the viscosity of the montmorillonite 

containing coating formulations could be reduced by the addition of small 

amounts of CA or 3NaCA as dispersants and that the PEG plasticized coating 

formulations were more shear thinning than those without plasticizer or with 

CA as a potential plasticizer. 

 

Figure 11: Charge potential for the clay dispersions with or without added dispersants. 

It was also seen with ATR-FTIR, figure 12, that the addition of PEG, 

diminishes the out of plane oriented peak, Peak II at 1080 cm-1 which could be 

attributed to reduced clay swelling. 
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Figure 12: % Reflectance spectra in the 750-1250 cm-1 wave number region for starch-

montmorillonite coatings with or without added plasticizers, Pla, and dispersants, Dis. 

 

5.5 Paper V: 

 

Paper V is a continuation of paper IV. It is a comparative study of a pilot trial 

using the most promising candidate seen in paper IV with commercial latex 

based barrier dispersions where air permeability, grease barrier oxygen barrier 

and water vapor barrier properties are compared between the starch containing 

formulation and two commercial references for two papers with completely 

different properties. The different materials produced are presented in Table 7. 

Also, a comparison between the pilot coated starch based formulation and the 

laboratory coated sample containing the same recipe is performed regarding the 

clay intercalation/exfoliation with ATR-FTIR. The starch-based barrier 

coatings are also PE-laminated in order to examine whether it was possible to 

produce a material with low OTR. 
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Table 7: The pilot coated samples and their coat weight. 

Sample Recipe Base 

paper 

Coat weight 

layer 1 

(g/m2) 

Coat weight 

layer 2 

(g/m2) 

Coat weight 

layer 3 

(g/m2) 

Total coat 

weight 

(g/m2) 

GP  GP    0.0 

GPS1 Starch GP 1.2   1.2 

GPS2 Starch GP 1.2 1.8  3.0 

LPB Starch LPB     0.0 

LPBS1 Starch LPB  3.8   3.8 

LPBS2 Starch LPB  3.8 3.3  7.1 

LPBS3 Starch LPB  3.8 3.3 2.0 9.1 

GPP1 latex/P GP 3.4   3.4 

GPP2 latex/P GP 3.4 2.2  5.6 

GPP(W) latex/P GP 3.7   3.7 

GPPW latex/P + 
latex/W 

GP 3.7 3.4  7.1 

LPBP1 latex/P LPB  5   5 

LPBP2 latex/P LPB  5 7  12 

LPBP(W) latex/P LPB  7   7 

LPBPW latex/P + 
latex/W 

LPB  7 7  14 

 

Looking at the barrier properties for these samples in Table 8, it is seen that the 

resistance towards non polar liquids and air permeance is at the maximum value 

for the GP paper. For the LPB, it is seen that the starch based coating reaches a 

perfect score for the non-polar liquids whereas the latex based dispersion can 

give both a very high and very low score for the same double coated sample 

that is compared depending on the method. The pinholes method identified 

some kind of inherent weakness for these samples. It is also worth noting that 

none of the coated materials managed to reduce the Air permeance, according 

to SCAN-P 26 to 0 for the LPB. The WVTR results show that the starch based 

formulation is more sensitive towards water than the commercial references, 

and that the BIM 8870 containing wax gave the best water vapor barrier among 

these formulations. 
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Table 8: Fat resistance, pinholes, air permeance and water vapor transmission rate. 

Sample 
Fat resistance 

TAPPI T 454, 

Seconds 

Pinholes 

Scale 0-4 

Air 

permeance 

SCAN-P 26 

nm/(Pa*s) 

WWTR 

MOCON 

23°, 50% RH, 

g/m2 24h 

GP >1800 0 0 115 

GPS1 >1800 0 0 86 

GPS2 >1800 0 0 72 

LPB 0 4 >65 3033 

LPBS1 120 3 >65 800 

LPBS2 1055 1 1.9 232 

LPBS3 >1800 0 0.3 105 

GPP1 >1800 0 0 43 

GPP2 >1800 0 0 38 

GPP(W) >1800 0 0 34 

GPPW >1800 0 0 13 

LPBP1 280 4 12 265 

LPBP2 >1800 4 0.02 48 

LPBP(W) 680 - 5.21 246 

LPBPW 1400 4 0.01 16 

 

Looking at the OTR for the most promising formulations in Table 9, it is seen 

that it is possible to reach an OTR under 100 ml/(m2 * 24 h) with only 3 g/m2 

on a GP paper, but the high scatter seen with this paper suggest the occurrence 

of few but relatively large pinholes, as seen on SEM pictures. It is seen 

however, that the OTR can be reduced substantially reaching levels around 10 

ml/(m2 * 24 h) by addition of a PE-layer by extrusion. The PE-layer in itself is a 

poor oxygen barrier, but it seems that it can give synergistic effects by sealing 

the pinholes present in the starch coating. 

Table 9: Transmission of water vapor and oxygen 

Sample OTR 

23°, 50% RH, ml/(m2 * 24h) 

PE-Extruded OTR 

23°, 50% RH, ml/(m2 * 24h) 

GPS2 74+>1000+208+411 15+2 

LPBS3 >1000+>1000 581 +700  

 

It was also shown that the ration between Peak III and Peak IV, increased for 

the pilot coated sample compared to the laboratory coated, Figure 13, which 

indicates that there is a larger interlayer distance in the pilot coated sample 

compared to the laboratory coated sample. 
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Figure 13 % Reflectance spectra in the 750-1250 cm-1 wave number region for laboratory and 
pilot coated GP paper with the same coating recipe.  
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6 Conclusions 

 

The addition of CA to starch based films can reduce both the moisture 

solubility and diffusion coefficient substantially and can hence reduce the 

WVTR of starch based coatings, especially when large amounts of CA was 

added. 

A large fraction of CA to starch films was seen to increase the reaction rate for 

the two reactions studied closely in this thesis, cross-linking and hydrolysis 

which both are catalyzed by acidic conditions. One new method for detecting 

changes in molecular weight due to cross-linking was developed. Cross-linking 

was shown to occur even at low temperatures, 70 °C and at pH up to 6.5 and 

hydrolysis was shown to occur even in pre-dried films at high temperature 

≤105 °C. 

Sufficient cross-linking without excessive hydrolysis was shown to be the key 

for the enhanced barrier properties. A process window, where hydrolysis was 

almost completely eliminated but where cross-linking still occurred was found, 

and it was seen that the WVTR experienced a minimum around pH 4 where 

hydrolysis was effectively hindered and cross-linking still occurred to a fairly 

large extent. 

Starch nano-composites were produced by incorporating montmorillonite, to 

the barrier dispersion to improve the barrier properties. It was seen that the 

suspension viscosity was reduced and the shear thinning was increased by 

poly(ethylene glycol) and citrate ion adsorption on the montmorillonite 

particles. However only if the amount of citrate anions was low, which was 

explained by high ionic strength at high CA concentration. Also, a tendency for 

improved barrier properties with reduced aggregate volume fraction deduced 

from rheological measurements and reduced clay swelling from ATR-FTIR was 

observed. It was also seen that up scaling this formulation to pilot scale, 

500m/min on a 0.6m wide reel was possible and that promising results were 

achieved. Also, a synergistic effect regarding OTR was achieved when the 

papers were PE-extruded. 
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8 List of abbreviations 

 

Abbreviation Word 

aw  Water activity 

ATR  Polarized attenuat total reflectance 

C   Concentration  

CA  Citric acid 

CMG  Controlled moisture generator 

CPVC  Critical pigment volume concentration 

DDE  Degree of diesterification 

D   Diffusion coefficient 

DC0   Diffusivity at zero penetrant concentration 

EL   Energy to break up the aggregates 

FX   Flux in x-direction 

FDA  Food and Drug Administration 

FTIR  Fourier transformed infra red 

GP  Grease-proof 

K   Constant 

L   Diffusive thickness  

LPB  Liquid packaging board 

M   Mass fraction 

Mc  Minimum polymer entanglement chain length 

Meq   Mass uptake at equilibrium 

MW  Weight average molecular weight 

Mt   Mass uptake at time t 

     Number average molecular weight. 
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OTR  Oxygen transmission rate 

PEG  Poly(ethylene glycol) 

p  Volume fraction at maximum close packing 

P  Permeability 

PVC  Pigment volume concentration 

r   Particle radius 

RH  Relative humidity 

S   Solubility 

t0.5   Time to reach half the equilibrium moisture uptake 

Tg  Glass transition temperature 

  
    Glass transition at high molecular weight 

TPS  Thermoplastic starch 

v  Velocity 

WVP  Water vapor permeability 

WVTR  Water vapor transmission rate 

γ   Constant relating to increases in segmental movement 

 ̇  Shear rate 

η   Viscosity of the suspending medium 

[η]   Intrinsic viscosity 

ηPL   Plastic viscosity 

τ  Shear stress 

τB  Bingham yield 

φf   Volume fraction of aggregates 

φp   Volume fraction of particles  
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With growing environmental concerns, efforts are made to replace petroleum ba-
sed materials with renewable alternatives such as starch. In this work, dispersions 
based on starch were used to produce coated papers which act as barrier against 
substances that can adversely affect the food quality such as water and oxygen. 
However, since starch is both a hydrophilic and hygroscopic material, this barrier 
material becomes problematic to use at high relative humidity.

Citric acid was utilized as cross-linker for starch and it was found to reduce 
the moisture sorption, diffusion and swelling at high relative humidity. Both 
cross-linking and hydrolysis due to the low pH affected the barrier properties 
significantly, but in opposing directions. By controlling these two reactions it 
was possible to achieve reduced gas permeability.

Starch nano-composites were produced by incorporating montmorillonite clay, 
to the barrier dispersion. It was seen that the suspension viscosity was reduced by 
poly(ethylene glycol) and citric acid adsorption on the clay. Also, a tendency for 
improved barrier properties with reduced aggregate volume fraction and reduced 
swelling was observed. It was also seen that up scaling this formulation to pilot 
scale was possible and promising results were achieved.
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