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Abstract 

The main goal for a packaging is to protect the product inside. Typical packaging nowadays is made of 

layers of paper and barriers consisting of plastics or aluminum foil. A problem with the barrier used 

today is the environmental thinking. Xylophane® is an environmental friendly and biodegradable 

alternative to the current barrier material used in packaging. It consists of the natural carbohydrate 

xylan and additives. Xylophane® is an efficient barrier to oxygen, grease and aroma and can prolong 

the shelf life of sensitive food. 

The raw material xylan is water soluble and Xylophane® can be coated on paper, board and plastics 

without using other solvents. A problem with the drying process is the amount of energy needed and 

the consumption needs to be decreased. Also, the drying capacity of the equipment to be used is 

often limited and the amount of water to be dried off is critical for the success of the coating process. 

By increasing the dry content of Xylophane® without increasing the viscosity too much, the drying 

process can be more effective. In this thesis, studies were made of using a filler as an additive to 

increase the dry content without destroying the barrier properties. 

With an experimental design, a suitable relationship between the ingredients xylan (X), plasticizer (P) 

and filler (F) was found. Xylan is the main component and is needed to get a good oxygen barrier. 

The plasticizer decreases the oxygen barrier properties but is needed to make the material more 

flexible. The filler is positive for the barrier properties. The chosen composition was X : P = 7 : 3 and 

X : F = 1 : 1. Some extra experiments were made to find a reasonable value of the dry content. Dry 

contents around 18 % work well with temperatures at and above 45°C, but to manage to perform 

coating at room temperature the dry content needs to be lower. 



Sammanfattning 

Huvudändamålet för en förpackning är att skydda dess innehåll. En vanlig förpackning nu för tiden är 

gjord av olika lager med papper och barriärer som består av plast eller aluminiumfolie. Ett problem 

med barriärmaterial som används idag är att dessa inte passar ihop med dagens miljötänkande. 

Xylophane® är ett miljövänligt och bionedbrytbart alternativ till det nuvarande barriärmaterialet i 

förpackningar. Det består av den naturliga råvara xylan och additiv. Xylophane® är en effektiv barriär 

mot syre, fett och aromämnen och kan därför förlänga hållbarheten för känsliga livsmedel. 

Råmaterialet xylan är vattenlösligt och Xylophane® kan bestrykas på papper, kartong och plast utan 

att andra lösningsmedel behövs. Ett problem i torkningsprocessen är all energi som behövs och 

åtgången behöver minskas. Torkkapaciteten i de anläggningar som används är också ofta begränsad 

och mängden vatten som ska torkas bort är kritisk för att lyckas med bestrykningsprocessen. Genom 

att höja torrhalten på Xylophane® utan att viskositeten ökar för mycket kan torkningsprocessen bli 

mer effektiv. I detta examensarbete, utvärderades tillsatsen av ett fyllnadsmedel för att öka 

torrhalten hos materialet utan att förstöra barriäregenskaperna. 

Försöksplanering användes för att finna ett fungerande förhållande mellan ingredienserna, Xylan är 

huvudingrediensen och behövs för att få en bra syrebarriär. Mjukgörare försämrar 

barriäregenskaperna men behövs för att göra materialet mer flexibelt. Fyllnadsmedlet förbättrar 

syrebarriären. Det valda förhållandet var X : P = 7 : 3 och X : F = 1 : 1. Några extra försök utfördes för 

att finna ett rimligt värde på torrhalten. Torrhalter runt 18 % fungerar bra vid och över temperaturen 

45°C. För att kunna utföra en bestrykning i rumstemperatur måste torrhalten minskas. 
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1 Introduction 

1.1 Background 

Recycling and environmental issues are very important today. A huge amount of packaging is used in 

the daily life. In the food packaging industry, EVOH and aluminum foil are widely used as barriers but 

these materials aggravate recycling and they are also expensive. Xylophane AB is an innovation 

company that has developed a renewable barrier material, Xylophane®, for packaging. The material 

is made from natural raw materials and is biodegradable. The main ingredient is xylan, which is one 

of the most abundant carbohydrates in nature but despite this it is not used in industrial applications. 

Xylan can be isolated from by-products from agriculture, such as hulls and husks from cereals. Xylan 

is mixed with water and additives, and the product Xylophane® is coated to substrates such as paper, 

board or plastics. Xylophane® is an efficient barrier to oxygen, grease and aroma (Figure 1:1) and can 

extend the durability of sensitive food products. Xylophane® is a sustainable and environmental 

alternative to the barrier materials on the market today. 

 

Figure 1:1 Xylophane® is an efficient barrier to oxygen, grease and aroma 
1
 

1.2 Definition of the problem 

When Xylophane® is used in a coating process, the dry content of the solution is one of the 

parameters which are affecting the viscosity and also the process durability. To minimize the energy 

needed in the process the amount of water needs to be decreased, because drying is very energy 

demanding. In this study, adding a filler to increase the dry content of the solution is evaluated. This 

can also improve the properties of Xylophane®, e.g. barrier properties, and make it more cost 

efficient. The goal is to enhance the process ability with intact barrier properties in a cost-effective 

manner. 

1.3 Aim of the thesis 

The aim of the thesis was to make the coating process for the application of Xylophane® on a 

substrate more effective through increasing the dry content of Xylophane® without destroying the 

barrier properties and increasing the viscosity too much. 
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2 Theory 

This chapter contains the most important theory knowledge which is needed to get a full 

understanding of the thesis. 

2.1 Polymers 

The word polymer originates from the Greek poly and meros, meaning many and parts. Another 

word for polymer is macromolecule, or large molecule. 2 A polymer consists of molecules connected 

by covalent chemical bonds forming a chain. Usually the polymer chains are long, consisting of 

hundreds of units. 3 The character of polymers depends on the chemical structure of the chains 

which in turn depends on the number of units and how they are linked together. It also depends on 

the orientation of the chain molecules and if they have crystalline or amorphous structure and the 

amount of additives, such as fillers, reinforcing agents and plasticizers. The majority of polymers are 

crystalline and they consist of simple symmetrical chains in an ordered structure. The amorphous 

polymers have the molecules in a non ordered structure; the chains are randomly and irregularly 

linked to each other. 4 Polymers are created through different kinds of polymerization. They are 

divided into synthetic polymers and natural polymers. 5 Polymers are included in our everyday lives, 

almost everything is polymeric or contains large amount of polymeric materials. Some examples 

amongst many other are the food we eat, our skin and hair, the clothes we wear, the newspaper, the 

house we live in, furniture, packaging. Polymers are consequently an important area where chemists 

continue to make important contributions. 2 

The glass transition temperature (Tg), is the temperature interval at which amorphous polymers 

change the mechanical properties from a hard, brittle and stiff to a more rubber-like state. At 

temperatures below Tg, there is no segmental motion or any dimensional changes in the polymer 

chain. At temperatures over Tg, the viscosity decreases and the polymer becomes more mobile. Using 

plasticizers is a good way to decrease Tg and increase the flexibility of the polymer chains. 4, 6 The 

specific volume of polymers increases at and over Tg in order to accommodate the increased 

segmental chain motion. 2 

Semicrystalline polymers have a melting temperature (Tm), above Tg. It is the temperature when the 

last crystalline parts of a partly crystalline polymer are melting. The smallest crystallites are melting 

first. The values for Tm are usually 33-100 % greater than Tg. 
2, 4 Figure 2:1 shows a schematic picture 

of a thermogram with Tg, crystallization and Tm. 

 

Figure 2:1 Thermogram of a polymer showing Tg (A) and a melting (C) endotherm upon heating (top curve) and 
crystallization (B) upon cooling (bottom curve) 6 
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2.2 Polysaccharides 

Polysaccharides are natural carbohydrate polymers consisting of many monosaccharides linked 

through glycosidic bonds. They are biopolymers and are produced by living systems and many 

parameters affect the polysaccharide structure. Polysaccharides composed of only one kind of 

monosaccharide are homoglycans, whereas those containing two or more types of monomer units 

are heteroglycans. Two important polysaccharides are starch and cellulose. 7 They are produced by 

plants in huge amounts by the conversion of carbon dioxide and water, using solar energy, which 

leads to a better carbon dioxide balance in our ecosystem. Cellulose is found in the cell wall and is 

used in many applications, such as plastics, paper, textile fibres, membranes, food additives and 

medicines. Starch is produced as an energy reserve in plants and is for example used in the food 

industry, paper production and in the production of glue and ethanol. Another possible use is as a 

component in disposable packaging. 6, 8 Starch, but not cellulose, can be metabolized by humans. 2 

2.3 Hemicelluloses 

Hemicelluloses are a group of heterogeneous carbohydrates which act as a matrix material between 

cellulose and lignin in the plant cell wall. Hemicelluloses are built up of single sugar monomers such 

as D-xylose, L-arabinose, D-glucose, D-mannose, D-galactose, D-glucuronic acid, D-galacturonic acid 

and 4-O-methyl-D-glucuronic acid in different proportions (Figure 2:2). The amount and composition 

of hemicelluloses vary between different plant species. 9 The dry content of wood contains 25-30 % 

hemicelluloses and in cereal grain the amount can be 40-50 %. 10 Hemicelluloses are formed through 

their own biosynthetic routes and are synthesized in the Golgi apparatus. Hemicelluloses are water 

soluble which is essential when they are transported within the cell. 6 Today both cellulose and starch 

are used in large quantities in industrial applications, whereas hemicelluloses are not. It might 

depend on the general lack of knowledge of the complex structure-property relationships of 

hemicelluloses. 11  
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Figure 2:2 The most common building blocks in hemicelluloses 6 
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2.3.1 Xylans 

Xylans are an important component of hemicelluloses and have a linear backbone. The main 

monomeric sugar unit is D-Xylose. Xylans are usually composed of β-(14) linked D-xylopyranose 

units and side groups consisting of simple sugar units. 2 Xylans can be isolated from the cell wall using 

alkaline extraction. 11  

Xylans are generally considered to be amorphous in the native state but can crystallize after 

separation.6 Xylans are the most common hemicelluloses and they are considered to be the second 

most abundant biopolymer in the plant kingdom. Xylans can be extracted from wood, grasses, 

cereals and herbs. 10 There are different kinds of xylans; in hardwoods they are called glucuronoxylan 

and consists of O-acetyl-(4-O-methylglucurono)xylan. The hemicelluloses found in annual plants are 

generally more structurally diverse and complex and they are called arabinoxylans (Figure 2:3). These 

have a β-(1->4)-D-xylopyranosyl main chain that can be heavily branched with for example 

xylopyranosyl, arabinofuranosyl or D-glucuronopyranosyl substituents. 6 More than one third of the 

barley husk consists of arabinoxylan. 12 

 

Figure 2:3 Proposed structure of maize arabinoxylan. 13 A: arabinofuranose, X: xylopyranose, G: galactopyranose, GlcA: 
glucuronic acid, FA: ferulic acid 

2.4 Additives 

In order to achieve certain properties, additives are added to polymers. Additives can be added as 

solids, liquids, or gases. Typical additives amongst others are fillers, coloring agents, plasticizers, and 

stabilizers. 2 Interactions between the components of the system, formed by for example polymer, 

plasticizer and water, vary according to the relative quantities of these components. Under some 

conditions it is possible that phase separations occur. 14 

2.4.1 Fillers  

Fillers are finely divided solids added to polymer systems to improve properties or reduce cost. Fillers 

can be minerals, metallic powders, organic by-products, or synthetic inorganic compounds. Mineral 

fillers such as kaolin and talc are useful in a formulated coating to increase colorant effect, adjust 

gloss, impart adhesion or other properties, and increase solids content at low cost. 15 The segmental 

mobility of a polymer is reduced by the presence of filler. Active fillers increase the glass transition 

temperature (Tg) of the composite. Materials with higher Tg posses higher stiffness and strength 

while those with lower Tg are soft and tough. Filler content can vary from a low percentage to more 

than 100 % of the polymer content. 16 
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Studies have been made by Pandey and Singh about clay-filled starch handling the order of addition 

of components starch/plasticizer/clay. The order had a significant effect and the best mechanical 

properties can be obtained if plasticizer is added after mixing clay and starch. The product became 

more brittle when starch was plasticized before filling it with clay. 17  

2.4.2 Plasticizer 

Polymers can be more flexible when adding a plasticizer. Water is the most widely used plasticizer in 

the nature. The addition of a plasticizer may increase the free volume and lower the melt viscosity, 

elastic modulus, and Tg of plastic. It is important that the plasticizer is relatively nonvolatile, 

nonmobile, inert, inexpensive, nontoxic, and compatible with the system to be plasticized. The type 

of bonding and solubility parameters should be alike between the polymer and the plasticizer to 

obtain compatibility. 2 

Plasticizers are usually low molecular substances that increase the free volume and molecular 

mobility of amorphous regions by reducing the number of secondary bonds between the polymer 

chains. 6 Plasticizers can form hydrogen bonds with the polymer, replacing strong interactions within 

the molecule. 19 

2.5 Rheology 

Rheology is the study of deformation and flow of materials and is also the most sensitive method for 

material characterization. Polymers are viscoelastic materials, meaning that they can act both as 

liquids and as solids. Rheological measurements allow the study of chemical, mechanical and thermal 

treatments, the effects of additives, or the course of a curing reaction. Rheological measurements 

are also a way to predict and control a host of product properties, end use performance and material 

behavior. 2, 20 Viscosity is the key factor of rheology in fluids. 21 

2.5.1 Viscosity 

Viscosity (η) is a measure of a fluid´s resistance to flow and is defined as the ratio of shear stress (τ) 

to shear rate ( ), see Equation 2:1.  The shear stress is the force per unit area needed to achieve a 

given deformation. The shear rate is defined as the rate of change in velocity across the gap. The unit 

of viscosity is poise (P) or Pascal-seconds (Pa∙s). Because 1 poise is a high viscosity for most common 

fluids, viscosity is usually expressed in centipoises (1 cP = 1 mPa∙s). 18  

Viscosity can also be explained as the measure of the internal friction of a fluid. Friction becomes 

apparent when layers of the fluid move in relation to each other. The greater the friction, the greater 

the amount of force required to cause this movement, which is called “shear”. Highly viscous fluids 

require more force to move than less viscous materials. A Brookfield viscometer measures the torque 

required to rotate an immersed element in the sample container with the suspension. The immersed 

element is a spindle with different sizes due to the viscosity of the suspension. The spindle is driven 

by a motor through a calibrated spring. By changing the speed of the spindle (rpm) the viscosity is 

given at different shear rates and temperatures. The temperature is regulated by a water bath. 20 

 

Equation 2:1 
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It is important to recognize that viscosity is a curve, not just a number. The curve represents the 

change in viscosity as a function of shear rate or shear stress. The plot is called a rheogram. 18 A 

rheogram of Xylophane® can be seen in Figure 2:4.  

 

Figure 2:4 Rheogram of Xylophane®, viscosity on the y-axis and shear rate on the x-axis 

Most fluid viscosities are found to be non-Newtonian. They are dependent on shear rate and the 

spindle geometry conditions. The specifications of the viscometer spindle and chamber geometry will 

affect the viscosity readings. Newtonian fluids have a constant viscosity. 22 Sometimes special 

additives must be added to the fluid to achieve precise control of viscosity. 21 

2.6 Barrier Properties and Permeation 

Food products undergo many physical, chemical, and microbial changes during storage. The 

protective coating or barrier is of great importance for the food product; it may also enhance its 

quality and extend the product shelf life. Biopolymer-based packaging is defined as packaging that 

contains raw materials originating from agricultural and marine sources and these are environmental 

friendly. The packaging field today is dominated by petroleum-derived polymers, despite global 

concerns about the environment. Hydrophilic films and coatings such as polysaccharides are nontoxic 

and widely available. They are a good barrier to CO2 and O2 under certain conditions, but a poor 

barrier to water vapor. Starch is the most commonly used agricultural raw material in biodegradable 

films. 23 Starch has very good oxygen barrier properties, but a drawback with the material if used on a 

large industrial scale is that it would be a competition with the resources in the food industry. 

Hemicelluloses are an alternative barrier material. 24 



 Theory 

 

 
 

7 

Examples of barrier-coated papers are frozen food cartons, where barrier against water and water 

vapour are extremely important. Grease resistance is important in packages for dry food products. 

Coating layer may also act as a barrier against leakage of aroma compounds and passage of gases 

such as oxygen or carbon dioxide. Figure 2:5 shows examples of common products which need a 

barrier. Barrier-coated paper has the advantage of being an environmental friendly replacement for 

conventional extrusion coatings such as polyethylene. 25 A maximum barrier level is not always the 

goal. A controlled barrier level may be the requirement depending on the specific demands of the 

package. 16 

 

Figure 2:5 Common food products which needs a barrier 
1
 

There are two different ways in which materials can be transported through polymer films, either by 

diffusion through the bulk or by flow through defects. Pinholes can be created by air bubbles or 

disordered fibres and this is one kind of defect. 26 The flow through pinholes can be much greater 

than the diffusion flow. The molecular mass, the size of the molecules and the chemical properties of 

the permeant are important for the gas phase transport through a polymer-coated paper. The barrier 

properties of a film depend on the chemical composition of the coating, the coating thickness and 

also the properties of the substrate. The addition of a filler can improve the barrier properties by 

increasing the diffusion path length around the pigment particles. 25  

It is hard to find just one material that meets all the requirements in the food packaging industry. 

Instead materials are combined to form a laminate to protect the content. Today paper, plastic and 

aluminum foil are combined. The barrier properties of aluminum foil are very good but the cost is 

high. 27 

2.6.1 Oxygen Permeability 

Permeability is the constant in the general equation for mass transport of a penetrant across a 

barrier. As a property of a material, permeability is the product of permeance and thickness. 

Permeance is the ratio of the gas transmission rate to the difference in partial pressure of the 

penetrant on both sides of the barrier material. Low oxygen permeability is needed to get a good 

barrier for many types of food packaging. 28 
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Permeation is the rate at which a gas or vapor passes through a polymeric material. Factors affecting 

permeation is the nature of the polymer, its physical state, the penetrating gas or vapor, and the 

environment. Crystallinity is an important factor of the polymer because crystallites are impermeable 

and reduce the permeation rate. Fillers with a high degree of compatibility and adhesion to the 

polymer matrix decrease permeability and improve barrier properties. Polymers that must be 

plasticized tend to make the resulting material more permeable. Highly polar polymers containing 

hydroxyl groups are poor moisture vapor barriers but excellent gas barrier. 29 

To evaluate a barrier of oxygen permeability a measure of the oxygen transmission rate (OTR), is 

made. The unit is cm3/m2∙day (∆M/A∙∆t). It can be explained by the amount of gas that pass through 

a square meter of film in 24 hours when the gas pressure differential on one side of the film, at a 

specified temperature, is one atmosphere greater than that on the other side. The driving force for 

oxygen transmission through a material is the partial pressure difference. 25 OTR does not handle the 

thickness of the film. Instead the oxygen permeability coefficient (OPC) can be calculated (Equation 

2:2). It is used to compare the oxygen permeability of different polymers. 28 

 

Equation 2:2 

 is the thickness of the barrier and an important parameter due to the material consumption.  

is the difference in pressure across the barrier with the unit kPa. The unit of OPC is 

cm3∙µm/m2∙day∙kPa. 

The principle of the machine that measures OTR is to place the sample in a diffusion chamber and 

apply oxygen gas on the upper side of the sample. The oxygen molecules that penetrate the film are 

transported to a sensor by a stream of nitrogen gas applied on the other side and OTR can be 

measured (Figure 2:6). 30  

 

Figure 2:6 Sample chamber cross-section when measuring OTR 
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The sample consists of either a film or a coated substrate. When measuring OTR of a coated 

substrate, the given OTR value from the machine is for both substrate and coating. To get OTR only 

for the coating, Equation 2:3 is used. 31 

 

Equation 2:3 
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3 Experimental part  

All measurements were performed at Xylophane AB located at Stena Center in Gothenburg. The 

measurements are divided into three different parts; screening, experimental design and expanded 

experiment. The three parts were made using the same procedure explained in methods if nothing 

else is reported.  

3.1 Materials 

Because of confidentiality, no product names of additives are given. 

3.1.1 Xylophane® with additives 

The used arabinoxylan (X) (batch 08/509) as powder came from barley. The dry content was 95 % as 

measured by a Mettler Toledo HB43-S Halogen. A plasticizer (P) was used in Xylophane®. Six fillers (F) 

with dry content 60 % from different producers with two different dispersing agents were also used. 

3.2 Methods 

3.2.1 Preparing filler solution 

The filler was dispersed in distilled water at room temperature with the concentration 60 %. 

Equation 3:1 was a common formula used to get the right proportions of filler or other ingredient 

and water. A dispersing agent was added to get good low viscosity dispersion. It was added with the 

dosage 0.2 g dispersing agent / 100 g dry filler. An Ultra Turrax® with 10 000 revolutions per minute 

(rpm) was used for 15 minutes to mix the components in the slurry to get a smooth dispersion.  

 

Equation 3:1 

3.2.2 Preparing Xylophane® solution 

The given amounts of xylan and plasticizer were outweight and mixed with distilled water. The 

Xylophane® solution was heated during stirring at 200 rpm to 80˚C and maintained at that 

temperature for approximately 15 minutes with the same stirring speed, or until a smooth solution 

was achieved. Manual stirring was also needed to get rid of clusters. The solution was allowed to cool 

down in room temperature before it was mixed with the filler solution. 
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3.2.3 Measuring of Viscosity 

The Xylophane®-filler solution was heated with stirring at 400 rpm to 50˚C and maintained at that 

temperature for 30 minutes, with the same stirring speed. Then it was cooled in room temperature 

with magnetic stirring to the temperatures 45˚C, 35˚C and 25˚C where the viscosity measurements 

took place. A Brookfield LVDV-II+Pro Viscometer (Figure 3:1) from Chemical Instruments AB was used 

with a small sample adapter and spindles SC4-31, SC4-25 and SC4-18. Selecting the right spindle for 

an unknown fluid was a trial and error process. Appropriate interval on the percent torque scale was 

measurements between 10 and 100. Fluids with high viscosity needed a smaller spindle size. 

Depending on the size of the spindle used, the amount of solution in the container varied from 6.7 to 

16.1 mL. The stirring rate was varied and the viscosity and shear rate were displayed. The shear rate 

can also be calculated using the formula in Table 3:1. N represents the speed in rpm. A graph with 

viscosity and shear rate was made to analyze the measurements.  

 

Figure 3:1 Brookfield LVDV-II+Pro Viscometer (photo by Åsa Jonsson 2008) 

Table 3:1 Brookfield LVDV-II Pro Viscometer 22 

Spindle Viscosity (cP) Sample Volume (mL) Shear Rate (sec-1) 

SC4-18 1.5 - 30 000 6.7 1.32N 

SC4-25 240 – 4 790 000 16.1 0.22N 

SC4-31 15 – 300 000 9.0 0.34N 

 

3.2.4 Measuring of Dry Content 

The dry content is the amount of dry material which is left after complete drying of the material as 

compared to the amount of material before drying, (Equation 3:2), where M is the mass of the 

material. A Moisture Analyzer HB43-S from Mettler Toledo was used to measure the dry content. The 

program setting for Xylophane®-filler solution can be seen in Table 3:2. 
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Table 3:2 Program setting for Moisture Analyzer used to measure dry content  

Parameter Setting 

Target weight 3 g 

Drying program Rapid 

Temperature 150°C 

Switch off mode 3 

 

The dry content was shown on the display in percent after approximately ten minutes.  

 

Equation 3:2 

3.2.5 Coating 

The Xylophane®-filler solution was coated on a PET 36 µm Mylar 800 film using a K202 Control Coater 

from R K Print-Coat Instruments Ltd (Figure 3:2). The coating was made with a wire wound bar and 

speed 4 on the machine, to approximately 100 µm thick layer when wet. The coated film was then 

dried in oven at 105˚C for 3 minutes.  

 

Figure 3:2 Coating of Xylophane®-filler solution with K202 Control Coater in lab scale (photo by Åsa Jonsson 2008) 

3.2.6 Measuring of OTR 

To measure oxygen transmission rate (OTR) of the coated PET film, an 8001 Oxygen Permeation 

Analyser from Systech Instruments (Figure 3:3), was used. Two samples with the sample area 50 cm2 

of the same coated film were analyzed at the same time in two separate cells (A and B). Before the 

test was started, nitrogen flowed through the cells for 40 minutes to clear the machine from oxygen. 

The measurements were made at 50 % relative humidity (RH) and a temperature of 23˚C. The 

sampling rate was 15 minutes. The data was taken after 400 minutes and when the OTR level was 

stable. OTR of the substrate PET film was 35.35 cm3/m2∙day. The thickness of the samples was 

measured with Micromar Digital Micrometer 40 EWS, with 10 replicates, and the oxygen 

permeability coefficient (OPC) was calculated from these measurements with the partial pressure 

difference of 101.3 kPa.  
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Figure 3:3 8001 Oxygen Permeation Analyser measures OTR of samples (photo by Åsa Jonsson 2008) 

3.3 Screening Experiment 

Six different fillers from four suppliers were investigated to find the best one as filler in Xylophane®. 

Xylophane® and filler were mixed together. A Xylophane® solution without filler was used as a 

reference. The selection of filler sample for further experiments was made by comparison of the 

viscosity at different temperatures. Also the oxygen permeability was evaluated for some of the 

samples. The used relationship was X : P = 7 : 3 and X : F = 2 : 1. The final solution included 50 g of 

water and 9.64 g of dry ingredients and had a calculated dry content of 16.2 %. Calculations of 

amounts in Figure 3:4 can be found in Appendix - Calculations Screening. A second test was made 

with the best suited filler as a control and to increase the reliability. The amount of xylan was 

calculated without considering an actual dry content of 95 %. 

 

  

Figure 3:4 Amounts of ingredients in screening experiment 

 

2.5 g filler 

1.67 g H20 

5 g xylan 

2.14 g plasticizer 

48.33 g H2O 
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3.4 Experimental Design with 15 Experiments 

From the screening results, the best filler suited for Xylophane® was used in the experimental design. 

The chosen filler was Filler 1. 

A software for design of experiments and optimization, MODDE 8.0, from Umetrics was used to 

determine the amount of ingredients to be mixed. The experimental design included four factors at 

different levels adding up to a total of 1. The interval of the formulation factors were 0.04-0.08 for 

xylan, 0.02-0.04 for the plasticizer and 0.04-0.08 for the filler. Water was a “filler factor” which was 

added at the end to bring up the mixture total to the desired amount.  

15 experiments shown in Table 3:3 below were performed with linear D-optimal design. It included 

duplicates of four of the eight unique compositions and three center points (N13-N15). An extra 

experiment with Xylophane® without filler as reference was made which was not included in the 

design. For all the samples, the viscosities at 25°C, 35°C and 45°C were measured. Also OTR was 

measured at 50 % RH, 23°C. 

Table 3:3 Experimental design with run order and ingredient proportion 

Exp Name Run Order Xylan Plasticizer Filler Water 

N1 11 0.04 0.02 0.04 0.90 

N2 7 0.04 0.02 0.04 0.90 

N3 5 0.08 0.02 0.04 0.86 

N4 13 0.04 0.04 0.04 0.88 

N5 2 0.08 0.04 0.04 0.84 

N6 14 0.08 0.04 0.04 0.84 

N7 4 0.04 0.02 0.08 0.86 

N8 10 0.08 0.02 0.08 0.82 

N9 6 0.08 0.02 0.08 0.82 

N10 1 0.04 0.04 0.08 0.84 

N11 15 0.04 0.04 0.08 0.84 

N12 12 0.08 0.04 0.08 0.80 

N13 8 0.06 0.03 0.06 0.85 

N14 3 0.06 0.03 0.06 0.85 

N15 9 0.06 0.03 0.06 0.85 

XPref  0.07 0.03 0.00 0.90 

 

The xylan powder was not completely dry. To get the proper amount of dry xylan, Equation 3:1 was 

used with the dry content 95 %. Calculations of amounts of ingredients in Figure 3:5 are shown in 

Appendix - Calculations Experimental Design. The rest of the experiments (N2-N15) amounts were 

also calculated with the same procedure. The plasticizer was completely dry, 100 %. 

 



 Experimental part 

 

 
 

15 

  

Figure 3:5 Amounts of ingredients in experimental design, experiment N1 

3.5 Expanded Experiment 

The reason for an expanded experiment was to investigate the viscosity of the solution when the dry 

content was increased and the oxygen permeability properties of the resulting coatings. The optimal 

relationship between xylan, plasticizer and filler was chosen from the results of the experimental 

design according to achieved viscosities and also taking into account the mechanical properties of the 

coatings. The chosen composition was X : P = 7 : 3 and X : F = 1 : 1. Four new solutions were mixed 

and analyzed, Table 3:4. The viscosity was measured at five different temperatures, 65˚C, 55˚C, 45˚C, 

35˚C and 25˚C with spindle SC4-31. 

Table 3:4 Expanded experiment with mixing order and dry content 

Experiment Number Mixing Order Calculated Dry Content 

I  16.2 % 

II  16.2 % 

III  18.2 % 

IV  20.2 % 

 

The mixing order of the components for experiment number II was different from the rest, explained 

by the arrows in the mixing order column. At first, xylan was mixed with water and heated to 80˚C 

until a smooth solution was achieved. The filler solution was added to the xylan solution at the 

temperature 70˚C. The solution was cooled down during magnetic stirring for 30 minutes after which 

the plasticizer was added. The final solution was stirred for 40 minutes until a smooth solution was 

achieved. The remaining solutions were mixed as previously stated in 3.2 Methods. 

3.6 Statistics 

Design of experiments is a statistical method to retrieve linear relationships and cooperation effects 

between factors in processes. With a reasonable number of experiments, the goal is to investigate 

how a process can be modeled to optimize the outturn of process efficiency.  

MODDE 8.0 from Umetrics is a software for design of experiments and multivariate data analyses. It 

is a useful tool that transforms the data into information and makes it easier to understand complex 

products and processes. The software is used by scientists, engineers, and statisticians. Several 

factors can be varied at the same time, following a calculated design. The results are evaluated to see 

which factors that affect the outturn and how they should be adjusted to optimize the process. 

 

6.67 g filler 
solution 

 

4.21 g xylan 

2 g plasticizer 

87.12 g H2O 
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4 Results and Discussion 

This chapter is divided into different sections from the experimental part. Results are mixed with 

discussions. 

4.1 Screening Experiment 

The six fillers acted differently in relation to water solubility. Two of the fillers stiffened to a hard 

mass and a mixture with Xylophane® was impossible. Changing pH to get a smoother solution by 

adding NaOH was investigated with no success. These samples were therefore not further evaluated. 

The remaining filler quantities mixed with Xylophane® acted differently in the viscosity 

measurements, as can be seen in Figure 4:1 - Figure 4:3. A sample with Xylophane® solution without 

any filler was used as a reference sample (Original Xylophane®). As can be seen in every plot, a low 

shear rate gives a high viscosity. At how high shear rate the measurements can take place varies 

between the samples as a result of different viscosities. Thick solutions cannot manage too high 

shear rates but the viscometer displays “error”. At 45°C the largest difference in viscosity is only 

300 cP between Original Xylophane® and Filler 3. This value increases at lower temperatures. 

Filler 2 and Filler 4 seem to be good at 45˚C and 35˚C with viscosity in the same range as the 
reference. Unfortunately, lower temperatures make the viscosity increase too much compared to the 
reference. Filler 3 had a more similar viscosity compared to Original Xylophane® at low 
temperatures. The best filler suited for Xylophane® at all temperatures was Filler 1. This establishes 
on a viscosity range similar to the one of Original Xylophane®. The sample Filler 1-2 in the graphs 
below (Figure 4:1 - Figure 4:3) was a second test to prove the reliability of Filler 1. The two Filler 1 
samples are quite similar with only small difference in viscosity, which can be explained by variation 
in environment and water evaporation during preparation which gives a difference in dry content. 
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Figure 4:1 Rheogram with viscosity and shear rate of screening experiment at 45˚C 
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Figure 4:2 Rheogram with viscosity and shear rate of screening experiment at 35˚C 
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Figure 4:3 Rheogram with viscosity and shear rate of screening experiment at 25˚C 

Oxygen transmission rate (OTR) was only measured for some of the samples because of problems 

with the machine and not constant relative humidity (RH). Table 4:1 shows the OTR values of three 

fillers with Xylophane®. OTR of Filler 1 was low compared to the other samples and this was another 

reason for choosing this sample as the best filler in Xylophane®. The values of Filler 2 and Filler 3 

were too high and not trustworthy. 

Table 4:1 OTR values of Xylophane® with different fillers in screening experiment, XP is the coating 

Filler OTRXP+PET cell A OTRXP+PET cell B Comments 

Filler 1 1.35 0.89 No problems with the machine 

Filler 2 22.20 20.30 
Problems with the machine and 

not constant RH 

Filler 3 11.00 9.95 
Problems with the machine and 

not constant RH 
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4.2 Experimental Design with 15 experiments 

According to the results from the screening experiments, Filler 1 was used in the experimental 

design. The experimental design with 6 responses (Table 4:2) was analyzed with the software 

MODDE 8.0. To find an appropriate model for each response the causality between the varied 

process parameters and the experimental data was evaluated. Parameters with too small significance 

were eliminated to find the best model for each response.  

Table 4:2 Six responses in experimental design with 15 experiments 

Response Unit 

Viscosity at 45°C cP 

Viscosity at 35°C cP 

Viscosity at 25°C cP 

Measured Dry Content % 

OTRXP+PET cm3/m2∙day 

OPC cm3∙µm/m2∙day∙kPa 
 

Also the fragility of the coatings was noticed. N8 and N9 showed a high fragility. N2, N12, N14, N15 

showed some fragility. The remaining samples showed no specific properties concerning fragility or 

brittleness. 

4.2.1 Dry Content 

The calculated value of the dry content differs from the measured one as can be seen in Table 4:3. 

The measured value is always higher than the calculated dry content. This can be explained by water 

evaporating during heating and this increases the dry content of the solution. The dry content is also 

dependent on the relative humidity in the surrounding air. 

Table 4:3 Levels of factors with the response dry content 

Exp Name Xylan Plasticizer Filler Water 
Measured Dry 

Content 
Calculated 

Dry Content 

N1 0.04 0.02 0.04 0.90 10.9 10 

N2 0.04 0.02 0.04 0.90 11.0 10 

N3 0.08 0.02 0.04 0.86 17.0 14 

N4 0.04 0.04 0.04 0.88 12.3 12 

N5 0.08 0.04 0.04 0.84 16.7 16 

N6 0.08 0.04 0.04 0.84 17.0 16 

N7 0.04 0.02 0.08 0.86 15.7 14 

N8 0.08 0.02 0.08 0.82 19.4 18 

N9 0.08 0.02 0.08 0.82 19.5 18 

N10 0.04 0.04 0.08 0.84 17.0 16 

N11 0.04 0.04 0.08 0.84 17.1 16 

N12 0.08 0.04 0.08 0.80 21.3 20 

N13 0.06 0.03 0.06 0.85 16.1 15 

N14 0.06 0.03 0.06 0.85 16.4 15 

N15 0.06 0.03 0.06 0.85 16.2 15 

XPref 0.07 0.03 0.00 0.90 11.9 10 
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As can be seen in Figure 4:4, xylan, plasticizer and filler are all significant for the dry content. 

Interaction coefficients were removed. According to the prerequisites given in this work, the amount 

of xylan and filler shall be larger than the amount of plasticizer.  

 

Figure 4:4 Coefficients of the model for dry content (%) 

R2 is the fraction of variation of the response that can be explained by the model. Q2 is the fraction 

of the variation of the response that can be predicted by the model. 32 The Q2=0.944 and R2=0.977 

values are close to 1 which indicates a good model and it looks like following (Equation 4:1); 

 

 

Equation 4:1 

Figure 4:5 displays the plot of observed values vs. the predicted values of the dry content. The points 

are close to a straight line which also indicates a good model.  

 

Figure 4:5 Observed values plotted against predicted values of dry content (%) 
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4.2.2 Viscosity 

To get just one value of the viscosity from the rheogram, one equation for each experiment was 

calculated. The shear rate 20 was used to get the viscosity at 45˚C and 35˚C. The shear rate 10 was 

used to get the viscosity at 25˚C. There was a large spreading in viscosity between the different 

mixtures, for example at 35˚C the viscosity varied from 48-2454 cP (Table 4:4).  

Table 4:4 Levels of factors with the responses viscosity at three different temperatures 

Exp Name Xylan Plasticizer Filler Water 
Viscosity 

45˚C 
Viscosity 

35˚C 
Viscosity 

25˚C 

N1 0.04 0.02 0.04 0.90 33.44 46.24 75.58 

N2 0.04 0.02 0.04 0.90 37.26 60.57 81.37 

N3 0.08 0.02 0.04 0.86 1617.38 2453.51 6963.11 

N4 0.04 0.04 0.04 0.88 34.15 47.89 75.93 

N5 0.08 0.04 0.04 0.84 472.56 824.07 2011.43 

N6 0.08 0.04 0.04 0.84 640.96 1011.23 2459.74 

N7 0.04 0.02 0.08 0.86 53.04 74.04 128.87 

N8 0.08 0.02 0.08 0.82 769.70 1233.91 4127.19 

N9 0.08 0.02 0.08 0.82 955.70 1342.15 3594.92 

N10 0.04 0.04 0.08 0.84 49.04 65.15 112.20 

N11 0.04 0.04 0.08 0.84 55.27 73.94 119.66 

N12 0.08 0.04 0.08 0.80 993.70 1508.30 4612.46 

N13 0.06 0.03 0.06 0.85 163.66 227.09 396.73 

N14 0.06 0.03 0.06 0.85 194.59 254.97 504.06 

N15 0.06 0.03 0.06 0.85 150.27 200.82 373.58 

XPref 0.07 0.03 0.00 0.90 203.90 294.80 558.30 

 

If the dry content increases, the solution becomes thicker because of smaller amounts of water and 

the viscosity increases. N12 is an example of this. The viscosity also increases when the temperature 

decreases. Solutions with high viscosity were harder to work with because of the low ability to flow.  

A logarithmic transformation of the viscosity response was made to stabilize the response variance 

and to improve the fit of the model to the data. By comparison of the coefficients of the model for 

the viscosity at three temperatures in Figure 4:6 - Figure 4:8, the same trend can be seen; the 

coefficients of each factor have similar size and direction.  
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Figure 4:6 Coefficients of the model for viscosity (cP) at 45˚C 

 

Figure 4:7 Coefficients of the model for viscosity (cP) at 35˚C 

 

Figure 4:8 Coefficients of the model for viscosity (cP) at 25˚C 
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Xylan influences the viscosity the most as can be seen in the figures above and the other terms are 

not significant but they still affect the response with a tendency and direction. The plasticizer 

decreases the viscosity with a small extent and the filler increases it some. Both R2≥0.980 and 

Q2≥0.914 values are close to 1 for all temperatures which indicates a good model. The model of 

viscosity (Equation 4:2), has different values of the coefficients depending on the temperature, see 

value of coefficients in Figure 4:6 - Figure 4:8. At 95 % confidence level, the coefficients β2, β3, β4 

and β5 are not significant.  

 

Equation 4:2 

4.2.3 OPC and OTR 

Both OTR and OPC were investigated to see if the thickness of the film had any influence on the 

coefficients. Low OTR and OPC values indicate a good oxygen barrier. The tabulated values of OTR 

and OPC in Table 4:5 are the average values from the two cells in the Oxygen Permeation Analyzer.  

Table 4:5 Levels of factors with responses OTR and OPC, XP is the coating 

Exp Name Xylan Plasticizer Filler Water OTRXP+PET OPC 

N1 0.04 0.02 0.04 0.90 1.34 0.17 

N2 0.04 0.02 0.04 0.90 0.88 0.12 

N3 0.08 0.02 0.04 0.86 0.53 0.08 

N4 0.04 0.04 0.04 0.88 3.38 0.46 

N5 0.08 0.04 0.04 0.84 0.87 0.11 

N6 0.08 0.04 0.04 0.84 0.98 0.17 

N7 0.04 0.02 0.08 0.86 0.67 0.09 

N8 0.08 0.02 0.08 0.82 0.82 0.12 

N9 0.08 0.02 0.08 0.82 0.35 0.05 

N10 0.04 0.04 0.08 0.84 1.68 0.28 

N11 0.04 0.04 0.08 0.84 1.58 0.24 

N12 0.08 0.04 0.08 0.80 1.01 0.28 

N13 0.06 0.03 0.06 0.85 0.68 0.09 

N14 0.06 0.03 0.06 0.85 0.73 0.09 

N15 0.06 0.03 0.06 0.85 1.11 0.15 

XPref 0.07 0.03 0.00 0.90 3.08 0.33 

 

N4 differs with higher values compared to the other experiments. A reason for this can be problems 

with the film formation; the coating may have defects or be inhomogeneous. All the other values of 

OPC and OTR were quite low compared to the Xylophane reference®. All the 15 samples were good 

oxygen barriers with values of OTR from 0.53 - 1.68 cm3/m2∙day and OPC from 

0.08 - 0.28 cm3∙µm/m2∙day∙kPa.  
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Thicker solution with high dry content and high viscosity, and also small amounts of plasticizer made 

the film more brittle. As can be seen in Figure 4:9 and Figure 4:10, both the addition of xylan and 

filler have a positive effect on the oxygen barrier properties whereas the addition of plasticizer has a 

negative effect. The thickness of the samples did not vary a lot and there was no observable 

difference when comparing the OPC values of the samples with the OTR values.  

 

Figure 4:9 Coefficients of the model for OTR (cm3/m2∙day) 

 

Figure 4:10 Coefficients of the model for OPC (cm3∙µm/m2∙day∙kPa) 

A perfect model for OTR and OPC is hard to find. The plots of observed values versus predicted in 

Figure 4:11 and Figure 4:12 show points that are not on a straight line, which indicates a poor model. 

R2 and Q2 should also have larger values to show a good model. Especially for OPC, Q2=0.304 is a 

low value, R2=0.766 is better. At 95 % confidence level, several coefficients are not significant.  



 Results and Discussion 

 

 
 

24 

 

Figure 4:11 Observed values plotted against predicted values of OTR (cm3/m2∙day) 

 

Figure 4:12 Observed values plotted against predicted values of OPC (cm3∙µm/m2∙day∙kPa) 

4.3 Summary of Experimental Design with 15 Experiments 

The optimal relationship between xylan, plasticizer and filler was chosen from the result of 

15 experiments. It was chosen to be X : P = 7 : 3 and X : F = 1 : 1.  

To achieve a better reliability of the results a larger series of experiments is needed with more 

duplicates. 
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4.4 Expanded Experiment 

Four different solutions with the chosen composition from the Experimental Design with 15 

Experiments with different dry content from 16.2 % to 20.2 % were investigated. Viscosity 

measurements were made at five different temperatures, see Figure 4:13 - Figure 4:17 below. 
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Figure 4:13 Viscosity of Xylophane® including filler with different dry content at 65˚C 
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Figure 4:14 Viscosity of Xylophane® including filler with different dry content at 55˚C 
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Figure 4:15 Viscosity of Xylophane® including filler with different dry content at 45˚C 
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Figure 4:16 Viscosity of Xylophane® including filler with different dry content at 35˚C. The small graph shows an 
enlargement of samples I and II 
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Figure 4:17 Viscosity of Xylophane® including filler with different dry content at 25˚C. The small graph shows an 
enlargement of samples I and II 

As can be seen in Figure 4:13 - Figure 4:17 above, the viscosity increases with higher dry content. 

Lower temperature of the solution also increases the viscosity. A calculated dry content of 20.2 % 

gives too high viscosity compared to the optimum viscosity which is in the range of 800-1000 cP. 33 

18.2 % as dry content works well at high temperatures while lower temperatures increase the 

viscosity too much. It leads to a viscosity of almost 500 cP with a shear rate of 10 sec-1 at 55°C. At 

25°C, only shear rates below 3 sec-1 works but they give viscosities over 5000 cP which is too high. 

16.2 % as dry content works well at temperatures between 25°C - 65°C. An example can be seen in 

Figure 4:17 with a viscosity of only almost 600 cP at 25°C with a shear rate of 10 sec-1. 

Number I and II were prepared in different ways but they have the same calculated dry content of 

16.2 %. They are much alike in viscosity. Mechanical properties needs to be more investigated. 

Table 4:6 OTR values of expanded experiment, not completely trustworthy 

Experiment number OTR cell A OTR cell B 

I 0.000 0.872 

II 0.000 0.900 

III 0.118 0.842 

IV 0.190 0.170 

 

Table 4:6 show OTR values of the four samples in the expanded experiment. Unfortunately the 

values are hard to trust due to problems with the baseline. Comparison of samples I and II with a not 

completed baseline gave an indication of the OTR values from cell B of around 0.9 cm3/m2∙day. They 

did not differ much from each other. Values of 0 in cell A are not trustworthy. Further investigation 

and more experiments need to be made considering the order of mixing ingredients.  

The two cells in sample III differ much from each other despite individual zeroing in the machine, 

more duplicates are needed. Concerning all four samples, more experiments with duplicates are 

needed to get a good reliability. 
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5 Conclusions 

The purpose for a filler in Xylophane® is to increase the dry content of the dispersion without 

increasing the viscosity too much. This leads to energy saving by minimizing the amount of water 

that needs to be dried off. An optimal relationship between xylan (X), plasticizer (P) and filler (F) was 

chosen from an experimental design involving 15 experiments. The chosen composition 

was X : P = 7 : 3 and X : F = 1 : 1. 

Xylan is the main component building up the barrier material and a certain amount of xylan is 

needed to get a good oxygen barrier. The plasticizer has a negative effect on the oxygen barrier 

properties but is needed to make the material more flexible. The filler is positive for the oxygen 

barrier properties leading to a lower oxygen permeability coefficient (OPC). Values of OPC and OTR of 

Xylophane® with filler were quite low compared to the Xylophane® reference. All the samples in 

15 experiments were good oxygen barriers with values of OPC from 0.08-0.28 cm3∙µm/m2∙day∙kPa.  

The viscosity varies depending on the temperature and dry content. Higher temperature lowers the 

viscosity and therefore a higher dry content can be managed. Also higher shear rate gives a lower 

viscosity. With the chosen composition, dry contents around 18 % work well with temperatures at 

and above 45°C. It leads to a viscosity of almost 500 cP with a shear rate of 10 sec-1 at 55°C. To 

manage to perform coating at room temperature, the dry content needs to be decreased. 

5.1 Future work 

 Further investigation concerning the amount of filler that can be used 

 Further evaluation if the order in which the ingredients are mixed affects brittleness and 

barrier properties 

 Evaluation of the effect of filler on the mechanical properties of the formed coatings and also 

if they manage a wide temperature range 

 Evaluation of other types of filler materials with combinations and amounts and also 

different substrates under the coating 

 Evaluation of if the thickness of the coating affects the barrier properties 

 Scale up the process  
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Appendix 

 

Calculations Screening 

 
X = Xylan 
P = Plasticizer 
F = Filler 
DCXP = 10 % (original solution) 
DCF = 60 %  
H2O = 50 g 
 

 

 

 

 

 

 

Calculations Experimental Design 

 

Example: preparing N1 

Xdry : 4 g 
P : 2 g 
F : 4 g 
H2O: 90 g 
 

 

 

 

 


