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Abstract 
To prevent permeation through food packages, the packaging are often combined with barrier 

coatings. Many of these coatings are petroleum based and wished to be replaced with renewable 

materials. 

The aim with this study was to produce laboratory barrier films of starch, hemicellulose and polyvinyl 

alcohol (PVA) and to examine the structures of these films and investigate how these barriers are 

affected by plasticizer additions. In this thesis PVA was mostly used as a reference material. In this 

way more knowledge can be obtained how the structures of the barrier affect the barrier 

performance. Different amounts of plasticizer, sorbitol, was added to the polymer solutions, 

different temperatures was used to dry the barriers and the barriers was coated with different 

thickness. The structure of the barrier was examined by several different analyses; oscillatory tests, 

scanning electron microscope (SEM), differential scanning calorimetry (DSC), permeability with 

oxygen transmission rate (OTR) and ambient oxygen transmission rate (AOIR).  

The results showed that sorbitol will be needed when making a barrier of starch and hemicellulose. 

This depends on the increasing entanglements in the polymers solutions when the sorbitol 

concentration is increasing; these entanglements decrease the glass transition temperature. 

Although, when the films are sticking together an increasing concentration of sorbitol seems to 

increase the permeability. 

Key words: Ambient oxygen transmission (AOIR), Barrier coating, Differential Scanning 

Calorimetry (DSC), Hemicellulose, MODDE, Moisture hysteresis, Oxygen transmission rate 

(OTR), Packaging, Permeability, Polymer, Polyvinyl alcohol (PVA), Rheology, Sorbitol, 

Scanning Electron Microscope (SEM), Starch 
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Summary 
To transport and prolong the shelf life for food it has to be packed. The packaging shall protect the 

food from mechanical damage and make sure that the food doesn’t get contaminated, both from the 

packaging itself and the surroundings. As the population on earth continues to grow it is important to 

make the food last longer and eliminate the ways the food get perish before it can come to use. It is 

well known that the fossil resources on earth are limited. Because of that and a demand for replacing 

these fossil materials with renewable resources, new materials are wished to be used in food 

packaging. The coating used with paperboard is wanted to be replaced with renewable materials to 

make the whole packaging renewable. 

The aim with this study was to produce laboratory barrier films of starch, hemicellulose and PVA and 

to examine the structures of these films and investigate how these barriers are affected by plasticizer 

additions. In this way more knowledge can be obtain how the structure of the barrier affect the 

barrier performance. PVA was in this case mostly used as a reference material. These barriers are 

modified in three different ways. Different amounts of plasticizer, sorbitol, was added to the polymer 

solutions, different temperatures was used to dry the barriers and the barriers was coated with 

different thickness. The structure of the barrier was examined by several different analyses; scanning 

electron microscope (SEM) and differential scanning calorimetry (DSC), the permeability with oxygen 

transmission rate (OTR), and ambient oxygen transmission rate (AOIR). Also analyses on the polymer 

solutions were done with rheology and oscillatory tests. More knowledge about permeability for 

renewable materials can lead to better packaging, both for the environment and to prolong the shelf 

life. 

The program MODDE was used to design a part of the experiment. It can calculate statistical errors 

from the results obtained and find correlations between the different factors. The goal with using 

MODDE in this study is to see which factors contribute to a lower permeability. A linear, full factorial 

design (2 levels), basic screening was used. The factors was set to quantitative and the responses to 

regular.   

The three polymers and sorbitol were dissolved in deionized water at different temperatures 

depending on the polymer and were gently stirred until completely dissolved. The concentration for 

sorbitol varied from 0, 10 and 20 wt. % for PVA and starch and 0, 10, 20, 30, 40 and 50 wt. % for 

hemicellulose. The polymer solutions were coated onto a PET film and poured into Petri dishes. The 

coated films had wet coating thickness of 24, 62 and 100 µm and were dried at temperatures 60°C, 

110°C and 160°C in a drying oven. The films in the Petri dishes were dried at 23°C and 50% RH. For 

each polymer solution pH, conductivity and dry content were measured. 

Seven analyses were done on the polymer solutions and films. The oscillatory test had 25 measure 

points between 0.1 – 100 ω (1/s) at the temperature 23°C, in this case CC17 (concentric cylinder) was 

used. The flow behavior and viscosity analysis were performed to ensure that there wasn’t any air 

bubbles in the solutions and to see if there was any difference between the solutions. The moisture 

hysteresis had three levels, the first level were 50% RH for 60 minutes, the second were 66% RH for 

660 minutes and the third level were 85% RH for 660 minutes, and the measurements were 

performed at 23°C. The oxygen gas transmission rate (OTR) was measured with OxTran 2/21 (ASTM 

D3985). The test consisted of 14 cycles and each examination took 30 minutes. The measurements 

were done at 28.5°C and at a concentration of 21% oxygen. The exposed area of the barrier was 5 



3 
 

cm2. Ambient oxygen transmission rate (AOIR) was also used to measure the permeability. The 

permeability, 𝑃, can be calculated when the concentration of oxygen increases. 

𝑃 = 𝜏(µ𝑚) ∙ 𝑇(𝐾) ∙
(𝑐𝑓−𝑐𝑖)(%)

100
∙

𝑉(𝐿)

22.4(
𝐿

𝑚𝑜𝑙
)(𝑆𝑇𝑃)∗0.21(𝑎𝑡𝑚)

∙
𝑅(𝑐𝑚3𝑎𝑡𝑚𝐾−1𝑚𝑜𝑙−1)

𝐴(𝑚2)∙(𝑡𝑖−𝑡𝑓)(𝑑𝑎𝑦)
 (I) 

𝑉 is the volume of the sample cell, 𝜏 is the thickness of the sample, 𝑐𝑖 is the starting concentration 

and 𝑐𝑓 is end concentration, 𝑅 is the ideal gas constant, in this case 82.05, 𝐴 is the area of the 

sample, 𝑡𝑖 is the starting time and 𝑡𝑓 is the end time. Differential scanning calorimetry (DSC) was used 

to decide the glass transmission temperature and the crystallinity for the material. Analyses with 

SEM were also done. 

According to the measurements the best oxygen barrier is hemicellulose casted onto PET film, see 

table I. 

Table I – Table over the permeability for the films casted in Petri dishes. Each sample was tested three times, 
calculated standard deviations. 

Sample Permeability (AOIR) 
(cm

3
*µm)/(m

2
*day*0.21atm) 

Permeability (OTR) 
(cm

3
*µm)/(m

2
*day*0.21atm) 

PVA 0% 62 ± 12 570 ± 96 

PVA 10% 51 ± 12 650 ± 150 

PVA 20% 24 ± 9.4 220 ± 64 

Starch 0% 140 ± 92 62000 ± 10400 

Starch 10% 71 ± 12 320 ± 55 

Starch 20% 110 ± 48 Out of Range 

Hemicellulose 30% 11 ± 4.5 65 ± 17 

Hemicellulose 40% 19 ± 5.4 130 ± 31 

Hemicellulose 50% 11 ± 5.6 220 ± 130 

PET 4.3 (+1.8/-0.87) 320 (+59/-160) 

 

It can be seen when making the films of starch and hemicellulose that a higher concentration of 

sorbitol makes the films less brittle, see figure I. This depends on when sorbitol is added to the 

solutions more entanglements are created, see figure II. These entanglements are probably created 

because of sorbitol is creating hydrogen bonds between the polymer and sorbitol and in this way 

decreasing hydrogen bonds between the water and the polymer. This can lead to lowering the glass 

transition temperature, see figure VI. It seems however that only the least amount of sorbitol should 

be used to get the film to stick together; because when the film is homogenous there will be no need 

for more sorbitol. If the concentration of sorbitol is increased more oxygen will be transported 

through the barrier. This can happen because of not enough hydrogen bonds between the polymers 

can be created, instead clusters can occur and this makes it easier for the oxygen to transport 

through the barrier. PVA on the other hand doesn’t need sorbitol to create a homogeneous film, but 

when the amount of sorbitol is increasing the permeability is decreasing. When adding sorbitol to the 

PVA solutions no more entanglements seem to be created, see figure III. Even though no more 

entanglements are created the glass transition temperature is decreasing as for hemicellulose and 

starch. The crystallinity is not calculated for hemicellulose and starch because hemicellulose is an 

amorphous material and for starch is it hard to see the difference between the water peaks and the 
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peaks used for calculate the crystallinity, but for PVA the crystallinity is calculated. For PVA the 

crystallinity is decreasing with higher concentrations of sorbitol. The decrease in crystallinity for PVA 

can depend on the fact that it is a synthetic polymer and doesn’t become better oxygen barrier with 

this particularly plasticizer. The plasticizer separates the crystal lattice plane in the polymer matrix.  

 

Figure I – a) is showing a hemicellulose film with 0% sorbitol, b) is showing a hemicellulose film with 50% 
sorbitol.   

 

Figure II – Diagram showing the storage modulus and loss modulus for hemicellulose solution with 50% 
sorbitol. The solution was tested three times, the error bars is showing the highest and lowest value 
measured. 

 

Figure III - Diagram showing the storage modulus and loss modulus for PVA solution with 20% sorbitol. The 
solution was tested three times, error bars is showing the highest and lowest value measured. 

a b 
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Figure VI – In diagram a) the glass transition temperature is shown for the different materials and the 
different concentrations of sorbitol. In diagram b) the crystallinity for PVA is shown. Each sample was tested 
three times, error bars is showing the highest and lowest value measured. 

Another reason why hemicellulose seems to be such a great barrier is the filler material that was in 

the powder used to create the film, see figure V. The filler, which is located at the bottom of the 

barrier films, help create a better film. 

 

Figure V – SEM image showing the cross section of a hemicellulose film with a concentration of 50% sorbitol 
casted onto a PET film with an enlargement of 1000X. The lower part of the cross section is PET film. The 
edges of the film are marked with white lines. 

No good models with MODDE were obtained. No correlations between the factors were found, it can 

be said that none of the factors contribute to a lowering of the permeability. 

a b 
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Sammanfattning 
För att kunna transportera livsmedel och göra hållbarheten för livsmedel längre måste den 

förpackas. Förpackningen ska skydda maten från mekaniska skador och se till att maten inte blir 

kontaminerad. Eftersom befolkningen på jorden fortsätter att växa är det viktigt att maten håller 

länge och sätten som maten förstörs på innan den kan ätas minskas. Det är väl känt att de fossila 

resurserna på jorden är begränsade. På grund av detta och en ökande efterfrågan att ersätta dessa 

fossila material med förnybara resurser, är nya material önskade att användas i 

livsmedelsförpackningar. De barriär bestrykningar som används med kartong kan ersättat med 

förnyelsebara material och detta gör att hela kartongen blir förnyelsebar. 

Syftet med denna studie var att producera laboratoriefilmer av stärkelse, hemicellulosa och polyvinyl 

alkohol (PVA) och att undersöka stukturen på dessa och hur dessa barriärer påverkas av tillsatser av 

mjukgörare. På detta sätt kan mer kunskap fås om hur strukturen av barriären påverkar barrriärens 

prestanda. PVA används mest som referensmaterial i denna studie. Dessa barriärer modifieras på tre 

olika sätt. Olika mängder av mjukgörare, sorbitol, tillsattes till polymerlösningarna, olika 

temperaturer användes för att torka barriärerna och barriärerna beläggdes med olika tjocklekar. 

Strukturen av barriären undersöks med flera olika analyser, fukt hysteres, scanning electron 

microscope (SEM) och  differential scanning calorimetry (DSC). Permeabiliteten analyseras med 

oxygen transmission rate (OTR) och ambient oxygen transmission rate (AOIR). Med hjälp av 

reologiska och oscillerande tester utfördes analyser på de lösningar som användes för att göra 

filmerna. Mer kunskap om permeabilitet för förnyelsebara material kan leda till bättre förpackningar, 

både för miljön och för att förlänge hållbarheten av livsmedel. 

Programmet MODDE användes för att utforma en del av experimentet. Med hjälp av MODDE kan 

statistiska fel beräknas ifrån det resultat som fås ifrån mätningarna, samband mellan det olika 

faktorerna kan också hittas. Målet med att använda MODDE i denna studie är att se vilka faktorer 

som bidrar till en lägre permeabilitet. En linjär, fullständig faktordesign (2 nivåer), basic screening 

användes. Faktorerna var satta till kvantitativa och responserna till regelbundna.  

De tre polymererna och sorbitol löstes i avjoniserat vatten vid olika temperaturer beroende på 

polymeren och omrördes försiktigt tills allt löst sig. Koncentrationen för sorbitol varierade från 0, 10, 

och 20 vikt. % för PVA och stärkelse och 0, 10, 20, 30, 40 och 50 vikt. % för hemicellulosa. 

Polymerlösningarna beströks på PET film och hälldes i petriskålar. De bestrukna filmerna hade 

våttjocklekarna 24, 62 och 100 µm och torkades vid temperaturerna 60°C, 110°C and 160°C i torkugn. 

Filmerna i petriskålarna torkades vid 23°C och 50% RH. För varje polymerlösning mättes pH, 

ledningsförmåga och torrhalt. 

Sju analyser gjordes på polymerlösningarna och filmerna. De oscillerande testet hade 25 mätpunkter 

mellan 0,1-100 ω (1/s)  vid temperaturen 23°C, den koncentriska cylindern (CC) 17 användes. Fukt 

hysteresen hade tre nivåer, den första var 50% RH i 60 minuter, den andra 66% RH i 660 minuter och 

den tredje 85% RH i 660 minuter. Alla mätningar utfördes vid 23°C. Oxygen gas transmission rate 

(OTR) mättes med OxTran 2/21 (ASTM D3985). Testet bestod av 14 cykler och varje cykel tog 30 

minuter. Mätningarna utfördes vid 28.5°C och vid en koncnetration av 21% syre. Den exponerade 

ytan av barriären var 5 cm2. Ambient oxygen transmission rate (AOIR) användes också för att mäta 

permeabiliteten. Permeabiliteten kan beräknas när koncentrationen av syrehalten ökar med tiden. 
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𝑃 = 𝜏(µ𝑚) ∙ 𝑇(𝐾) ∙
(𝑐𝑓−𝑐𝑖)(%)

100
∙

𝑉(𝐿)

22.4(
𝐿

𝑚𝑜𝑙
)(𝑆𝑇𝑃)∗0.21(𝑎𝑡𝑚)

∙
𝑅(𝑐𝑚3𝑎𝑡𝑚𝐾−1𝑚𝑜𝑙−1)

𝐴(𝑚2)∙(𝑡𝑖−𝑡𝑓)(𝑑𝑎𝑦)
 (I) 

𝑉 är volymen av provcellen, 𝜏 är tjockleken av provet, 𝑐𝑖 är utgångskoncentrationen och 𝑐𝑓 är 

slutkoncentrationen, 𝑅 är den ideala gaskonstanten, i detta fall 82.05, 𝐴 är arean av provet, 𝑡𝑖 

starttiden and 𝑡𝑓 sluttiden. DSC användes för att bestämma glasomvandlingstemperaturen och 

kristalliniteten för materialet. Analyser gjordes också med SEM. 

Enligt mätningarna är den bästa syrebarriären hemicellulosa som gjutits på PET film, se tabell I. 

Tabell I – Tabell över permeabiliteten för filmerna gjutna i petriskålar. Varje prov testades tre gånger, 

beräknade standard avvikelser. 

 

När filmer görs av stärkelse och hemicellulosa gör en högre koncentration av sorbitol filmerna 

mindre sköra, figur I. Detta kan beror på att när sorbitol tillsätts till lösningarna skapas flera 

hoptrasslingar (entanglements) av polymererna, se figur II. Dessa hoptrasslingar skapas förmodligen 

på grund av att sorbitol skapar vätebindningar mellan polymeren och sorbitol och på detta sättet 

minskar vätebindningarna mellan vattnet och polymeren. Detta kan leda till en sänkning av 

glasövergångstemperaturen, se figur VI. Det förefaller dock att endast den minsta mängden av 

sorbitol bör användas för att få filmen att hålla ihop, eftersom när filmen är homogen finns det inte 

behov av mer sorbitol. Om koncentrationen av sorbitol ökas så kommer mer syre att transporteras 

genom barriären. Detta kan inträffa på grund av att inte tillräckligt många vätebindningar mellan 

polymerkedjorna kan skapas, utan istället skapas kluster och detta gör det lättare för syre att 

transporteras igenom barriären. PVA behöver dock inte sorbtiol för att skapa en homogen film, men 

när mängden sorbtiol ökar så minskar permeabiliteten. När sorbtiol tillsätts till PVA lösningen så 

skapas inga fler hoptrasslingar av polymererna, se figur III. Även om det inte skapas mer 

hoptrasslingar i detta fall så minskar glassövergångstemperaturen som den också gör för stärkelse 

och hemicellulosa. Kristalliniteten beräknas inte för hemicellulosa och stärkelse då hemicellulosa är 

ett amorft material och det är svårt att se skillnad på vilka som var vattentopparna och det topparna 

som användes för att räkna ut kristalliniteten, men för PVA beräknas den. 

Varför det blir en minskning av kristalliniteten för PVA kan bero på att PVA är en syntetisk polymer 

och inte bildar en mer kristallin barriär med just denna mjukgöraren. Mjukgöraren kan separera 

kristallgitter planen i polymermatrisen. 

Prov Permeabilitet (AOIR) 
(cm

3
*µm)/(m

2
*day*0.21atm) 

Permeabilitet (OTR) 
(cm

3
*µm)/(m

2
*day*0.21atm) 

PVA 0% 62 ± 12 570 ± 96 

PVA 10% 51 ± 12 650 ± 150 

PVA 20% 24 ± 9.4 220 ± 64 

Stärkelse 0% 140 ± 92 62000 ± 10400 

Stärkelse 10% 71 ± 12 320 ± 55 

Stärkelse 20% 110 ± 48 Out of Range 

Hemicellulosa 30% 11 ± 4.5 65 ± 17 

Hemicellulosa 40% 19 ± 5.4 130 ± 31 

Hemicellulosa 50% 11 ± 5.6 220 ± 130 

PET 4.3 (+1.8/-0.87) 320 (+59/-160) 
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Figur I – Bild a visar en hemicellulosa film med 0% sorbitol, bild b visar en hemicellulosa film med 50% 
sorbitol.   

 

Figur II – Diagrammet visar lagringsmodulen och förlustmodulen för hemicellulosalösningen med 
koncentration av 50% sorbitol. Varje polymerlösning testades tre gånger, felstaplarna visar den högsta och 
lägsta uppmätta värdet. 

 

Figur III - Diagrammet visar lagringsmodulen och förlustmodulen för PVA lösningen med koncentration av 
20% sorbitol. Varje polymerlösning testades tre gånger, felstaplarna visar den högsta och lägsta uppmätta 
värdet. 

a b 
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Figur VI – I diagram a) visas glasövergångstemperaturerna för de olika materialen med olika koncentrationer 
av sorbitol. I diagram b)  visas det hur kristalliniteten för PVA förändras när koncentrationen av sorbitol ökar. 
Varje prov testades tre gånger, felstaplarna visar den högsta och lägsta uppmätta värdet. 

En annan anledning till att hemicellulosa är en bra barriär är fyllnadsmaterialet som fanns i pulveret 

som användes för att skapa filmerna, se figur V. Fyllnadsmaterialet är det som ligger längst ner, 

närmast PET filmen. 

 

Figur V – SEM bilden visar tvärsnittet för en hemicellulosa film med en koncentration av 50% sorbitol gjuten 
på PET film. PET filmen är den nedersta delen i filmen. Förstorningen är 1000X. Ändarna på filmen är 
markerade med vita linjer. 

Från MODDE erhölls inga bra modeller, inga samband mellan de faktorer som modellen bygger 

kunde konstateras. I det stora hela kan inte dessa modeller ses som bra och därför kan det sägas att 

inga av faktorerna bidrog till att minska permeabiliteten.  

a 
b 
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Symbols and abbreviations 
𝑐 Concentration 

𝑐𝑓 Final concentration 

𝑐𝑖 Initial concentration 

𝐶𝑝 Specific heat capacity 

𝐷 Diffusion coefficient 

𝑑𝐻/𝑑𝑡 Total heat flow 

𝑑𝑇/𝑑𝑡 Underlying heating rate 

𝐹𝑥 Flux in x direction 

𝑓(𝑇, 𝑡) Kinetic response 

∆𝐻 Heat of vaporization 

∆𝐻𝑓(𝑇𝑚) Enthalpy of fusion at the melting point 

∆𝐻𝑓
0(𝑇𝑚) Enthalpy of fusion of the totally crystallinity 

𝑚𝑓 Mass fraction of the plasticizer 

OTR Oxygen Transmission Rate 

𝑃 Permeability 

PET Poly (Ethylene Terephthalate) 

PVA Poly (Vinyl Alcohol) 

𝑅 Universal gas constant 

𝜕 Hildebrand solubility parameter 

𝑆 Solubility 

𝑇𝑓 Final melting temperature 

Tg Glass transition temperature / Glass transition point 

𝑇0 Onset melting temperature 

𝑇 Temperature 

𝑇𝑚 Melting point 

𝑇𝑚
0  Equilibrium melting point 

𝑡 Time 

𝑡𝑖 Initial time 

𝑡𝑓 Final time 

𝑡𝑙 Lag time 

𝑉 Volume 

𝑉𝑚 Molar volume 

wt. % Weight percentage 

ω Angular frequency 

𝑋𝑐 Weight fraction of crystallinity 

𝜏 Thickness of sample  
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1. Introduction 
To transport and prolong the shelf life for food it has to be packed. The packaging should 

protect the food from mechanical damage and make sure that the food doesn’t get 

contaminated, both from the packaging itself and the surroundings. As the population on 

earth continues to grow it is important to make the food last longer and eliminate the ways 

the food get perish before it can come to use. The packaging should protect the food from 

chemical, biological and physical loads. The protection against chemicals loads will decrease 

the exposures of gases, moisture and light. The protection against biological loads is a 

barrier against insects and microorganisms. The protection against physical loads prevents 

damage from shaking and bumps during transport. Light is in this case seen as a chemical 

load because it affects the food in a chemical way, it can for example give discolorations of 

the food and cause off odour. It might as well be seen as a physical load, but since the focus 

is on the load on the food in this case this classification is done. Food can for example be 

packed in glass, metal, plastics, paper, and paperboards. Glass is used for food-packaging 

applications because gases and vapor has hard to penetrate the packaging which makes the 

food fresh for a long time. The disadvantage with glass is its weight and this makes it more 

expensive to transport. Another disadvantage is that glass can easily break during the 

transports and this will make the transports with glass packaging more expensive. Metal is 

used as food-packaging for the same reasons as glass, gases and vapor has hard to 

penetrate the packaging. The disadvantage with metal its environmental impact and 

production cost. Metal has a big impact on the environment during mining. Plastic made 

from fossil resources has a big impact on the environment and may be permeable to gases, 

vapors, and low molecular weight molecules, but on the other hand it is lightweight, 

inexpensive and easy to make into sheets, shapes and structures. Plastic has a big impact 

on the environment because plastic is not often made from renewable raw material and it 

is not renewable. Another material used for packaging is paper, it is also inexpensive. Unlike 

plastic, paper is a renewable material, but it doesn’t work well as a packing for long shelf 

life food. Instead it is used for food with short shelf life, like wrapping. Paperboard has a 

better physical barrier than paper, but still doesn’t protect the foodstuff from chemicals. 

Because of that paperboard is often coated with plastics or other polymers to stop mass 

transport through the packaging. Different properties of the barrier can be obtained 

depending on the material used. (Marsh, et al., 2007) 

Because of a demand from the worlds growing population for replacing fossil materials with 

renewable material, like hemicellulose and starch, they are wished to be used in food 

packaging. The conventional coating used with paperboard would preferentially be 

replaced with renewable materials. 

The aim with this study was to produce laboratory barrier films of starch, hemicellulose and 

polyvinyl alcohol (PVA) and to examine the structures of these films and investigate how 

these barriers are affected by plasticizer additions. In this way more knowledge can be 

obtain how the structure of the barrier affects the permeability of oxygen through the 

barrier. PVA was in this study mostly used as a reference material. These barriers were 

modified in three different ways. Different amounts of plasticizer were added to the 

polymer solutions, different temperatures were used to dry the barriers and the barriers 
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were coated with different thickness. The structure of the barrier is examined by several 

different analyses; oscillatory tests, scanning electron microscope (SEM), differential 

scanning calorimetry (DSC), the permeability with oxygen transmission rate (OTR) and 

ambient oxygen transmission rate (AOIR). More knowledge about permeability for 

renewable materials can lead to better packaging, both for the environment and to prolong 

the shelf life. 

1.1 Barrier to gases 
A barrier has to be thick enough to cover the whole area of the coated material to be able 

to stop gases from penetrating the packaging. At which rate a gas molecule, in this case 

oxygen, penetrates the barrier depend on the concentration gradient across the coating. 

First sorption of the gas occur, then the gas molecule diffuse through the barrier at a 

random walk, then desorption occur and the gas molecule has now travel from the side of 

the barrier coating with a high concentration to the side with a low concentration. 

(Flodberg, 2002; Kjellgren, 2007) In figure 1 the random walk and the different 

concentrations when a polymer is penetrating a barrier coating is shown. 

 

Figure 1 - In the figure the random walk and the different concentration when a polymer is 
penetrating a barrier coating is shown (redrawn from Kjellgren, 2007; Flodberg, 2002). 

1.1.1 Oxygen Barrier 

To make the shelf life for food longer an oxygen barrier is needed. Different foodstuff needs 

different types of packaging. If the food, for example, contains lipids there are extra 

important to prevent lipid oxidation (Lopez-Cervantes et al., 2003). If there is oxygen inside 

the package it can lead to unfavorable changes, it can for example enable growth of 

microbes in the food. Oxidative rancidity is one of the major causes of spoilage in food. 

Oxidative rancidity happen when the fatty components in the food react with the oxygen 

and this can create a rancid flavor in the food. The absorption and adsorption of oxygen to 
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the polymer is low, the diffusion coefficient of the polymer is not depending on oxygen 

concentration in the membrane. The oxygen barrier properties are depending on the 

mobility and density of the polymer matrix, the crystallinity of the barrier and the inter-

molecular bonding of the polymers. Polymers with chains connected to each other with 

hydrogen bonding or strong chain-to-chain attractions can create well working oxygen 

barriers. To have in mind, polymers with low polarity and very little cohesion between 

polymer chains makes it easy for oxygen to be transported through the polymer 

membrane. Polar polymers can create clusters of the polymer matrix and this can weaken 

the oxygen barrier. (Kuusipalo, 2008) 

1.2 Formation of films 
When coating a polymer solution or dispersion onto a surface a solid film is created. A 

polymer solution is an aqueous solution of polymers. A dispersion is also an aqueous 

solution, but it consists of two phases and can contain plasticizers and fillers. Water 

evaporates from the coating and the polymers in the polymer solution or dispersion start 

coalescing. Eventually the polymers form a uniform layer, a layer without pores and holes. 

When the polymers form a uniform layer they often stack together, they do not melt 

together. (Kuusipalo, 2008) 

The goal with coating a polymer solution or dispersion is to create an even thickness of the 

barrier coating and not an even surface (which is often the case for graphical coating), see 

figure 2. An even thickness gives better barrier properties. Other desirable properties are 

solid and homogeneous coating without pores and holes. These properties are obtained 

when the coating dries and the polymers particles coalesce and merge. A tighter packing of 

the polymers domains occurs at high drying temperature. Even if the film is dried at a high 

temperature, it has to be dried the right way. If dried at a too high temperature the barrier 

can crack and if dried at a too low temperature blocking can occur. Blocking is when the 

film stich together.  (Kuusipalo, 2008) 

 

 

1.2.1 Drying a barrier 

When drying a barrier two things happen: the excess solvent gets removed and the 

colloidal polymer particles get deformed. The excess solvent is usually water. When the 

colloidal polymers in the coating get deformed the final polymer film is created, this film is 

hopefully homogenous. There are three basic mechanisms for transfer the heat to dry the 

coatings, conduction, convection and radiation. In modern dryers several of these 

mechanisms are used simultaneously. (Kuusipalo, 2008) 

Figure 2 – A comparison between an even thickness of coating and an even surface (redrawn  
Kuusipalo, 2008). 
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1.2.2 Film formation 

Polymer dispersions can contain stabilizers, plasticizers and fillers. During the film 

formation two different things can happen with the plasticizer. The plasticizer can either 

dissolve in the polymer or they can form clusters between the particles. If the later happen, 

penetrating networks can occur, this is not desirable. The film formation can be divided into 

six steps; water evaporates; flocculation; more water evaporates; almost all water has 

evaporated; the polymer chains start to inter diffuse with other particles in the film; a 

completed almost homogeneous film is created. When water evaporates in the first step, 

the concentration of the polymer particles increases and the distance between the particles 

shrinks. In the second step when flocculation occurs the particles cannot move as freely as 

before, this is called percolation. After percolation almost all water has evaporated and the 

particles have become deformed and now they can create a pore-free film. Then the 

polymer chains can inter diffuse with other particles in the film to create gradual 

coalescence. When an almost homogeneous film is created the particles have lost their 

identity. (Kuusipalo, 2008) Inter diffusion, which is mentioned in step 5, is when polymer 

chains interpenetrate adjacent particles. The Brownian motions of the polymer chains 

causes inter diffusion and this increases the entropy in the film. (Wang, et al., 1993; 

Andersson, 2002) The different steps can be seen in figure 3. Under these six steps there is 

a transform of the polymer particle chains shape, some particle chains shape are easier to 

transform than others, this depends on the elasticity and modulus of the polymer. (Wang, 

et al., 1993) To have in mind is that the most easily formed polymer particle chains do not 

always provide the best barrier properties. The particle size, size distribution and glass 

transition temperature also have effects on the film. (Kuusipalo, 2008) 

 

Figure 3 – The different steps in film formation (redrawn from Andersson, 2002; Kuusiopalo, 2008) 

Figure 3 is a simplification because polymer chains at the interface have a different 

conformation than polymer chains in the bulk, they follow the Gaussian distribution. The 
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interface in this case is the border between the polymer solution and the surrounding 

environment. This means that the polymer chains are more likely to exist in the bulk than 

the interface, they are normal distributed. The ends of the polymer chains can cross the 

interfaces easier than the middle of the polymer chains, entangled chains, because of that 

it becomes important where the ends of the particle is distributed. The inter diffusion is 

trying to take away the difference, because when the polymer chains are more random 

placed there is a higher entropy. When inter diffusion has occurred, the Gaussian 

distribution is created again. (Steward, et al., 2000; Andersson, 2002) So, in an entangled 

chain, the ends of the chain must first move to the interface, and then it can start to diffuse 

across it. At the interface there is more free volume than in the bulk, therefore it is a higher 

concentration of chains ends near the particles interface. (Andersson, 2002; Sperling, 2006) 

Free volume is a distribution throughout the material and without free volume molecular 

motion cannot occur. The interface is the surface layer of the polymer chain. (Sperling, 

2006) 

1.2.3 Glass transition temperature 

The glass transition temperature, Tg, is the temperature were the material goes from the 

glass state to the rubber state. The dispersion or solution barrier can consist of several 

different molecular-weight polymers; this can give a double glass transition temperature or 

one broad glass transition temperature. If a lower glass transition point is obtained a more 

flexible film is formed. A more flexible film is often preferable because the film will not 

crack as easy as films with less flexibility. A more flexible film is also to prefer when folding 

paperboards. (Kuusipalo, 2008) 

1.2.4 Surface tension  

Another important parameter is the surface tension. If the barrier dispersion has a higher 

surface tension than the substrate the barrier dispersion will form droplets to minimize the 

surface free energy. Because of this it is important to have barrier dispersion with a lower 

surface tension than the surface that will be coated. (Kuusipalo, 2008) 

1.3 Permeation 
For permeation to occur polymer chains must open up or move aside, the easier this occurs 

the faster the permeation will happen. In other words, the weaker forces and bonds 

between the polymer chains the easier permeation will occur. A close packing or high 

crystallinity will lead to a better barrier. (Stevens, Permeation Basics; Stevens, Permeation 

Basics II) Gaseous molecules can penetrate through a barrier coating by diffusion and flow 

through cracks and pinholes. The transport of mass during penetration occurs through 

three different pathways: in the basal plane direction, in the normal plane direction or both 

ways. First the molecules at the surface of the coating get adsorbed, and then some of 

these molecules get absorbed. (Nyflött, 2014) After this two steps the molecules permeates 

through the packing and desorb into the package. This process can be described physic-

chemically (Crank, 1979). 

𝑃 = 𝐷 ∙ 𝑆,  (1.1) 

𝑃 is the permeation, 𝐷 the diffusion and 𝑆 the solubility. The diffusion and solubility 

depends on both the characteristic of the barrier material and the characteristics of the 
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molecules that permeate through the barrier material (Stevens, Permeation Basics; 

Stevens, Permeation Basics II; Nyflött, 2014). Diffusion is a result of random molecular 

motions, in this process matter is transported from one place in the system to another. 

(Nyflött, 2014) 

Permeability can be described by diffusion parameters and solubility parameters. The 

diffusion, 𝐷, can be calculated with Fick’s First Law. Fick’s First Law says that the flow rate 

through a cross section of a matrix is proportional to a concentration gradient. (Crank, 

1979) 

𝐹𝑥 = −𝐷
𝜕𝐶

𝜕𝑥
.  (1.2) 

𝐹𝑥 is the flux in 𝑥 direction, 𝑐 the concentration and 𝑥 is the distance. With help from Fick’s 

first law the time dependent (𝑡) concentration can be decided with the flux: 

𝜕𝑐

𝜕𝑡
= −

𝜕𝐹𝑋

𝜕𝑥
  (1.2) 

If the diffusion constant is constant, Fick’s Second Law in one dimension is obtained: 

𝜕𝑐

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷

𝜕𝑐

𝜕𝑥
). (1.3) 

If the diffusion coefficient is constant in the material and the system is planar this equation 

is obtained: 

𝑐 =
𝐴

√𝑡
𝑒−𝑥2/4𝐷𝑡. (1.4) 

A is the starting condition at 𝑥=0 and 𝑡=0. (Crank, 1979) In figure 1, the starting condition is 

to the left in this figure. 

1.4 Rheology  
Rheology is the knowledge about deformation and flow of a material and rheometry is the 

measuring technology to determine the rheological data for a material. The rheological 

behavior of a material depends on the type of loading, degree of loading, the duration of 

the loading and the temperature. (Mezger, 2011) 

 

Figure 4 - G’ – Storage Modulus, G’’ – Loss modulus. In diagram a) four different polymer solutions 
are compared. Curve 1 shows an unlinked polymer with a narrow molar mass distribution. Curve 2 

a b 
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shows an unlinked polymer with a wide molar mass distribution. Curve 3 shows a polymer solution 
with a low degree of cross-linking. Curve 4 shows a polymer solution with a high degree of cross-
linking. In diagram b, dispersion 1 G’>G’’ and therefore a gel-like structure and physical stability at 
rest, in the dispersion 2 G’’>G’ and therefore behavior of a liquid which may tend to phase 
separation. (Mezger, 2011) 

From analysis information about the storage modulus, G’, (Pa), the loss modulus, G’’, (Pa) 

and complex viscosity, ɳ*, (Pa*s) can be collected. The storage modulus is a measure of the 

deformation energy that been stored in the material during the shear process. When the 

shear process is over the energy created during this process is available to be the driving 

force for the reformation process. The energy will compensate fully or parts of the 

deformation of the structure obtained during the shear process. The storage modulus 

represents the elastic behavior of the material. The loss modulus is a measure of the 

deformation energy used by the sample during the shear process. This energy can’t be used 

by the material as with the energy at the storage modulus, instead it is used during the 

process of changing the material structure. At the point where these moduli are crossing 

each other, the crossover point (gel-point), the two modules are balanced and it shows the 

behavior for a material at the borderline between liquid and gel-like. In figure 4 different 

rheological behaviors can be seen. (Mezger, 2011) 

Complex viscosity can be imagined as the viscoelastic flow resistance of a sample. Complex 

viscosity, ɳ*, has a real part, ɳ’, and imagery part, ɳ’’, see equation (1.5) and (1.6). ɳ’ can 

also be named as dynamic viscosity. ω is the angular frequency (1/s). 

ɳ′ =
𝐺′′

𝜔
  (1.5) 

ɳ′′ =
𝐺′

𝜔
   (1.6) 

|ɳ∗| = √(ɳ′)2 + (ɳ′′)2 (1.7) 

|ɳ*| includes both the real part and imaginary part, see equation (1.7). (Mezger, 2011) 

 

Figure 5 – Frequency sweep of a polymer solution that is flexible and liquid at low frequencies and 

inflexible and rigid at high frequencies. (Mezger, 2011) 
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Figure 5 is showing a frequency-dependent function of the complex viscosity. At low 

frequencies the polymer solution indicates a range of the zero-shear viscosity, the plateau 

in the diagram in figure 5. The zero-shear viscosity value is proportional to the average 

molar mass. Higher frequencies obtains higher G’- and G’’-values, but lower ɳ*-values. 

When the frequency is increasing the polymer structure of the temporary network-of-

entanglements is showing more and more inflexibility and rigidity. With decreasing 

frequencies, the structure of the temporary network-of-entanglements shows more and 

more flexibility because of increasing number of disentanglements. (Mezger, 2011) 

1.5 Design of experiments 
Design of experiments makes it possible to focusing on the real effects of the factors and 

not the unwanted unsystematic errors. It is important to known that this is a model, it is 

very useful, but is not perfect. (Eriksson, 2008) 

A linear, full factorial design is a balanced and orthogonal arrangement of experiments. This 

design makes it possible to design a set of experiments where all factors are investigated in 

a fewer number of experiments. Full factorial designs are used to design basic screening, 

optimization and robustness testing. Screening is used in the beginning of a project to 

explore which factor that has an influence on the responses, and if the factor has an 

influence on the response. The information obtained from a screening is therefore positive 

or negative on each factor. A screening design has few experiments compared to the 

number of factors. After screening, optimization is used. In optimization the response 

values is predicted for all possible combinations of the factors within the experimental 

region. It is used to find an optimal experimental point. The optimal experimental point is 

often a compromise between the factors, because when different responses are treated at 

once it is often hard to find a single experimental point. With the optimization one can find 

out which factors that influence the responses. Unlike screening, optimization requires 

many experiments in contrast to the factors. Robustness testing is often used before a 

product or method will reach the market. A robustness test will tell if the product or 

method is robust to small fluctuations in the factor levels. If it is not robust the product or 

method will probably not reach the market. (Eriksson, 2008) 

When designing experiment the factors have to be set to quantitative or qualitative. A 

quantitative can change according to a continuous scale, unlike a qualitative factor which 

only can assume certain values. As the factors has to be set to quantitative or qualitative 

the responses have to be set to regular, derived or linked. Regular responses are standard 

responses which is measured and fitted in the current investigation. Derived responses are 

artificial responses which are computed as a function of the factors and/or regular or linked 

responses. Linked responses are responses referred to the current applications, but defined 

in another project (Eriksson, 2008). 

When the data from the experiments is collected the raw data is evaluated and after that 

regression analysis and model interpretation is done. Evaluation of the raw data includes 

looking for regularities and peculiarities. With this data several analysis and plots can be 

done, for example, replicate plots, regression analysis and coefficient plots. Regression 
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analysis and model interpretation involves calculations when linking the factors and 

responses together. After these two steps a regression model can be done. (Eriksson, 2008) 

When using a full factorial design (2 levels) no triplicate is needed for each experiment, but 

only on the centrum points. The triplicate done on the centrum points gives a significant 

aspect on the systematic errors and unwanted unsystematic errors. (Eriksson, 2008) 

2. Materials 
In this thesis three polymers are used to make barriers, polyvinyl alcohol, starch and 

hemicellulose. Each of the three polymers is treated with a plasticizer, sorbitol. The 

materials used in this master thesis can be seen in table 1. 

Table 1 – The materials used in this master thesis. *FDA - US Food and Drug Administration 

Material Manufacturer Details 

PVA Mowiol 15-99 (Kuraray 
Frankfurt, Germany) 

 ~ 100 000 g/mol (Kuraray Specialties 
Europe, 2003) 

 FDA* approved 

Starch Solcoat P55 (Solam 
Kristianstad, Sweden) 

 Viscosity of 30 cP at 20% when jet cooked 
according to Brookfield LVDV 100 rpm at 
50°C 

 Degree of hydroxypropyl substitution is 0.11 

Hemicellulose Xylan from beech wood 
(X4252 SIGMA) 

 Purity ≥90% HPCL 

Sorbitol D-sorbitol (85529 SIGMA)  Purity ≥99.5 

 ~ 182.17176 g/mol 

 

PVA is used because of its usages in the thesis Structural Studies and Modelling of Oxygen 

Transport in Barrier Materials for Food Packaging by Åsa Nyflött (Nyflött, 2014) and the 

results from this investigation are intended to be used in further developments of models 

used by Techn. Lic. Åsa Nyflött. This starch is chosen because it is used in thesis at Karlstad 

University (Olsson, et al. 2014). D-sorbitol is used because of successful results in Material 

Properties of Plasticized Hardwood Xylans for Potential Applications as Oxygen Barrier 

Films. 

2.1 Barrier polymers 
Information regarding the three polymers, polyvinyl alcohol, starch and hemicellulose, is 

presented in forthcoming paragraphs.  

2.1.1 Polyvinyl alcohol (PVA) 

 

 

 Figure 6 – Schematic chemical structure of PVA 
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Polyvinyl alcohol is a water soluble plastic, but it is insoluble in other organic solvents 

(Goodship, et al., 2009). Polyvinyl alcohol is a hydrophilic polymer and is produced by 

polymerizing vinyl acetate and the polyvinyl acetate is then hydrolyzed to polyvinyl alcohol 

(Nyflött, 2014). By varying the degree of polymerization of the polyvinyl alcohol different 

grades of material with different properties can be produced, this reaction can be 

controlled. The created polyvinyl alcohol has the same degree of polymerization as the 

original polyvinyl acetate. Other materials can also be used to replace the acetate groups; 

ethylene and acrylate esters are example of these. (Goodship, et al., 2009) Polyvinyl alcohol 

consists of a saturated hydrocarbon backbone and it has hydroxyl groups as side chains, see 

figure 6. The side chains can influence the crystallization process and contributes to water 

solubility. (Nyflött, 2014) The physical characteristics of polyvinyl alcohol depend on both 

the degree of polymerization and hydrolysis produced, because of that; polyvinyl alcohol 

can be classified into two classes: partially hydrolyzed and fully hydrolyzed (Goodship, et 

al., 2009). 

2.1.2 Starch 

Starch is composed of the polymers amylose, a linear polymer, and amylopectin, a 

branched polymer (Kuusipalo, 2008; Kjellgren, 2007). The backbone is composed by glucose 

units and they are joined by α-1,4-glucosidic bonds and the amylopectin branched are 

linked by α-1,6-glucosidic bonds, see figure 7 (Andersson, 2002). The linear amylose 

polymer can form films and bind to surfaces that contain polar groups. Starch can be used 

as a coating material; it can protect the surface of the paperboard. The surface of the 

paperboard gets closed and a smaller amount of air can go through the paperboard. 

(Duraiswamy, et al., 2001; Kjellgren, 2007) Unmodified starch, raw starch, is difficult to use 

because of its high molecular weight and viscosity, a high viscosity makes the starch hard to 

coat onto a surface. The polymer solution can’t flow through the die as it should and this 

will make the film irregular, both in thickness and width. (Kjellgren, 2007; Kuusipalo, 2008) 

The starch can be modified by oxidation, the hydroxyl groups on the starch are oxidized to 

carbonyl and carboxyl groups. The starch can also be modified with functional groups. 

Starch from potato can be used. The average granule size in potato starch is ~30 µm and is 

composed of 21% amylose and 79% amylopectin. (Andersson, 2002) A problem with starch 

is when the paperboard coated with starch is recycled, the negative charged groups on 

starch can cause wet-end retention problems and cationic polymers may be added to 

neutralize the system (Shen, et al., 2014).  
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2.1.3 Hemicellulose 

Hemicelluloses are the second most abundant plant material in the nature; only cellulose is 

more abundant. Hemicellulose is bound to cellulose and lignin in the plant cell wall. (Lai, et 

al., 2006; Hansen, et al., 2008) In hardwood, xylans are the main hemicellulose but it also 

available in other plants (Laine, et al., 2013; Sjöström, 1993).  Xylans consist of a β(1→4)-D-

xylopyranose backbone with side groups on the 2- or 3-position, see figure 8. In softwood, 

galactoglucomannans are the main hemicellulose next to xylan. Galactoglumannans consist 

of β(1→4) linked D-mannopyranoses, see figure 9. (Hansen, et al., 2008) Hemicelluloses are 

non-crystalline heteropolysaccharides and are alkali soluble after removal of pectic 

substances. The degree of polymerization for hemicellulose is 80-200 and the backbone 

consists of one unit for xylans and two or more for glucomannans. They are easily 

hydrolyzed by acids to their monomeric components (D-xylose, L-arabinose, D-glucose, D-

galactose, D-mannose, uronic acids). (Sjöström, 1993; Laine, et al., 2013) 

 

Figure 8 - Schematic chemical structure of D-
xylpyranose used in this thesis. 

 

Figure 9 - Schematic chemical structure 
of D-mannopyranose. 

Xylan can be extracted from wood and agro-based material rather easy in alkaline 

conditions. Lignin is removed from the pulp and then it will be bleached. Alkaline extraction 

cleaves the native acetyl substituents of the xylan. The alkaline processing leads to a water-

insoluble polymer. Hemicellulose can be chemical modified; examples are esterification, 

etherification and methacrylation. The ether bond is chemically more stable than the ester 

bond, but the ester bond is easier hydrolyzed. These methods can give hemicellulose 

selected solubility properties, thermoplasticity properties and film forming properties. 

(Sjöström, 1993; Laine, et al., 2013) 

Figure 7 – Schematic chemical structure of starch. 
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Glucomannans (O-acetyl-galactoglumannan) is soluble in both water and organic solvents 

(Hartman, et al., 2008). Its backbone is linear or a little branched, it is built of (1→4) linked 

β-D-glucose and β-D-mannose. O-acetyl-galactoglucomannan hemicellulose isolate can be 

obtained from thermomechanical pulping (TMP) process water (Timell, 1967; Hartman, 

2006). 

2.2 Plasticizer 
Plasticizers are low-molecular-weight substance. The plasticizer can be added to polymer 

solutions were it can incorporate in the polymer matrix. This increase the flexibility and 

processability by increasing the space between the molecular chains inside the polymer 

matrix. This happen because when adding the plasticizer the hydrogen bonds between the 

polymer chains decrease, interactions between the polymer and plasticizer replaces some 

of the interactions between the polymer and water. (Jaunsang, et al., 2015, Mathew and 

Dufresne, 2002, Chang, Abd Karim and Seow, 2006, Park and Chinnan, 1995). If a plasticizer 

is added the mobility of the polymer chains increases and this makes the polymer easier to 

crystallize. The more plasticizer added to the polymer the more interactions between the 

plasticizer and polymer will occur and that will make interactions between polymer chains 

smaller. If too much plasticizer is added it can lead to separation between the crystal lattice 

planes in the polymer. (Gröndahl, et al., 2004) 

2.2.1 Sorbitol 

 

Figure 10 - Schematic chemical structure of sorbitol. 

Sorbitol is a sugar alcohol and can be manufactured from hydrolysis-hydrogenation of 

cellulose and lignocellulosic biomass or by hydrogenation of glucose, see figure 10 

(Daddawala et al., 2015, Mishra, et al., 2014, Geboers, et al., 2011, Dutta, et al., 2012).  

3. Methods 
Several different method where used in this thesis, they are presented here. 

3.1 Design of experiments 
The program MODDE (Umetrics) was used to design the experiment. MODDE is a program 

used for design of experiments; it can also calculate statistical errors from the results 

obtained from the experiments. The program can present the results from the calculations 

in easily understood graphs. The goal with using MODDE in this study is to see which factors 

contribute to a lower permeability. 

A linear, full factorial design (2 levels), basic screening was used to design one part of the 

experimental part, see figure 11. The factors were set to quantitative and the responses to 

regular. In table 2 the experiment design for polymer solutions coated onto PET is 
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presented. This design is used for PVA and starch. The three factors in the design are 

concentration of sorbitol, wet coating thickness and drying temperature in drying oven. 

Table 2 – The different combination received when MODDE design the experiment. Sorbitol 
concentration was set to 0-20%, the wet coating thickness 24-100µm and the drying temperature 
in the drying oven between 60-100°C. The three last experiments are the centrum points. The total 
wt. % for the solutions are 10 wt. %.  

Concentration Sorbitol 
(wt. %) 

Wet Coating Thickness 
(µm) 

Drying Temperature in drying 
oven (°C) 

0 24 60 

20 24 60 

0 100 60 

20 100 60 

0 24 160 

20 24 160 

0 100 160 

20 100 160 

10 62 110 

10 62 110 

10 62 110 

 

When the data from the experiments is collected the raw data is evaluated and after that a 

regression analysis is done. With this data several analysis and plots are done, for example, 

replicate plots, regression analysis and coefficient plots. Regression analysis and model 

interpretation involves calculations when linking the factors and responses together.  

 

Figure 11 - Design Region. Full Factor model made in MODDE.  
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3.2 Polymer preparation 
PVA and sorbitol was dissolved in deionized water, 95°C, under gentle stirring for 1.5h. 

Then it was cooled down to room temperature, still under gentle stirring, before the film 

was made. (Nyflött, 2014) 27.78 gram of the PVA and sorbitol was mixed with 250 gram 

water and had a final concentration of 10 weight percentage (wt. %).  

27.78 gram of the dry starch and the sorbitol was mixed with deionized water to a total 

weight of 250 gram and had a final concentration of 10 weight percentage (wt. %). The 

starch dispersion was gelatinized by immersion in a boiling water bath under vigorous 

stirring for 45 min. (Olsson, 2013) Then it was cooled down to room temperature, still 

under stirring, before the film was made.  

Xylan was mixed with sorbitol and deionized water during magnetic stirring at 95°C for 15 

min. The xylan and additive was kept at a constant weight of 27.78 gram and 250 gram 

water was added and had a final concentration of 10 weight percentage (wt. %). An 

attempt with a lower concentration of the dry content for the hemicellulose solutions was 

also done. The dry content was adjusted to 2.85 wt. % by diluting the solution of 30, 40 and 

50 wt. % sorbitol of the dry weight. The new solutions had concentrations of 30, 40 and 

50% wt. sorbitol of the dry weight. Then it was cooled down to room temperature, still 

under gentle stirring, before the film was made. 

3.3 Preparations of films 
In this chapter the method on preparation of films is reported.  

The solution was coated onto polyethylene terephthalate (PET) sheets using a bench 

coater, see figure 12. The thicknesses of the wet films were 24, 62 and 100 µm, see table 2. 

The films were dried in a drying oven at 60, 110 and 160°C, see table 2. The solution was 

also poured into Petri dishes; the amount of solution did just cover the bottom of the dish, 

see table 3. The films in the Petri dishes were dried at 23°C and 50% RH. The films can be 

kept at 23°C until measurements were performed (Kjellgren, 2007). The film made of 

hemicellulose was casted into a Petri dish that was covered with PET to make the film of 

hemicellulose easier to remove. These films were also dried at 23°C and 50% RH. 
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Figure 12 – The bench coater used for coating the polymer solutions onto PET films. 

For each polymer solution pH, conductivity, dry content, flow behavior and viscosity were 

measured, see Appendix A table A1, A2 and A3. In this way differences between the 

solutions can be detected. When the films coated on PET had dried in the heating oven the 

moist content was measured to ensure that they were fairly similar to each other in moist 

content. During drying in the heating oven, the temperature of the film was measured with 

an IR temperature meter. When the films in Petri dishes had been stored at 23°C and 50% 

RH for at least one week and the polymer solutions coated on the PET films where 

completed several analyses, appearance, thickness, oxygen transmission rate, ambient 

oxygen transmission rate, differential scanning calorimetry,  and scanning electron 

microscopy, where performed on each film.  

3.4 Rheology 
In this thesis an oscillatory test is used, a frequency sweep, 25 measure points between 0.1-

100 ω (1/s) at the temperature 23°C. Oscillatory tests can analyze all viscoelastic materials, 

in this case polymer solutions. Frequency sweep is an oscillatory test where the amplitude 

is at a constant value and the frequencies is variable. Frequency sweeps can examine the 

time-dependent deformation behavior of a material as the frequency is the inversed value 

of time. At high frequencies short-time behavior is simulated and at low frequencies long-

term behavior is simulated. (Mezger, 2011) 
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Figure 13 – The measurement arrangement for the frequency sweeps. In the middle the inner 
cylinder is illustrated, the outer limit is the outer cylinder and the blue is representing the polymer 
solutions. 

To measure this, a cylinder measuring system is used, see figure 13. A cylinder measuring 

system (MS) is composed of an inner cylinder, sometimes called bob, and an outer cylinder, 

sometimes called cup, in this case CC17 (concentric cylinder) is used (Mezger, 2011). The 

apparatus used was Parar Physica, MCR 300, Graz, Austria. 

3.5 Moisture Hysteresis 
In the moisture hysteresis test three different samples where tested, PVA with 0 % sorbitol 

from Petri dish, starch with 0 % sorbitol from Petri dish and hemicellulose with 30 % 

sorbitol from Petri dish, each film where tested three times. The film is hanged in a clamp 

inside a chamber where the humidity changes. The moisture hysteresis had three levels, 

the first level were 50 % RH for 60 minutes, the second were 66 % RH 660 minutes and level 

three were 85 % RH for 660 minutes, the measurements where preformed at 23°C. 

3.6 Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) can be used to decide the materials glass 

transmission temperature, melting temperature, melting enthalpy of fusion and crystallinity 

(Patel et al, 2014). In easy terms differential scanning calorimetry measure the heat flow 

into or out of a material as a function of time or temperature. One sample and one 

reference sample are placed on platforms on the sensors. When heat is transferred through 

the sensor a difference in heat flow between the sample and the reference sample can be 

obtained by area thermocouples (Blaine, TA Instruments). The differential scanning 

calorimeter is using a sinusoidal heating rate or inflection that is overlaid on the traditional 

linear heating rate. This way the average temperature in the polymer changes with time. 

(Operator’s Manual DSC 2920 CE, TA Instruments) (Andersson, 2002) The calorimeter can 

measure the total heat flow and this can be expressed like this (Operator’s Manual DSC 

2920 CE, TA Instruments) (Andersson, 2002): 

𝑑𝐻

𝑑𝑡
= 𝐶𝑝

𝑑𝑇

𝑑𝑡
+ 𝑓(𝑇, 𝑡).  (1.8) 
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𝑑𝐻/𝑑𝑡 is the total heat flow, 𝐶𝑝 is the specific heat capacity, 𝑑𝑇/𝑑𝑡 is the underlying 

heating rate and 𝑓(𝑇, 𝑡) is the kinetic response of the sample. The heat flow due to the 

heat capacity and heat flow due to kinetic events is the two components the total heat flow 

consists of. The heat flow due to the heat capacity is contingent on the underlying heating 

rate. The heat flow due to kinetic events is dependent on the absolute temperature and the 

time of the measurement. The differential scanning calorimetry can measure the heat flow 

due to the heat capacity and the heat flow due to kinetic events separately. This is possible 

because the measurements are based on two different heating rates. The sinusoidal 

heating rate gives information about heat capacity and the average linear heating rate the 

total heat flow. The heat flow due to kinetic events component is the difference between 

the total and reversing signals. The heat capacity transition includes the glass transmission 

temperature and because of that it appears in the reverse heat flow curve (Operator’s 

Manual DSC 2920 CE, TA Instruments; Andersson, 2002). 

The PVA used in this thesis is a semicrystalline material, the material has parts that are 

crystalline and parts that are amorphous, and this reflects the mechanical properties. By 

determine the enthalpy of fusion the degree of crystallinity can be calculated. The enthalpy 

of fusion can be estimated from the area under the curve in DSC endotherms with help 

from the baseline from the first melting to the point where crystallinity is assumed to start. 

 

 

Figure 14 – A linear baseline is drawn from temperature T0 to temperature Tf. In this way the area 
under the curve represent the enthalpy of fusion (∆Hf

0
Tm) (redrawn from Patel, et al., 2014). 

When using DSC, the heat flow and heat capacity is measured as a function of time and 

temperature. If this is plotted, as in figure 13, the change of enthalpy can be written as: 

∆𝐻𝑓 = ∫ 𝐶𝑝𝑑𝑇
𝑇𝑓

𝑇0
.  (1.9) 

If 𝑇0 is the onset melting temperature and 𝑇𝑓 is the final melting temperature the weight 

fraction crystallinity for the composite can be determined by: 
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𝑋𝑐(𝑇) =
∆𝐻𝑓(𝑇0−𝑇𝑓)

∆𝐻𝑓
0(𝑇𝑚)∙(1−𝑚𝑓)

∙ 100 % (1.10)  

Where 𝑋𝑐(𝑇) is the weight fraction crystallinity, ∆𝐻𝑓(𝑇0 − 𝑇𝑓) is the enthalpy of fusion of 

the sample between the temperature 𝑇0 and 𝑇𝑓, ∆𝐻𝑓
0(𝑇𝑚) is the enthalpy of fusion of the 

totally crystalline sample, 𝑚𝑓 is the mass fraction of the filler/plasticizer in the composite. 

(Patel et al, 2014; Barone, 2005) Enthalpy of fusion (∆𝐻𝑓
0(𝑇𝑚)) of 100 % crystalline PVA 

used in this thesis is 138.6 J/g (Peppas et al., 1976). The degree of crystallinity affects for 

example the storage modulus, the permeability, the density and the melting temperature 

(Blaine, TA Instruments). The crystallinity wasn’t calculated for starch and hemicellulose. 

Starch because it was hard to know which peak that was the water peak and which peak 

was the enthalpy of fusion and hemicellulose because it is an amorphous material. 

In this thesis DSC 2920 from TA Instruments was used, were the weight of the sample was 

between 5-10 mg. The films were cut in small pieces and placed on the bottom of the pan 

used to keep the sample under the test. The equilibrium temperature was 0°C, start 

temperature was 10°C and was raised to 400°C with 10°C/min. The temperature was 

modulated ±0.796°C every 30 second.  

3.7 Scanning Electron Microscope (SEM) 
Scanning electron microscope (SEM) (Zeiss EVO MA10, Carl Zeiss Microscopy GmbH, Jena, 

Germany) was used to see barriers. This is very useful when a cross section of the barrier 

coatings is wanted to be seen. SEM can be used at high vacuum and the cross section, 

wanted to be observed, has to be prepared with focused ion beam or embedded in epoxy. 

This process is very hazard and only educated persons with the right knowledge have the 

right to perform this action. The films embedded in epoxy were harden for 12 hours and 

then they were polished, first with SiC paper #500, after that with MD largo with DP-spray 

with grind size 5µm, then with MD Dur with grind size 3µm and finally with MD-Nap with 

DP-spray with grind size of 1µm. Between these steps the films was washed with ethanol 

and after that left to dried. After this process the films were coated with gold. They are 

coated with gold to prevent the films from charging effects. (Nyflött, 2014) 

3.8 Oxygen Transmission Rate (OTR) 
The oxygen gas transmission rate (OTR) can be measured with OxTran 2/21 (ASTM D3985) 

(MOCON, Minneapolis, US).There are two chamber in this apparatus which is separated 

with the barrier material wanted to be tested. One chamber is containing oxygen and the 

other nitrogen. Oxygen is absorbed by the material and transported to the other chamber, 

where nitrogen transports the oxygen to the sensor, see figure 15. The sensor is creating a 

voltage when receiving oxygen; this is proportional to the oxygen concentration. (Stevens, 

Permeation Basics; Andersson, 2002) With this method the steady state permeability can 

be determined; during steady state permeability equilibrium of the mass transport through 

the material is occurring (Stevens, Permeation Basics; Nyflött, 2014). 

The test in this thesis consists of 14 cycles and each examination takes 30 minutes. The 

measurements were done at 28.5°C, 50% RH and a concentration of 21% oxygen. Before 
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any measurements were done the samples were conditioning for 4 hours. The exposed 

area of the barrier was 5 cm2; aluminum foil was used to mask the sample to this size. 

 

Figure 15 - Schematic figure for measurement with OTR (redrawn Kjellgren, 2007) 

3.9 Ambient Oxygen Transmission rate (AOIR) 
Ambient oxygen transmission rate (AOIR) can measure the permeability with the 

instrument PermMate (Systech, Illinois, US). The sample (0.0005m2) gets mounted between 

two cells. A needle can be placed into one of the cell. This needle can collect some gas 

which can be transported to the sensor. This gas can later be transported into the cell 

again, see figure 16. The size of the cells was 225 ml each. A salt solution (Mg(NO3
-)2) was 

used to control the climate inside each of the cells (50% RH). Before the measurements 

started one of the cells was flushed with nitrogen until it contained approximately 0% 

oxygen, the other cell was linked to ambient air. (Nyflött, 2014) The exact same samples 

were used in both OTR and AOIR. 

 

Figure 16 – Figure for measurement with AOIR. 

With this method knowledge was given about the mass transport in the early state phase 

and in the steady-state phase. This because the time resolution given by the extraction 

procedure and oxygen sensor is faster than the MOCON, oxygen gas transmission rate 

(OTR). With the information from the ambient oxygen transmission rate the oxygen gas 
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transmission rate can be calculated. The permeability, 𝑃, can be calculated when 

measurements of the concentration of oxygen is increased. (Larsen, et al., 2000; Nyflött, 

2014) 

 

𝑃 = 𝜏(µ𝑚) ∙ 𝑇(𝐾) ∙
(𝑐𝑓−𝑐𝑖)(%)

100
∙

𝑉(𝐿)

22.4(
𝐿

𝑚𝑜𝑙
)(𝑆𝑇𝑃)∗0.21(𝑎𝑡𝑚)

∙
𝑅(𝑐𝑚3𝑎𝑡𝑚𝐾−1𝑚𝑜𝑙−1)

𝐴(𝑚2)∙(𝑡𝑖−𝑡𝑓)(𝑑𝑎𝑦)
 (1.11) 

 

𝑉 is the volume of the sample cell, 𝜏 is the thickness of the sample, 𝑐𝑖 is the starting 

concentration and 𝑐𝑓 is end concentration, 𝑅 is the ideal gas constant, in this case 82.05, 𝐴 

is the area of the sample, 𝑡𝑖 is the starting time and 𝑡𝑓 is the end time (Larsen, et al., 2000; 

Nyflött, 2014).  

The diffusion coefficient, D, can be calculated with help from the lag time, 𝑡𝑙. The lag time 

can be collected from the data at low concentrations in the beginning of the measurements 

(Larsen, et al., 2000; Nyflött, 2014). 

𝐷 =
𝜏2

6𝑡𝑙
   (1.12) 

 

Figure 17 – The diagram shows an example of results from an AOIR experiment. The lag time and 
the difference between time and concentration are shown. 

With help from equation (1.12) and (1.13) the solubility, S, can be calculated Larsen, et al., 

2000; Nyflött, 2014). 

𝑆 =
𝑃

𝐷
   (1.13) 

4. Result 
In this chapter results from the different analysis of the polymer solutions and films are 

presented. 
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4.1 Flow Behavior and Viscosity 
In figure 17 a comparison of the complex viscosity for the different solutions is made. The 

diagram is showing the complex viscosity for the three solutions with the highest 

concentration of sorbitol of each material. Diagrams for the other solutions complex 

viscosity’s can be found in Appendix B, B1 and B2. 

 

Figure 18 - Diagram showing the complex viscosity for the solutions PVA with 20% sorbitol, starch 
with 20% sorbitol and hemicellulose with 50% sorbitol. Each solution was tested three times; the 
error bars are showing the highest and lowest value measured. 

In figure 18 it can be seen that a higher concentration of sorbitol in the PVA solutions 

seems to close in to ɳ = 0.1 (Pa*s), but is still at the same ɳ at lower frequency. Almost the 

same can be said about the hemicellulose solutions but instead of closing in to ɳ = 0.1 

(Pa*s), it is closing in to 0.001. The greatest difference is between the starch solution with a 

concentration of 10% sorbitol and 20% sorbitol. It is a big difference in the low frequency, 

were it goes from ɳ = 2.8 (Pa*s) to ɳ = 0.250 (Pa*s). 

In figure 19 to 22 diagram of the storage modulus and loss modulus is presented for the 

highest concentration of sorbitol for each solution. The axes are in logarithmic scale 

because of easier comparison and to make a greater difference between the measure 

points. The interesting parts of the diagrams are the crossover point of the two curves, 

storage modulus and loss modulus, and how this point moves in the different 

concentrations and in different solutions. In interest of comparison is also at what 

frequency the big change in the storage modulus happens in the different solutions and at 

the different concentrations. 
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Figure 19 - Diagram showing the storage modulus and loss modulus for PVA solution with 20% 
sorbitol. Each solution was tested three times, the error bars are showing the highest and lowest 
value measured. 

As shown in the three diagrams for PVA, see figure 19 and B3 and B4 in Appendix B, the 

crossover point, moves to lower frequencies when the concentration of sorbitol is 

increasing. Between the PVA solution with the concentration of 0% sorbitol and PVA 

solution with the concentration of 10% a difference in the crossover points are seen and 

between PVA solution with 10% sorbitol and PVA solution with 20% sorbitol the crossover 

point is nearly at the same point. At this point the two modules are balanced and it shows 

the behavior for a material at the borderline between liquid and gel-like. In the diagrams 

there can be seen an increase in the storage modulus when moving to higher frequencies 

and this point is moving to higher frequencies at increasing concentration of sorbitol.  

 

Figure 20 - Diagram showing the storage modulus and loss modulus for starch solution with 20% 
sorbitol. Each solution was tested three times; the error bars are showing the highest and lowest 
value measured. 
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In the diagram in figure 20 and figures B5 and B6 in Appendix B for starch solution, the 

crossover point, moves to lower frequencies when the concentration of sorbitol is 

increasing. In the diagrams there can be seen an increase in the storage modulus when 

moving to higher frequencies and this point is moving to lower frequencies at increasing 

concentration of sorbitol. 

 

Figure 21 - Diagram showing the storage modulus and loss modulus for hemicellulose solution with 
50% sorbitol. Each solution was tested three times; the error bars are showing the highest and 
lowest value measured. 

In the diagram, in figure 21 and the figures B7 and B8 in Appendix B for hemicellulose, the 

crossover point, moves to lower frequencies when the concentration of sorbitol is 

increasing, as also observed for the starch solutions. In the diagrams there can be seen an 

increase in the storage modulus when moving to higher frequencies and this point is 

moving to lower frequencies at increasing concentration of sorbitol.  

From the diagrams for starch and hemicellulose, see figure 20 and 21, there could be said 

that these systems consist of an unlinked polymer system. When the frequency is 

increasing for both these systems a temporary network of entanglements is created which 

make the system more inflexible. It becomes more inflexible the higher concentration of 

sorbitol and the higher the frequency is. The system gets to this stage at the crossover 

point, were the elastic behavior starts to dominate. For PVA solutions this is not the case, 

see figure 19. Increasing frequency increase the storage modulus. It is still a system of 

unlinked polymers, but the increasing of entanglement is not the same as for starch and 

hemicellulose. At lower frequencies the system is showing more flexibility because the 

entanglements are decreasing. Loss modulus has higher values than storage modulus due 

to the increasing relative motion between the polymer molecules. For the system of starch 

and hemicellulose there could be said that for low frequencies there is a liquid/fluid system 

and at high frequencies some entanglements are created. The entanglements results in a 

higher storage modulus. 

As seen in figure 20 and 21 at the higher frequencies there is something called a wall slip. 

Wall slip is when the inner cylinder is spinning fast but the solution between the inner and 
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outer cylinder is not affected in the expected way (Mezger 2011). Instead of slowly rotate 

with the inner cylinder the solution stands still. 

4.2 Appearance of the films 
In making of the films there were several different problems that occurred. The films made 

of starch became very brittle, especially the ones without sorbitol. This made the films 

buckled and it became harder to decide their thickness, see table C2 in Appendix C, and 

that led to big standard deviations in both the thickness for the films and the permeability, 

see table D6 in Appendix D. A problem also occurred when drying the starch films at a 

higher temperature; again this was much more apparent for the films without sorbitol. At a 

high temperature, the starch solution started to boil, and this led to bubbles and cracks, see 

figure 23. Another problem was that the coating started to loosen from the PET film. The 

same problem didn’t occur with the films made of PVA that became much more flat and 

had uniform thickness, see figure 22. 

 

Figure 22 – PVA film coated onto PET with the concentration 0% sorbitol, the wet thickness 24 µm, 
and the drying temperature 160°C. The film is transparent and lies on a white sheet of paper.  
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Figure 23 – Starch film coated onto PET with the concentration 0% sorbitol, the wet thickness 100 
µm, and the drying temperature 160°C. The film is transparent and lies on a white sheet of paper. 

The films made of hemicellulose were hard to coat for two reasons, they didn’t adhere to 

the PET film the same way that PVA and starch solutions did and it became very brittle. The 

barrier dispersion of hemicellulose didn’t adhere the same way as PVA and starch because 

of the high surface tension this solution obtains. Instead the solution will form droplets to 

minimize the surface free energy. After drying in the drying oven the films consisted of 

flakes. A similar problem occurred when casting the films in Petri dishes, because of the 

very brittle material the film consisted of flakes, see figure 24a. To get around this problem 

the sorbitol concentration was increased and the films were only casted in Petri dishes and 

not coated. The films became more intact but they didn’t hold together during analysis. The 

dried content in the solution was then decreased from 10 wt. % to 2.85 wt. %.The films now 

became homogeneous, but were stuck on the bottom of the Petri dishes, because of that 

the films were cast on a piece of PET film in the bottom of the Petri dish, see figure 24b. In 

figure 24b it can be seen that the film is thicker in the middle and at the edges. With these 

films further analyzes were done.  

  

Figure 24 – Figure  a is showing hemicellulose 0% sorbitol and figure  b is showing hemicellulose 
50% sorbitol. 

a b 
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4.3 Moisture Hysteresis 
The result from the moisture hysteresis shows how the weight of PVA, starch and 

hemicellulose films is increasing when RH in the chamber is increasing from 50% RH to 85% 

RH. In the diagram there is to be seen that starch and hemicellulose, in figure 26 and 27, 

gets to equilibrium faster than PVA especially at 66% RH. When RH is increasing the starch 

film starts losings its shape and hemicellulose starts to detach from the PET film while PVA 

keeps its original shape. 

 

Figure 25 – Diagram showing the moisture hysteresis for PVA films with 0% a concentration of 
sorbitol. All three measurements are showed in the diagram to give a better overview of the start 
weight of each film. But as seen in diagram steady-state is found at the same time. The different 
moisture content levels are displayed with the two lines in the diagram, were the line at 60 
minutes is showing where the moisture content is increased from 50% RH to 66% RH and the line at 
720 minutes is showing where the moisture content is increased from 66% RH to 85% RH. 

 

Figure 26 - Diagram showing the moisture hysteresis for starch film with 0% a concentration of 
sorbitol. All three measurements are showed in the diagram to give a better overview of the start 
weight of each film. But as seen in diagram steady-state is found at the same time. The different 
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moisture content levels are displayed with the two lines in the diagram, were the line at 60 
minutes is showing where the moisture content is increased from 50% RH to 66% RH and the line at 
720 minutes is showing where the moisture content is increased from 66% RH to 85% RH. 

 

Figure 27 - Diagram showing the moisture hysteresis for hemicellulose film with 30% a 
concentration of sorbitol. All three measurements are showed in the diagram to give a better 
overview of the start weight of each film. But as seen in diagram steady-state is found at the same 
time. The different moisture content levels are displayed with the two lines in the diagram, were 
the line at 60 minutes is showing where the moisture content is increased from 50% RH to 66% RH 
and the line at 720 minutes is showing where the moisture content is increased from 66% RH to 
85% RH. 

4.4 Glass Transition Temperature and Crystallinity 
In the diagram in figure 28 the glass transition temperature for the different materials, PVA, 

starch and hemicellulose are presented. The glass transition temperature is decreased 

when the concentration of sorbitol is increasing in the material of PVA and starch. This is 

probably why the films made of starch became more flexible. Hemicellulose, with a dry 

content of 10 wt. %, is showing a decreasing of glass transition temperature in the low 

concentrations of sorbitol then flatten out to a more stable glass transition temperature at 

concentrations of 20 wt. % and higher. A difference can be seen between the hemicellulose 

material with 10 wt. % and 2.85 wt. %. A lower dry content seems to lower the glass 

transition temperature.  
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Figure 28 – A comparison of the glass transition temperatures for films made of PVA with sorbitol 
concentrations at 0%, 10% and 20%, starch with sorbitol concentration at 0%, 10% and 20%, 
hemicellulose with sorbitol concentration at 0%, 10%, 20%, 30%, 40% and 50% with a dry content 
at 10% wt. and hemicellulose with sorbitol concentration at 30%, 40% and 50% with a dry content 
at 2.85 wt. %. Each sample was tested three times; the error bars are showing the highest and 
lowest value measured. 

In figure 29 the crystallinity for PVA films made in Petri dishes are shown. For starch and 

hemicellulose the crystallinity wasn’t calculated. For starch in was hard to know which peak 

was the water peak and which peak was the enthalpy of fusion peak. Hemicellulose is 

amorphous material were the crystallinity is not calculated. In PVA the crystallinity of the 

material is decreasing when the concentration of sorbitol in the material is increasing.  

 

Figure 29 – Diagram showing how the crystallinity is changing when the percentage of sorbitol 
increases in PVA films made in Petri dishes. Each sample was tested three times; the error bars are 
showing the highest and lowest value measured. 
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In table D6 and D7 the crystallinity for PVA and starch coated on PET films is reported in 

Appendix D. These values will be reported into MODDE, see chapter 4.7, where the 

screening will be done. 

4.5 SEM 
Figure 30 is showing SEM image of films of PVA. The edges of the film are marked with 

white lines. In figure 30 the whole cross section can be seen with an enlargement of 300X 

for a film of PVA with a concentration of 0% sorbitol. In this SEM image no air bubbles or 

clusters of polymers have been identified. The film looks homogeneous.  

 

Figure 30 – SEM image showing the cross section of a PVA film with a concentration of 0% sorbitol 
with an enlargement of 300X. The edges of the film are marked with white lines. 

Figure 31a, 31b and 31c are showing cross sections of starch films with different 

concentration of sorbitol. As starch films are very brittle, especially when not containing 

sorbitol, several cracks is to be seen in the SEM image in figure 30a which represent starch 

film with a concentration of 0% sorbitol. There are no signs of air bubbles or clusters of 

polymers in the cross sections of these films. 
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Figure 31 – a) SEM image a showing the cross section of a starch film with a concentration of 0% 
sorbitol with an enlargement of 300X.  b) SEM image b showing the cross section of a starch film 
with a concentration of 10% sorbitol with an enlargement of 300X. c) SEM image showing the cross 
section of a starch film with a concentration of 20% sorbitol with an enlargement of 300X. The 
edges of the film are marked with white lines and the cracks are marked with arrows. 

a 

b 

c 
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As in the SEM image in figure 31a there are cracks in the SEM image in figure 31b, but not 

as many. The SEM image in figure is showing a cross section of a starch film with a 

concentration of 10% sorbitol. There are no signs of air bubbles or clusters of polymers in 

the cross sections of these films. In figure 31c a SEM image of starch film with a 

concentration of 20% sorbitol is shown. There are fewer cracks in this film than in the film 

with a lower concentration of sorbitol, seen in figure 31a and 31b. There are no signs of air 

bubbles or clusters of polymers in the cross sections of these films. 

In figure 32 a SEM image of a hemicellulose film cross section with the 50% sorbitol is 

showed. The lower part of the cross section is PET film and the upper part is the 

hemicellulose film. There are no signs of air bubbles or clusters of polymers in the cross 

sections of these films and no significant difference can be seen between the three 

different films, see Appendix E figure E8 and E9. The hemicellulose powder used in this 

thesis was 90% pure and this can be seen in these SEM image. The other 10% is filler 

material and this is the white specks at the bottom of the film. The filler material consists of 

sodium and <1% calcium. The white spots covering the whole figure 32 are from the polish. 

 

Figure 32 - SEM image showing the cross section of a hemicellulose film with a concentration of 
50% sorbitol coated on PET with an enlargement of 1000X. The edges of the film are marked with 
white lines. 

4.6 Permeability 
The diagrams in figure 33, 34 and 35 shows the mean values of the concentration of O2 

during AOIR analysis for the nine different films made in Petri dishes. In figure 35 the three 

films of PVA is plotted due to the O2 concentration at a certain time in the AOIR analysis. 

The increasing concentration of sorbitol seems to lower the O2 concentration. 
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Figure 33 – Diagram showing the mean values of % O2 for PVA films made in Petri dishes with 0% 
sorbitol, 10% sorbitol and 20% sorbitol during AOIR analysis. Each sample was tested three times; 
the error bars are showing the highest and lowest value of % O2 measured at each measure point. 

In figure 34 the three films of starch is plotted due to the O2 concentration at a certain time 

in the AOIR analysis. Because starch is very brittle and before the measurement with AOIR 

start the cell needs to be flushed to get rid of O2 the films can get cracked and a cracked 

film won’t give a significant result. Each time a film cracked a new film was analyzed. The 

starch films with 0% sorbitol was redone 5 times to get 3 significant results that could be 

reported into the diagram in figure 35. The same problem arose with the starch films made 

with 10% sorbitol, these films was redone 6 times to get 3 significant results. The starch 

films made with 30% sorbitol didn’t crack so only three films where tested. The points for 

the starch film with 0% sorbitol lies under the points for the films with 10% sorbitol. 

 

Figure 34 - Diagram showing the mean values of % O2 for starch films made in Petri dishes with 0% 
sorbitol, 10% sorbitol and 20% sorbitol during AOIR analysis. Each sample was tested three times; 
the error bars are showing the highest and lowest value of % O2 measured at each measure point. 

In figure 35 the three films of hemicellulose is plotted due to the O2 concentration at a 

certain time in the AOIR analyzes. Something that should be taking in consideration when 
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analyzing the values from the AOIR measurements of hemicellulose is that the film is casted 

onto a PET film this will make the results better than if only there had been a film made of 

hemicellulose. 

 

Figure 35 - Diagram showing the mean values of % O2 for hemicellulose films made in Petri dishes 
on PET film with 30% sorbitol, 40% sorbitol and 50% sorbitol during AOIR analysis. Each sample 
was tested three times; the error bars are showing the highest and lowest value of % O2 measured 
at each measure point. 

In table 3 the calculated mean values for permeability for the films made in Petri dishes is 

reported. For the values from the coated films see appendix D1 and D2. The values from 

the AOIR show that hemicellulose has the lowest permeability, and then comes PVA and 

last starch. As can be seen the permeability for PVA is decreasing when the concentration 

of sorbitol is increasing. As said before the AOIR analysis on starch films was a harder task 

than for the two others and this is reflected in the results. There is a decrease in 

permeability for starch film with 0% sorbitol to starch film with 10% sorbitol; there is an 

increase in the permeability when the concentration of sorbitol is increasing form 10% to 

20%. For hemicellulose the lowest permeability is for the film with lowest concentration of 

sorbitol, according to AOIR. Then the permeability is increasing with the increasing of 

sorbitol from 30% sorbitol to 40% sorbitol, to later decrease when the sorbitol 

concentration is increased to 50%. 

Some of the film tested in OTR had values out of range, this means that the barrier has to 

high permeability to give a correct value, these film where PVA 20% 1, Starch 0% 1, Starch 

20% 1, Starch 20% 2, Starch 20% 3 and Hemicellulose 30% 3. Because of that the values 

given in table 3 for PVA 20%, starch 0% and hemicellulose 30% are for only two values. As 

with the AOIR values hemicellulose has the lowest permeability and starch the highest. 
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Table 3 – A table of the calculated mean values for permeability for the films made in Petri dishes. 
For the values from the coated films see appendix table C1 and C2. Both the values from the AOIR 
analysis and the OTR analysis are presented. Each sample was tested three times. 

Sample Permeability (AOIR) 
(cm

3
*µm)/(m

2
*day*0.21atm) 

Permeability (OTR) 
(cm

3
*µm)/(m

2
*day*0.21atm) 

PVA 0% 62 ± 12 570 ± 96 

PVA 10% 51 ± 12 650 ± 150 

PVA 20% 24 ± 9.4 220 ± 64 

Starch 0% 140 ± 92 62000 ± 10400 

Starch 10% 71 ± 12 320 ± 55 

Starch 20% 110 ± 48 Out of Range 

Hemicellulose 30% 11 ± 4.5 65 ± 17 

Hemicellulose 40% 19 ± 5.4 130 ± 31 

Hemicellulose 50% 11 ± 5.6 220 ± 130 

PET 4.3 (+1.8/-0.87) 320 (+59/-160) 

 

4.7 MODDE 
The results from the MODDE design are presented here. The program MODDE (Umetrics) 

can calculate statistical errors from the results obtained from the experiments. This makes 

it possible to focusing on the real effects of the factors and not the unwanted unsystematic 

errors. The goal with using MODDE in this study is to see which factors contribute to a 

lower permeability. 

4.7.1 PVA 

The factors used for setting up the MODDE experiment, are presented in table 1, these 

factors are the concentration of sorbitol (wt. %), the wet coating thickness (µm) and the 

drying temperature in the drying oven (°C). The responses used in the MODDE design are 

the permeability from AOIR measurements, permeability from OTR measurements and the 

crystallinity. MODDE was in this case used for a basic screening, where the factors were sat 

to quantitative and the responses to regular. In figure 36 four different plots, replicates 

plot, summary of fit plot, coefficients plot and residuals normal probability plot for AOIR are 

shown. In figures 37 and 38 the same is shown for the OTR and crystallinity. In each 

replicate plot each point is one of the experiments, the blue points are the three replicates. 

In the replicates plots the variations in the results can be seen. The ideal result is that the 

variability of the three replicates is much less than the overall variability. In the summary of 

fit plot basic model information can be found for the four parameters, a perfect model is 

when all the factors are equal to 1. Model in this case, means if there can be found a trend 

in the responses according to the factors. R2, the first bar (the green), shows the model fit. 

A R2 value at 0.5 is a model with rather low significant and a R2 value at 1 indicate a perfect 

model. The second bar (the blue), Q2, shows an estimate of the future prediction and 

should be greater than 0.1 for a significant model and greater than 0.5 for a good model. 

The third bar (the yellow) shows model validity which is a test of diverse model problems. 

With a value lower than 0.25 the model has statically significant problems, such as the 

presence of outliers, an incorrect model or a transformation problem. The last bar 

represents the reproducibility, the variation of the replicates compared to overall 
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variability. This value has to be over 0.5 to ensure this. In the last plot, the residuals normal 

probability plot, the residuals of response vs. the normal probability of the distribution is 

shown. The residuals are normally distributed if the points are on a straight line and this is 

the ideal result. Points outside the red lines indicate outliers.  

In figure 36 there can be seen in the coefficient plot that only two coefficients are 

significant and contribute to the model, and these are the thickness and the 

thickness*temperature (thickness = coating thickness, the wet thickness) (temperature = 

temperature in drying oven) for the model of AOIR for PVA. An increasing thickness doesn’t 

make the permeability smaller, but if the factors thickness and temperature are combined a 

reduction of permeability can be observed. A more interesting factor is the dry thickness of 

the film, but unfortunately this was not possible to entre to the program MODDE. This was 

not possible because it is difficult to know how thick the film will be in the dry condition 

even though the wet coating thickness is known. It can be set as a response but then it will 

not be known how the dry thickness affects the model, but how the model affects the dry 

thickness. In the coefficient plot in figure 39 and 40 no significant coefficient contribute to 

the model. In the residual plot the points are not arranged in a straight line, this also 

indicates that no correlations between the factors can be found. This applies to all these 

factors. 

 

Figure 36 – Replicate, Summary of Fit, Coefficients and Residual Normal Probability plot for AOIR 
for PVA, before removing coefficients that isn’t significant for the model (Sor = Concentration of 
sorbitol. Thi = the coating thickness, the wet thickness, Temp = temperature in drying oven). 
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Figure 37 - Replicate, Summary of Fit, Coefficients and Residual Normal Probability plot for OTR for 
PVA, before removing coefficients that isn’t significant for the model (Sor = Concentration of 
sorbitol. Thi = the coating thickness, the wet thickness, Temp = temperature in drying oven). 

The replicate for crystallinity is very scattered and this can make the process of making a model 

difficult. 

 

Figure 38 - Replicate, Summary of Fit, Coefficients and Residual Normal Probability plot for 
crystallinity for PVA, before removing coefficients that isn’t significant for the model (Sor = 
Concentration of sorbitol. Thi = the coating thickness, the wet thickness, Temp = temperature in 
drying oven). 
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When coefficients aren’t significant they are taken away and in this way a better model can 

be obtained. This can be seen in figures G1, G2 and G3 in Appendix G. Differences can be 

seen in the residual plot which now is more like a straight line. Because of the replicate plot 

is showing raw data there will be no different from before. The differences to be found are 

in the summary of fit plots and residuals normal probability plot. If a comparison is done 

between the plots for AOIR for PVA, the model haven’t become better, even though there 

is a more straight line in the residual normal plot. The summary of fit plot for OTR has 

become little better, but not good enough though the value should be at least 0.1 for Q2, 

the blue bar. As with the residual normal plot for AOIR the points is more arranged in a 

straight line. In the plots for the crystallinity no big difference are to be seen, except in the 

residuals normal probability, where the points are arranged in a more straight line.  

From the evaluation with MODDE it can be established that coefficients that contributed to 

the model were thickness and thickness*temperature for the AOIR part. Overall this cannot 

be seen as a good model and because of that it can be said that none of the factors 

contribute to a lowering of the permeability. 

4.7.2 Starch 

In figure 39 and 40 in the replicates plot the replicates are good arranged for AOIR and OTR. 

Something else that could be said about the replicates is that for AOIR and OTR, they are 

located in the lower right corner, which can indicate that the factors are changing in a 

squared function. In the coefficient plots no coefficients is significant and contribute to the 

model. Because of that all of them, except concentration (Sor = concentration of sorbitol), 

thickness (Thi = the coating thickness, the wet thickness) and temperature (Temp = 

temperature in drying oven) is taken away. Concentration, thickness and temperature must 

remain because they were used to create the design of the experiment. As with PVA, the 

points in the residual normal probability plots aren’t arranged in a straight line. 
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Figure 39 - Replicate, Summary of Fit, Coefficients and Residual Normal Probability plot for AOIR 
for starch, before removing coefficients that isn’t significant for the model (Sor = Concentration of 
sorbitol. Thi = The coating thickness, the wet thickness, Temp = temperature in drying oven). 

 

Figure 40 - Replicate, Summary of Fit, Coefficients and Residual Normal Probability plot for OTR for 
starch, before removing coefficients that isn’t significant for the model (Sor = Concentration of 
sorbitol. Thi = The coating thickness, the wet thickness, Temp = temperature in drying oven). 

When coefficients aren’t significant they are taken away and in this way a better model can 

be obtained. This can be seen in figures F4 and F5 in Appendix F. A difference can be seen in 

the residual plot which now is more like a straight line. There can also be seen that measure 

point number 3, in the residuals normal probability for OTR, can be an outlier. Measure 
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point 3 has a concentration of 0% sorbitol, a coating thickness of 100 µm and a drying 

temperature of 60°C in the heating oven. Measure point three was excluded and no better 

model was obtained and because of that it should be remained in the model. No big 

difference was to be seen in the summary of fit plot. 

From the evaluation with MODDE it can be established that no coefficients contributed to 

the model. Overall this cannot be seen as a good model and because of that it can be said 

that none of the factors contribute to a lowering of the permeability. A reason why these 

results are obtained is because of the complex factors that are used in this experiment 

design. 

5. Discussion 
As observed from the results the barrier of hemicellulose with 30% sorbitol casted onto PET 

film has the lowest permeability, see table 3. For PVA the barrier becomes better when the 

concentration of sorbitol is increasing. The starch films which had a problem with 

brittleness that made the films crack had the highest permeability. This can depend on 

defects in the film that is created due to the films brittleness; these defects let through air 

easily. A reason why hemicellulose has the lowest permeability is the filler material that 

was in the powder used to create the film, see figure 32. The filler, which is located at the 

bottom of the films, help create a better film. In the figures 31a, b and c there can also be 

seen that starch film becomes less brittle with an increasing concentration of sorbitol. 

When making films of starch and hemicellulose a higher concentration of sorbitol makes 

the films less brittle, see figure 24a and 24b. This can depend on when sorbitol is added to 

the solutions more entanglements are created to the unlinked polymer system, see figure 

20 and 21. Here an assumption is made; the structure of the solution is important for the 

structure in solid state. These entanglements are probably created because of sorbitol is 

creating hydrogen bonds between the polymer and sorbitol and in this way decreasing 

hydrogen bonds between the water and the polymer. This can led to lowering the glass 

transition temperature and making the film more flexible. It seems however that only the 

least amount of sorbitol should be used to get the film to stick together; because when the 

film is homogenous there will be no need for more sorbitol. If the concentration of sorbitol 

is increased more oxygen will be transported through the barrier. This can happen because 

of not enough hydrogen bonds between the polymers and sorbitol can be created, instead 

clusters can occur and this makes it easier for the oxygen to transport through the barrier. 

PVA on the other hand doesn’t need sorbitol to create a homogeneous film, but when the 

amount of sorbitol is increasing the permeability is decreasing. When adding sorbitol to the 

PVA solutions no more entanglements seem to be created. Even though no more 

entanglements are created the glass transition temperature is decreasing. The crystallinity 

is not calculated for hemicellulose and starch, but for PVA the crystallinity is calculated. For 

PVA the crystallinity is decreasing with higher concentrations of sorbitol. The decrease in 

the crystallinity for PVA can depend on the fact that it is a synthetic polymer and doesn’t 

create a better barrier with this particularly plasticizer. The plasticizer can separate the 

crystal lattice plane in the polymer matrix. 
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A difference can be seen between the biopolymers, hemicellulose and starch, and the 

synthetic polymer, PVA, during the moisture hysteresis test. The biopolymers find steady-

state faster than PVA, this mean that they take up moisture faster than PVA. Films that take 

up much moisture aren’t desirable. When hemicellulose and starch take up moisture they 

lose the original form from the Petri dishes. A problem with this analysis was the weight of 

the films. The films had different weight within the material because they were casted in 

Petri dishes. To get a smaller difference then 0.5 gram between the films is hard. It would 

have been desirable to use heavier films; it had become larger difference between the 

levels in the experiments.  

In the results the permeability measured with AOIR and OTR isn’t matching. This can be 

explained by the flow that can occur because the films weren’t equilibrated to the climate 

inside the cell and gas and water in the film wasn’t removed before the measurements 

started. If the measurements were performed for a longer time these flows may have 

stopped and a better match between the measurement values for AOIR and OTR had been 

obtained. To calculate the permeability from the AOIR measurement an approximation is 

done, see equation 1.11. This approximation takes no considerations of the flow created by 

the gas and water in the film and that the film wasn’t equilibrated. Another reason why 

there is a difference between the measurements is the temperature. When measuring the 

permeability with AOIR the temperature were 20°C and when measuring the permeability 

with OTR the temperature were 28.5°C. The temperature is of big importance when 

measuring the permeability. The plan was to preform both measurements at 23°C, but 

unexpected events and lack of supplies at the right temperatures this impossible. 

The program MODDE was used to design the experiment and to calculate statistical errors 

obtained from the experiments. The goal with using MODDE in this study is to see which 

factors contribute to a lower permeability. With MODDE two models could be created. One 

for the films made of PVA and one for the films made of starch. None of the models could 

said to be good. The results from MODDE showed that there are few correlations between 

the factors. It cannot be seen as for the PVA films in the Petri dishes that there is a decrease 

in crystallinity when the sorbitol concentration is increasing. The temperature in the drying 

oven doesn’t seem to influence the crystallinity or permeability. The thickness of the wet 

film seems to influence the permeability in a negative way and thickness*temperature 

seems to influence the permeability in a positive way, but because of the obtained model 

wasn’t good this is not true. For the model for starch no correlations between the factors 

and response can be found. Something interesting however that is the replicates for AOIR 

and OTR isn’t in the middle of the replicate plot. This indicate that the function needed to 

explain how the permeability is changing for the films made of starch  is a squared function 

and this can’t be done with this MODDE method. 

From the evaluation with MODDE it can be established that no coefficients contributed to 

the model. Overall this cannot be seen as a good model. 

The aim with this study was to produce laboratory barrier films of starch, hemicellulose and 

PVA and to examined the structures of these films and investigated how these barriers are 

affected by plasticizers additions. The study demonstrated that different amounts of the 
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plasticizer affect the structure of the barrier created by starch and hemicellulose. The 

concentration of sorbitol in starch and hemicellulose should be increased until a 

homogenous film is made, if increased after that the permeability will also increase. PVA 

structure doesn’t seem to change with increasing concentration of sorbitol, but the higher 

concentration of sorbitol the less permeability. The results evaluated with MODDE didn’t 

show that the concentration of sorbitol, the wet coating thickness and the drying 

temperature affected the permeability. This depend on that the model created wasn’t good 

enough. 

6. Conclusion 
The aim with this study was to produce laboratory barrier films of starch, hemicellulose and 

PVA and to examined the structures of these films and investigated how these barriers are 

affected by plasticizers additions. Different amounts of plasticizer were added to the 

polymer solutions, different temperatures were used to dry the barriers and the barriers 

were coated with different thickness. The structure of the barrier were examined by several 

different analyses; oscillatory tests, scanning electron microscope (SEM), differential 

scanning calorimetry (DSC), the permeability with oxygen transmission rate (OTR), ambient 

oxygen transmission rate (AOIR).  

From the results it can be observed that different amounts of the plasticizer affect the 

structure and the best oxygen barrier created was hemicellulose casted onto PET film with 

a concentration of 30 wt. % sorbitol. For PVA the barrier seems to become better when the 

concentration of sorbitol is increasing. 

It can be seen when making the films of starch and hemicellulose that a higher 

concentration of sorbitol makes the films less brittle. This depends on that when sorbitol is 

added to the solutions more entanglements are created in the unlinked polymer system. 

This entanglements are probably created because of sorbitol is creating hydrogen bonds 

between the polymer and sorbitol and in this way decreasing hydrogen bonds between the 

water and the polymer. PVA on the other hand doesn’t need sorbitol to create a 

homogeneous film, but when the amount of sorbitol is increasing the permeability is 

decreasing. When adding sorbitol to the PVA solutions no more entanglements seem to be 

created. Even though no more entanglements are created the glass transition temperature 

is decreasing as for hemicellulose and starch. For PVA the crystallinity is decreasing with 

higher concentrations of sorbitol. 

7. Future Research 
Questions which were raised during this thesis and could not be solved during the timespan 

were: 

- If longer measurements with AOIR were done, would different results be obtained? 

- Does the pressure change in the measuring cell during AOIR measurements and can 

this affect the flows? Installation of a pressure gauge in the cell could provide that 

answer. 
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- What would happen if the sorbitol concentration where increased even more? 

- Will there be different results if the polymer solutions where coated on paperboard 

instead of PET? 

- What would happen if the polymers where coated in layers on each other? 

- If a hemicellulose without filler was used, what would the results be? 

The results from MODDE can be used in future research by making a new experimental 

design, where the sweet spot is the starting point. 
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10. Appendix 

10.1 Appendix A 
 
Table A1 – Measured pH, conductivity and dry content for the three different PVA solutions with 
different concentrations of sorbitol. The total wt. % for the solutions is 10 wt. %. The concentration 
of sorbitol is based on the dry content. 

PVA Solution Concentration Sorbitol 
(wt. %) 

pH Conductivity (µS/cm) Dry Content (%) 

1 0 5.68 200 10.46 

2 10 5.62 187 9.96 

3 20 5.62 155 9.89 

 

Table A2 - Measured pH, conductivity and dry content for the three different starch solutions with 
different concentrations of sorbitol. The total wt. % for the solutions is 10 wt. %. The concentration 
of sorbitol is based on the dry content. 

Starch Solution Concentration Sorbitol 
(wt. %) 

pH Conductivity (mS/cm) Dry Content (%) 

1 0 5.60 4.4 9.22 

2 10 5.56 4.32 9.72 

3 20 5.65 3.74 9.87 

 

Table A3 - Measured pH, conductivity and dry content for the nine different hemicellulose solutions 
with different concentrations of sorbitol. The total wt. % for the first 6 solutions is 10 wt. % and for 
the last three 2.85 wt. %. The concentration of sorbitol is based on the dry content. 

Hemicellulose 
Solution 

Concentration Sorbitol 
(wt. %) 

pH Conductivity (mS/cm) Dry Content (%) 

1 0 4.18 3.14 10.06 

2 10 4.15 4.32 10.01 

3 20 4.25 4.25 10.09 

4 30 4.38 1,999 10.01 

5 40 4.40 1,811 9.95 

6 50 4.42 1,483 9.90 

7 30 4.51 0.784 2.89 

8 40 4.56 0.725 2.88 

9 50 4.63 0.609 3.04 
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10.2 Appendix B 
 

 

Figure B1 – Diagram showing the complex viscosity for the solutions PVA with 0% sorbitol, starch 
with 0% sorbitol and hemicellulose with 30% sorbitol. Each solution was tested three times; the 
error bars are showing the highest and lowest value measured. 

 

Figure B2 - Diagram showing the complex viscosity for the solutions PVA with 10% sorbitol, starch 
with 10% sorbitol and hemicellulose with 40% sorbitol. Each solution was tested three times; the 
error bars are showing the highest and lowest value measured. 
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Figure B3 – Diagram showing the storage modulus and loss modulus for PVA solution with 0% 
sorbitol. Each solution was tested three times; the error bars are showing the highest and lowest 
value measured. 

 

Figure B4 - Diagram showing the storage modulus and loss modulus for PVA solution with 10% 
sorbitol. Each solution was tested three times; the error bars are showing the highest and lowest 
value measured. 
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Figure B5 - Diagram showing the storage modulus and loss modulus for starch solution with 0% 
sorbitol. Each solution was tested three times; the error bars are showing the highest and lowest 
value measured. 

 

Figure B6 - Diagram showing the storage modulus and loss modulus for starch solution with 10% 
sorbitol. Each solution was tested three times; the error bars are showing the highest and lowest 
value measured. 
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Figure B7 - Diagram showing the storage modulus and loss modulus for hemicellulose solution with 
30% sorbitol. Each solution was tested three times; the error bars are showing the highest and 
lowest value measured. 

 

Figure B8 - Diagram showing the storage modulus and loss modulus for hemicellulose solution with 
40% sorbitol. Each solution was tested three times; the error bars are showing the highest and 
lowest value measured. 
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10.4 Appendix C 
Table C1 - A table of the calculated values for permeability for PVA films coated on PET film. Both 
the values from the AOIR analysis and the OTR analysis are presented. The last three measure 
points are the replicate.  The percent value in the table representing the concentration of sorbitol 
of the dry weight, the length measurement is the coating thickness and the temperature is the 
temperature in the drying oven. 

Ex Sample Permeability (AOIR) 
(cm

3
*µm)/(m

2
*day*0.21atm) 

Permeability (OTR) 
(cm

3
*µm)/(m

2
*day*0.21atm) 

1 PVA 0% Sorbitol, 24µm, 60°C 6.5 ± 1.5 94 ± 21 

2 PVA 20% Sorbitol, 24µm, 60°C 5.7 ± 0.34 130 ± 7.5 

3 PVA 0% Sorbitol, 100µm, 60°C 13 ± 4.2 96 ± 31 

4 PVA 20% Sorbitol, 100µm, 60°C 13 ± 2.4 170 ± 30 

5 PVA 0% Sorbitol, 24µm, 160°C 8.5 ± 0.87 63 ± 6.4 

6 PVA 20% Sorbitol, 24µm, 160°C 14 ± 6.6 67 ± 31 

7 PVA 0% Sorbitol, 100µm, 160°C 8.7 ± 3.6 57 ± 23 

8 PVA 20% Sorbitol, 100µm, 160°C 12 ± 4.4 140 ± 49 

9 PVA 10% Sorbitol, 62µm, 110°C 1 8.9 ± 1.9 180 ± 40 

10 PVA 10% Sorbitol, 62µm, 110°C 2 8.9 ± 2.3 130 ± 34 

11 PVA 10% Sorbitol, 62µm, 110°C 3 11 ± 3.3 130 ± 367 

 

Table C2 - A table of the calculated values for permeability for starch films coated on PET film. Both 
the values from the AOIR analysis and the OTR analysis are presented. The last three measure 
points are the replicate. The percent value in the table representing the concentration of sorbitol of 
the dry weight, the length measurement is the coating thickness and the temperature is the 
temperature in the drying oven. 

Ex Sample Permeability (AOIR) 
(cm

3
*µm)/(m

2
*day*0.21atm) 

Permeability (OTR) 
(cm

3
*µm)/(m

2
*day*0.21atm) 

1 Starch 0% Sorbitol, 24µm, 60°C 5.3 ± 0.57 460 ± 49 

2 Starch 20% Sorbitol, 24µm, 60°C 7.0 ± 1.2 308 ± 54 

3 Starch 0% Sorbitol, 100µm, 60°C 27 ± 19 2850 ± 2020 

4 Starch 20% Sorbitol, 100µm, 60°C 8.1 ± 1.4 108 ± 19 

5 Starch 0% Sorbitol, 24µm, 160°C 14 ± 8.9 1170 ± 760 

6 Starch 20% Sorbitol, 24µm, 160°C 5.0 ± 1.1 280 ±63 

7 Starch 0% Sorbitol, 100µm, 160°C 20 ± 23 170 ± 190 

8 Starch 20% Sorbitol, 100µm, 160°C 4.8 ± 0.78 220 ± 35 

9 Starch 10% Sorbitol, 62µm, 110°C 1 5.1 ± 0.72 110 ± 15 

10 Starch 10% Sorbitol, 62µm, 110°C 2 5.6 ± 1.3 230 ± 52 

11 Starch 10% Sorbitol, 62µm, 110°C 3 9.2 ± 6.1 410 ± 330 
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10.5 Appendix D 
Table D1 –Thickness, crystallinity and Tg of PVA films casted in Petri dishes. The thickness for each 
film was measured six times; the crystallinity and glass transitions temperature was measured 
three times. For the thickness standard derivations was calculated and for the crystallinity and 
glass transition temperature the mean value and the highest and lowest value are presented. 

Sample Mean 
Thickness 
Film (µm) 

Mean 
Crystallinity 
% 

Mean 
Tg (°C) 

PVA 0% 
Sorbitol 1 

350 ± 15. 24 
(+2.2/-1.6) 

89 
(+19/-17) 

PVA 0% 
Sorbitol 2 

380 ± 29  

PVA 0% 
Sorbitol 3 

500 ± 62 

PVA 10% 
Sorbitol 1 

270 ± 39 19 
(+13/-7.6) 

64 
(+5.1/-7.7) 

PVA 10% 
Sorbitol 2 

400 ± 55  

PVA 10% 
Sorbitol 3 

290 ± 20 

PVA 20% 
Sorbitol 1 

1540± 53 9.8 
(+3.8/-2.5) 

70 
(+9.4/-16) 

PVA 20% 
Sorbitol 2 

180 ± 21 

PVA 20% 
Sorbitol 3 

120 ± 18 
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Table D2 - Thickness, crystallinity and Tg of starch films casted in Petri dishes. The thickness for 
each film was measured six times; the crystallinity and glass transitions temperature was 
measured three times. For the thickness standard derivations was calculated and for the 
crystallinity and glass transition temperature the mean value and the highest and lowest value are 
presented. 

Sample Mean 
Thickness 
Film (µm) 

Mean 
Crystallinity % 

Mean Tg (°C) 

Starch 0% 
Sorbitol 1 

720 ± 190 70 
(+113/-44) 

119 
(+62/-40) 

Starch 0% 
Sorbitol 2 

160 ± 27 

Starch 0% 
Sorbitol 3 

300 ± 31 

Starch 10% 
Sorbitol 1 

270 ± 21 71 
(+100/-38) 

105 
(+5.9/-8.5) 

Starch 10% 
Sorbitol 2 

250 ± 28 

Starch 10% 
Sorbitol 3 

220 ± 26 

Starch 20% 
Sorbitol 1 

180 ± 61 72 
(+118/-39) 
 

69 
(+30/-38) 

Starch 20% 
Sorbitol 2 

290 ± 50 

Starch 20% 
Sorbitol 3 

250 ± 24  
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Table D3 – Thickness, crystallinity and Tg of hemicellulose films casted in Petri dishes. The thickness 
for each film was measured six times; the crystallinity and glass transitions temperature was 
measured three times. For the thickness standard derivations was calculated and for the 
crystallinity and glass transition temperature the mean value and the highest and lowest value are 
presented. The mean thickness for the film with 10 wt. % wasn’t measured. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Mean  Thickness 
Film (µm) 

Mean Tg (°C) 

Hemicellulose 
(10 wt. %) 0% 

- 148.32 
(+19.84/-29.17) 

Hemicellulose 
(10 wt. %) 10% 

- 112 
(+12/-12) 

Hemicellulose 
(10 wt. %) 20% 

- 84 
(+15/-11) 

Hemicellulose 
(10 wt. %) 30% 

- 110 
(+21/-11) 

Hemicellulose 
(10 wt. %) 40% 

- 99 
(+13/-8.5) 

Hemicellulose 
(10 wt. %) 50% 

- 101 
(+8.5/-2.3) 

Hemicellulose 
(2.85 wt. %) 
30% Sorbitol 1 

47 ± 0.82 87 
(+8.3/-5.1) 

Hemicellulose  
(2.85 wt. %) 
30% Sorbitol 2 

59 ± 14 

Hemicellulose 
(2.85 wt. %) 
30% Sorbitol 3 

93 ± 28 

Hemicellulose 
(2.85 % wt.) 
40% Sorbitol 1 

101 ± 2.6 58 
(+2.4/-4.6) 

Hemicellulose 
(2.85 % wt.) 
40% Sorbitol 2 

113 ± 19 

Hemicellulose  
(2.85 wt. %) 
40% Sorbitol 3 

58 ± 13 

Hemicellulose 
(2.85 wt. %) 
50% Sorbitol 1 

89 ± 6.3 49 
(+13.1/-14.8) 

Hemicellulose 
(2.85 wt. %) 
50% Sorbitol 2 

60 ± 10 

Hemicellulose  
(2.85 wt. %) 
50% Sorbitol 3 

74 ± 35 



67 
 

Table D4 – Temperature showing where the peak for PET is. 

 

 

 

Table D5 – A table where the measured thickness and the crystallinity of the PVA films coated onto 
PET films is reported. The thickness for each film was measured six times, the thickness standard 
derivations was calculated. 

 

 
 

 

 

 

 

 

 

 

 

Table D6 - A table where the measured thickness of the starch films coated onto PET films is 
reported. The thickness for each film was measured six times, the thickness standard derivations 
was calculated. 

 

 

 

 

 

 

 

 

 

 

Sample Sample Mass (mg) ∆Hf0 (J/g) Temp. (°C) 

PET 1 2.0 34 252 

PET 2 1.9 30 253 

PET 3 2.4 13 254 

Exp 
No 

Sorbitol 
% 

Coating 
Thickness 
(µm) 

Temperature 
Drying Oven (°C) 

Mean  
Thickness 
Film (µm) 

Crystallinity % 

1 0 24 60 39 ± 8.9 4.5 

2 20 24 60 33 ± 2.0 6.7 

3 0 100 60 85 ± 28 15 

4 20 100 60 70 ± 12 28 

5 0 24 160 24 ± 2.5 3.4 

6 20 24 160 42 ± 19 3.1 

7 0 100 160 51 ± 21 15 

8 20 100 160 45 ± 16 1.7 

9 10 62 110 50 ± 11 2.6 

10 10 62 110 52 ± 13 10 

11 10 62 110 61 ± 18 15 

Exp 
No 

Sorbitol 
% 

Coating 
Thickness 
(µm) 

Temperature 
Drying Oven 
(°C) 

Mean  
Thickness Film 
(µm) 

1 0 24 60 31 ± 3.3 

2 20 24 60 41 ± 7.1 

3 0 100 60 160 ± 113 

4 20 100 60 49 ± 8.5 

5 0 24 160 85 ± 55 

6 20 24 160 28 ± 6.4 

7 0 100 160 120 ± 140 

8 20 100 160 29 ± 4.6 

9 10 62 110 32 ± 4.5 

10 10 62 110 32 ± 7.3 

11 10 62 110 57 ± 38 
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10.6 Appendix E 
 

 
Figure E1 – SEM image showing the cross section of a PVA film with a concentration 0% sorbitol 
with an enlargement of 1000X. The edges of the film are marked with white lines. 

 

Figure E2 – SEM image showing the cross section of a PVA film with a concentration of 10% sorbitol 
with an enlargement of 300X. The edges of the film are marked with white lines. 

 

Figure E3 – SEM image showing the cross section of a PVA film with a concentration of 10% sorbitol 
with an enlargement of 1000X. The edges of the film are marked with white lines. 
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Figure E4 - SEM image showing the cross section of PVA film with a concentration of 20% sorbitol 
with an enlargement of 1000X. The edges of the film are marked with white lines. 

 

 

Figure E5 – SEM image showing the cross section of a starch film with a concentration of 0% 
sorbitol with an enlargement of 1000X. The edges of the film are marked with white lines. 

 

Figure E6 – SEM image showing the cross section of a starch film with a concentration of 10% 
sorbitol with an enlargement of 1000X. The edges of the film are marked with white lines. 
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Figure E7 – SEM image showing the cross section of a starch film with a concentration of 20% 
sorbitol with an enlargement of 1000X. The edges of the film are marked with white lines. 

 

Figure E8 – SEM image showing the cross section of a hemicellulose film with a concentration of 
0% sorbitol with an enlargement of 1000X. The edges of the film are marked with white lines. 

 

Figure E9 – SEM image showing the cross section of a hemicellulose film with a concentration of 
10% sorbitol with an enlargement of 1000X. The edges of the film are marked with white lines. 
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10.7 Appendix F 

 

Figure F1 - Replicate, Summary of Fit, Coefficients and Residual Normal Probability plot for AOIR 
for PVA, after removing coefficients that isn’t significant for the model (Sor = Concentration of 
sorbitol. Thi = the coating thickness, the wet thickness, Temp = temperature in drying oven). 

 

 

Figure F2 - Replicate, Summary of Fit, Coefficients and Residual Normal Probability plot for OTR for 
PVA, after removing coefficients that isn’t significant for the model (Sor = Concentration of 
sorbitol. Thi = the coating thickness, the wet thickness, Temp = temperature in drying oven). 
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Figure F3 - Replicate, Summary of Fit, Coefficients and Residual Normal Probability plot for 
crystallinity for PVA, after removing coefficients that isn’t significant for the model (Sor = 
Concentration of sorbitol. Thi = the coating thickness, the wet thickness, Temp = temperature in 
drying oven). 

 

Figure F4 - Replicate, Summary of Fit, Coefficients and Residual Normal Probability plot for AOIR 
for starch, after removing coefficients that isn’t significant for the model (Sor = Concentration of 
sorbitol. Thi = the coating thickness, the wet thickness, Temp = temperature in drying oven). 
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Figure F5 - Replicate, Summary of Fit, Coefficients and Residual Normal Probability plot for OTR for 
starch, after removing coefficients that isn’t significant for the model (Sor = Concentration of 
sorbitol. Thi = the coating thickness, the wet thickness, Temp = temperature in drying oven). 


