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SARA ÖHMAN 

Department of Chemistry and Chemical engineering 
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ABSTRACT   

The demand for bio-based packaging is emerging in the world and paperboard packaging could be an 

excellent solution for fully bio-based food packaging. Today they are limited by the common barrier 

coatings made of fossil-based plastics. Research are ongoing regarding using biopolymers as barrier 

coatings, which would be a solution to the dilemma but their inferior properties to petroleum-based 

polymers are an obstacle. For greater understanding, this research was aimed to characterize and 

investigate the possibilities for bio-based polymers to replace fossil-based polymers as barrier coatings 

in food packaging. The main drawback with biopolymers used as barriers and especially moisture 

barriers are their brittleness and moisture sensitivity. Therefore, methods such as Cobb 600, pinholes 

and climate cycling in moisture generator were used to evaluate the moisture barrier properties of chosen 

biopolymers in herein developed formulations. The most promising moisture barriers were further on 

characterized with Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC) and 

Scanning Electron Microscopy (SEM). Crosslinking attempts were done with sodium alginate and CaCl2 

resulting in improved moisture barrier properties and for starch and proteins with succinic acid (SA) but 

did rather impair the barrier performance. Starch blends of Perfectafilm with sodium alginate or 

Carnauba wax (CW) dispersion showed an even and covering barrier visualized by SEM, as well as 

crosslinked alginate. Best barrier performance in Cobb 600 and pinholes exhibited the crosslinked 

alginate. The mechanical properties of these barriers are crucial for the application in food package and 

need to be studied in future work, where also optimization of formulations and crosslinking should be 

conducted. The outcome of this study suggests the materials most likely for continued research to be 

alginate, wax dispersion and modified starch, additionally, suitable modifications of proteins could 

create potential for moisture barrier capability. Nevertheless, the biopolymer barriers are not yet 

adequate substitutes to fossil-based ones. 
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L IST OF ABBREVIATIONS  

CW ï Carnauba Wax 

DLVO ï Derjaguin, Landau, Verwey, Overbeek 

DMA ï Dynamic Mechanical Analysis 

DSC ï Differential Scanning Calorimetry 

FESEM ï Field-Emission Scanning Electron Microscopy 

FTIR ï Fourier-Transform Infrared Spectroscopy 

Mw ï Molecular Weight 

PLA ï Polylactic Acid 

PPI ï Potato Protein Isolate 

RH ï Relative Humidity 

SA ï Succinic acid 

SEM ï Scanning Electron Microscopy 

SPI ï Soy Protein Isolate 

Tg ï Glass Transition Temperature 

Tm ï Melting Temperature 

TGA ï Thermogravimetric Analysis 

wt % - Weight to weight percentage 

WVTR ï Water Vapor Transmission Rate 

WVP ï Water Vapor Permeability 
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1 INTRODUCTION  

Sustainable awareness is overall increasing in the world and so does the interest in bio-based food 

packaging. Compared to fossil-based plastic packages or aluminum packages, barrier coated paperboard 

packages can give a significantly lower carbon footprint [1]. Today food packages made of paperboard 

can act as a container for aqueous liquids due to its barrier coatings, which consists of a material with 

excellent moisture barrier properties. These barriers are in general made of fossil-based material. The 

challenge nowadays is to replace these fossil-based polymers with bio-based polymers, which are a more 

environmental friendly option and currently an expanding market, driven by the increasing awareness 

for low environmental impact [2].  

The ideal case would be to replace the fossil-based materials with bio-based ones and improve the 

sustainability of the package without affecting the primary functions. Improved knowledge about the 

materials are essential to be able to achieve the transformation to bio-based materials. Investigation and 

characterization of the bio-based materials are required to fully understand their properties and if 

modifications and additives are needed for the polymer to be applicable as a sufficient moisture barrier 

coating. Compared to fossil-based polymers, biopolymers show differing properties, often hydrophilic 

and most commonly are additives vital due to brittleness [3]. 

To keep paperboard packages in contact with liquids, one of the most important properties are the water 

resistance. The package also need to be able to preserve the food and not mechanically break. Another 

important aspect is food safety and quality to minimize food spoilage [4]. Barrier coatings on paperboard 

packages are consequently utilized to improve the barrier properties of the existing paperboard for longer 

preservation, quality and protection of the food and package.  

 AIM  

By investigating several biopolymers for the use as barrier coatings in food package, the main purpose 

is to find suitable candidates that are possible substitutes for fossil-based polymers. Most of the 

biopolymers are known to be grease resistant but present a weaker water resistance and are brittle. Due 

to that fact, the aim of this project in particular, will be to find biopolymers together with additives that 

shows good moisture barrier properties, for example a water vapor transmission rate (WVTR) below 10 

g/(m2·24 h). While the used materials to as big extent as possible, not loses their natural properties. This 

will be done by comparing chemical properties of bio-based barriers from aqueous solutions, along with 

functional properties such as coatability and processability required for coating of paperboard. 

 L IMITATIONS  

¶ Non-commercial materials will not be concerned, meaning that synthetizations, modifications 

and other chemical reactions modifying materials into new variations will not be concerned.  

¶ Crosslinking that requires additional chemical reaction steps except addition of a crosslinker 

compound to solution or coated paperboard will not be performed.  

¶ Pilot and full-scale coating trials will not be included in the study.  

¶ Confirmation tests of biodegradability or compostability will not be performed. 
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 RESEARCH QUESTIONS 

¶ Which of the chosen biopolymers are physical and rheological suitable for coating on 

paperboard? A biopolymer needs to be found that has a usable viscosity in room temperature 

for coating by a bench coater with rod or blade and with a high solid content, preferably above 

20 %, to minimize drying time. 
 

¶ Is mixing with filler, plasticizer or other compounds needed? To overcome brittleness of 

biopolymers and to improve their pure polymer barrier properties, the need and content of fillers, 

plasticizers and crosslinkers should be theoretically investigated and studied in the context of 

the limitations. 
 

¶ Which three of the coated paperboard samples are the most promising as barriers (moisture) 

for food packaging and will be characterized? The three polymers with best barrier properties 

in terms of high water resistance, low brittleness and most homogenous coating will be chosen 

for further characterizing. This will be evaluated by pinholes test, Cobb 600 and visual 

performance of the coating. 
 

¶ What are the effects of additives, crosslinking, formulation and coating conditions? Evaluation 

of additive effects such as crosslinking will be done with Fourier-Transform Infrared 

Spectroscopy (FTIR). Differential Scanning Calorimetry (DSC) will be done to observe 

temperature effects on glass transition temperature (Tg), melting temperature (Tm) and limits for 

coating temperatures. Tg and Tm affects the performance, degradation and the usability of the 

barrier. Also, brittleness will be evaluated by DSC (Dynamic Mechanical Analysis (DMA) 

might be needed to study eventual phase separations between polymer and plasticizer, if used). 

Thermogravimetric Analysis (TGA) will be performed to control degradation of the polymers 

and, in case of fillers, to evaluate amount of ash and to see if the fillers have been modified. 

Scanning Electron Microscopy (SEM) and Field-Emission Scanning Electron Microscopy 

(FESEM) imaging should be performed to get a visual overview, to see homogeneity and 

coverage of the paperboard. Climate cycling in a moisture generator should be done to 

determine how much water that is absorbed, namely the water solubility in the materials and 

water retention. 
 

¶ Which biopolymer is most promising to be used as a barrier in both practical and chemical 

sense? The biopolymer, which is easy to coat and most likely for upscaling, the one that has 

highest water resistance, low brittleness and homogenous coating. For this a concentration as 

high as possible but with remained manageable viscosity and the fraction of biopolymer versus 

additives should be determined.  
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 THESIS OUTLINE  

The thesis will be built up by theory about different bio-based polymers and properties important for 

forming moisture barrier coatings followed by the methods used to formulate and characterize these and 

eventually the results of the characterization of the biopolymers used as coatings.  

Chapter 2 ï Theoretical background, presents the properties and behavior of the biopolymers and the 

present research for these materials in bio-based moisture barriers. Provides literature background for 

contents and amounts in the formulations. 

Chapter 3 ï Methods and materials, describes the process to formulation of each barrier coating and 

the laboratory methods and equipment used to evaluate and characterize the materials and barriers. 

Chapter 4 ï Results and discussion, the barrier coating results are presented and discussed separately 

for each material and general properties. Plasticizers are also presented and discussed separately. 

Chapter 5 ï Conclusion and future work, the most promising barrier coatings from this study are 

concluded and future improvements for bio-based moisture barrier coatings discussed. 
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2 THEORETICAL BACKGROUND  

 BIOPOLYMERS  

Biopolymers in food packaging has been an expanding topic for several years and are of high interest 

nowadays due to the environmental awareness and replacement of fossil-based materials [3]. Today 

plastics made from fossil-based materials are used for food packaging and as the major commercial 

materials in barrier coatings in packaging made of paperboard. Several biopolymers are however already 

introduced and will expand commercially for different purpose in food and beverage packaging [2]. 

Such as Bio PBS, PLA, starch, waxes, soy protein and corn zein protein are available. Cellulose esters 

and nitrocellulose coatings are also used but not yet commonly used in food packaging. 

The European Bioplastics Associationôs definition of bioplastics can be divided in three classes [5]. 

First; polymers that are bio-derived and biodegradable/compostable, second; fossil-fuel derived 

polymers but biodegradable and third; the bio-derived but non-biodegradable polymers. The three 

classes along with a non-biodegradable and petroleum-based class, thus fossil-based polymers, are 

presented in Figure 1. The project will mainly focus on biopolymers defined as in the first class; bio-

derived and biodegradable or compostable. Biopolymers can also be defined as macromolecules 

produced by living organisms [6], which does not apply to all classes in the European Bioplastics 

Associationôs definition. Polysaccharides in form of starch, alginate and cellulose are however 

macromolecules produced from living organisms and biodegradable, hence fits in the first class of the 

definition, as does proteins. Starch, proteins and PLA can all be degraded by the human body [7]. 

 

Figure 1. Categories of biopolymers, courtesy of Nyflött [4] . 

There are several classes and origin of bio-based polymers, see Figure 2. Biopolymers such as chitosan, 

whey protein isolate, corn zein protein and graphene-polymer nanocomposites has shown promising 

properties to be applied as barrier coatings [8] - [9]. These materials have been chosen to not be included 

in this study based on various reasons. Whey is animal based and therefore excluded from this study. 

Commercial chitosan is mostly animal based and therefore excluded even though plant-based chitosan 

is possible to find, but to a high cost [10]. Corn zein and graphene-polymer nanocomposites will not be 

investigated further in this study due to availability and time limitations of the project. Another 

promising class of materials for barriers are nanocelluloses. Nanocelluloses represents potential 

materials for blending into barrier coatings for improved barrier properties, such as oxygen barrier and 

WVTR [11] - [12]. Cellulosic materials will not be further investigated due to that these materials have 
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been and are undergoing extensive studies by several research groups it will be outside the context and 

time frame of this study. 

 

Figure 2. Biopolymers classified by type and origin [13] . 

One of the most important chemical modifications are chemical crosslinking of the biopolymers, which 

has been shown to improve both mechanical and moisture barrier properties [7], [14]. By interconnecting 

the polymer chains with chemical bonds, the crosslinking gives a stronger 3D-network with new 

covalent bonds to overcome inadequate properties. Physical crosslinking is another way to link the 

polymer chains with non-covalent bonds. Chemical and physical crosslinking can be both intra- and 

intermolecular. It improves aqueous stability but changes the rheology, which can lead to difficulties in 

processing the polymer solution.  

Glutaraldehyde is a common crosslinker used for biopolymers such as proteins and carbohydrates but 

has shown to be cytotoxic above a concentration of 8 %. Recently attempts to crosslink biopolymers 

with citric acid has been done and shows improvements in mechanical properties [7]. Notice 

nevertheless that one of the common classes of crosslinkers, short chain aldehydes, has been reported to 

be potentially toxic. Several crosslinkers can be used with different efficiency and main functions but 

for materials in contact with food packaging, non-toxic chemicals should be used to carry out the 

crosslinking.  

 STARCH  

Starch is a semicrystalline polysaccharide extracted from plants such as potato, corn, wheat, rice and 

cassava and consists of two types of molecules: amylose and amylopectin which both are built up by 

glucose units connected by Ŭ-1,4-glycosidic bonds [15]. The ratio of the polymers depends on the plant 

source, see Table 1.  
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Table 1. Starch content by type in terms of amylose and amylopectin percentage, edited from Carvalho [16] . 

Starch Amylose (wt.%) Amylopectin (wt.%) 

Wheat 30 70 

Corn 28 72 

Potato 20 80 

Rice 20-30 80-70 

Cassava 16 84 

Waxy maize 0  100 

The main chemical difference between the molecules are characterized by the high branching level in 

amylopectin, with Ŭ-1,6-glycosidic bonds at the branch points, compared to the linear structure of 

amylose, see Figure 3. 

 

Figure 3. Structure of the biopolymers amylopectin and amylose, the primary polymers in starch [17] . 

Based on the OH-rich structure of starch it is classified as a hydrophilic compound, but native starch is 

insoluble in cold water [18]. By using the acetylation reaction on starch, water barrier properties such 

as water vapor permeability (WVP) and water adsorption can be improved [19]. But there are several 

other ways of improving the water retention properties described in literature. 

Crosslinking is another common way to improve barrier properties of starch. Succinic acid (SA) has 

been used to crosslink oxidized cassava starch and has together with additional phosphorylation showed 

significantly improved stable viscosity, stability, toughness, water dispersibility, adhesion and film 

properties [20]. Wheat starch has also been modified with a mixture of SA and acetanhydride which 

improved adhesion [21], this was done at a pH of 9. Esterification can be created by ester linkage when 

the hydroxyl groups in anhydro-glucose molecules of starch reacts with the carboxylic groups of the 

SA. The result can be both crosslinking and substitution. Modifications with medium-chain fatty acids 

has shown to improve the water resistance of starch without decreasing the biodegradability and could 

be used in edible films, hence safe for food packaging [22].  
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The type of starch is one of the key parameters in starch films because there is a natural difference in 

the amylose-amylopectin ratio among species, see Table 1 [23]. With high content of amylose, lower 

energy input can be used in the coating process. This is due to lower crystallinity since the highly 

branched amylopectin mainly forms the crystalline regions of the starch granule and needs to be 

degraded. Further on amylose has lower viscosity due to lower molecular weight and is therefore easier 

to handle.  

Recent research have been done adding bentonite clay into starch formulations which resulted in a huge 

reduction in WVTR to 15 g/(m2·24 h) compared to WVTR of uncoated paper 670 g/(m2·24 h) [5]. There 

was also a reducing effect of only adding plasticizer to some starches, but for both plasticizer and clay 

the opposite effect on WVTR was seen in a few different starch samples, demonstrating the importance 

of choosing the correct formulation for each material. 

2.2.1 Starch Blends 

Cassava starch and Carnauba wax (CW) has shown promising results as a combined barrier film, 

especially interesting since the blend with CW reduced the WVP and water solubility [18]. With more 

than 20 weight percent (wt %) wax, the WVP increased again, probably due to that the starch matrix 

became insufficient or wax particles uneven distributed. The wax can have an influence on the starch 

crystallization probably by forming complexes with the amylose and/or amylopectin. 

Starch has also been combined with sodium alginate and fluorocarbons for improvement of uniformity 

of the coating and grease resistance [24]. Corn starch and sodium alginate has been mixed to be used as 

an edible film to investigate the optimal proportions of the blend [25]. The proportions were determined 

depending on mechanical and barrier properties such as WVP and tensile strength. The researchers 

suggested the ratio of starch and sodium alginate to be 3:2. 

 POLY LACTIC ACID (PLA)  

Polylactic acid (PLA) is a linear aliphatic polyester which on the contrary to natural starch, proteins and 

alginate is a synthetically made biopolymer by polymerization of lactic acid monomers [26]. PLA is 

biodegradable, compostable and can be synthesized from crops such as sugarcane, corn and starch [2]. 

Brittleness and thermal instability could be an obstacle for direct replacement of the fossil-based barriers 

with extruded PLA [26]. However, a high-performance biodegradable polymer could potentially be 

obtained by blending PLA with other polymers and by carrying out chemical modifications on the 

polymer, such as dispersion. 

The molecular weight of PLA can vary greatly depending on the polymerization process [23]. The 

process itself is rather complex and includes several chemical reactions. Condensation or ring-opening 

gives chain formation, intramolecular transesterification resulting in ring formations and there are also 

degradation and racemization happening. Due to that the chiral monomer lactic acid exists in two 

stereoisomeric forms, L-lactic acid and D-lactic acid, different types of PLA can be produced 

chemically. L-lactic acid is the most common stereoisomer found in nature. L-PLA will exhibit high 

crystallinity, while addition of D-PLA will reduce crystallinity and improve film-formation [13], [23]. 

Both amorphous and semi-crystalline PLA exists, depending on its composition, stereochemistry and 

heat treatments. PLA can also be produced with copolymerization together with another compound, 

preferably biodegradable and non-toxic, to improve and tailor desired properties. 

PLA is insoluble in water but of hygroscopic nature and has a Tg around 50° C and Tm around 130-150 

°C that are influenced by the molecular weight and other molecular properties and can be increased up 
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to 180 °C [13], [23]. Further on a coating weight as high as 50 g/m2 has been required for sufficient 

barrier performance in WVTR [5]. 

A blend of PLA and starch has been conducted in earlier research to overcome current issues with sole 

PLA [27]. Even though PLA and starch are incompatible due to their polarity, the adhesion between 

them can be improved with coupling agents or, a more environmentally friendly method, pre-process 

drying. The water absorption of these blends was shown to be increasing proportional to starch content.  

 WAX  

Wax is a lipid, a hydrophobic material mainly consisting of long-chain aliphatic substances [13], [28]. 

Waxes have low surface energy that, when applied to a surface, can improve the hydrophobicity. 

Characteristics of lipid films are mainly their high thickness and brittleness. Studies have been done 

with beeswax as one component in a barrier coating, which gave significantly reduced WVTR for 

chitosan coated paperboard [13]. The same effect has been shown for CW in a combination with sodium 

caseinate and mica as a barrier coating on paperboard. In this study a dispersion of CW will be 

investigated. 

2.4.1 CW Dispersion 

CW is a natural wax found in palm tree leaves of Copoernica cerifera and is one of the hardest natural 

waxes. The main constituents of the wax particles are aliphatic esters, straight chained primary alcohols 

and hydroxy-fatty acids [29]. The chains range from C24-C32. CW exhibit the highest melting point 

among natural vegetable waxes [30]. Emulsions of CW have the ability to form super hydrophobic films 

that are solvent resistant [28]. 

 ALGINATE  

Alginates are unbranched anionic polysaccharides consisting of two monomers originating from the 

brown seaweed/algae [31] - [32]. The biopolymer is built up of two monomers, ɓ-D-mannuronate (M) 

and Ŭ-L-guluronate (G) linked by a 1,4-glycosidic bond, which building up block copolymers with a 

different ratio between the two monomers depending on the natural alginate source. The blocks are 

either built up homogeneously with only guluronate, GG blocks, only mannuronate, MM blocks, or 

heterogeneous alternating blocks, GM blocks, see Figure 4.  

 

Figure 4. Alternating monomer structure of sodium alginate consisting of mannuronate (M) and guluronate (G), reused with 

permission from Elsevier [33] . 

Alginate has unique colloidal properties and can become an insoluble polymer by crosslinking with 

divalent ions, for example Ca2+ [31], [34]. Ionic crosslinking introduces ionic bonds between the 

crosslinker ion and alginate blocks. Divalent ions will interact and stabilize the conformation with the 

guluronate and can be incorporated in GG or GM blocks. The MM blocks are not much affected by the 
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ion addition. The ions have higher affinity to the Ŭ-L-guluronic (G) monomers. Ahigh GG block content 

in the alginate will create highly crosslinked polymer which will become brittle but also  influence and 

decrease the water vapor permeability of the films, see Figure 5.A high content of GM blocks is therefore 

desirable to get a flexible crosslinked material.  

The process for crosslinking has been studied with direct mixing of the crosslinker into alginate solution, 

which led to gel clumps as a result from the irreversible and fast reaction [31]. Therefore, a diffusion- 

and internal setting method was suggested. The diffusion method functioned by letting a cast film be 

put in a divalent ion solution, so the ions migrate into the alginate network and triggers crosslinking, 

which worked well for small scale, but films were brittle. The internal setting method is based on 

addition of inactivated Ca2+ to the alginate matrix and activated by a pH shift right before casting films. 

Several crosslinking agent has been tested for sodium alginate and two of the most efficient were CaCl2 

and CaHPO4, both having Ca2+ as divalent crosslinking ion [31]. CaHPO4 performed better regarding 

tensile strength and elongation at break but CaCl2 showed stronger reduction in permeability in 

upscaling trials. The lowest permeability of water vapor and oxygen was obtained at a Ca2+concentration 

of 0.01 g/g alginate for CaHPO4 and 0.012 g/g alginate for CaCl2 [24]. 

By crosslinking with CaCl2 it has been shown that the water absorption of alginate films is readily 

reduced and on the contrary, it is increased with the addition of organically modified montmorillonite 

(OMMT) [35]. After crosslinking, the alginate shows similar properties to soy protein isolate (SPI) films 

regarding water absorption.  Another chemical modification of alginate is esterification [33]. By the 

successful addition of alkyl groups onto the backbone of the polymer, hydrophobicity increased. 

 

 

Figure 5. Crosslinking of alginic acid with Ca2+ ions, reused with permission from Elsevier [14] . 

 PROTEINS 

Proteins are polymers consisting of amino acids as their monomers [36]. Due to the 20 amino acids 

found in proteins there are an enormous number of combinations imaginable, which creates polymers 
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exhibiting different interactions and possible chemical reactions. In this sense, proteins differ from the 

polysaccharides which only present one or a few types of monomers for each polymer. In this study 

protein isolates are used, which requires a concentration above 90% [37]. Due to the amino acid side 

chains with functional groups, proteins are naturally suitable for modifications such as crosslinking, 

which is an important process for improving mechanical and chemical properties and reducing the 

solubility in aqueous solutions [38]. Beyond that proteins are excellent film forming materials [13]. 

Proteins have intrinsic hydrophilic properties, subsequent a high WVP and oxygen permeability, hence 

limited use in moisture barrier applications [13]. Research are ongoing, and it has already been shown 

that blends of whey protein with cellulose or beeswax provided a film that reduced the WVTR with up 

to 92 %. Only vegetable-based proteins will be investigated in this study and not animal-based milk 

protein like whey. Due to the interactions between protein chains, like natural occurring disulfide bonds, 

protein films exhibit brittleness [39]. To improve flexibility plasticizers are needed in these types of 

films. 

2.6.1 Soy Protein 

Soy proteins are extracted from soybeans and the main constituents are fractions of 7S ɓ-conglycinin 

and 11S glycinin. Where S stands for Svedberg (S) number and indicating the size of the protein, the 

higher number the larger protein [36]. ßȤconglycinin is rich in the amino acids asparagine, glutamine, 

leucine and arginine but has fewer disulfide bonds than glycinin which limits disulfide crosslinking. In 

total soy protein isolate (SPI) contain over 50 % of polar amino acids, which enhances the hydrophilicity. 

Improvement of moisture barrier properties has been done by crosslinking soy protein films with 

formaldehyde by post-treatment and by creating soy protein composites with montmorillonite [35]. 

Films made of soy protein usually has a concentration about 4-10 wt % and requires a plasticizer 

concentration of 25 wt % of SPI, since lower plasticizer content gave fragile and brittle films [40]. 

With respect to alginate films unmodified soy protein films have superior properties regarding water 

resistance, which can be further improved by crosslinking of the both materials [35]. Genipin as a 

crosslinker for SPI significantly improved mechanical properties such as elongation at break and tensile 

strength [38]. Genipin is a natural crosslinker and about 10,000 times less cytotoxic than another 

common crosslinker, glutaraldehyde. A way to reduce the WVP and develop the mechanical and barrier 

properties is physical crosslinking in form of ɔ-irradiation on protein films. Except for crosslinking, 

introduction of layered silicates, such as montmorillonite, into SPI films also showed improved water 

barrier properties [35]. 

Several material blends and composites has been investigated with soy protein as one component due to 

its excellent film forming but low water barrier capacity [40]. For example, the addition of lipids such 

as epoxidized soybean oil and virgin olive oil has been studied for improvement of moisture barrier 

properties. 

As a processing technique, the SPI can be heat-treated and will then denature and form new bonds 

leading to reformed configuration [41]. At 65-70 °C the protein unfolds and exposes its sulfhydryl and 

hydrophobic groups which allows reformation of disulfide bonds and new arrangement of the polymer 

chains. It has been found that the optimal drying conditions are 60 °C and 60 % relative humidity (RH) 

for SPI films in laboratory conditions for best influence on mechanical properties and solubility in water. 

2.6.2 Potato Protein 

Normally known for its starch content, potatoes also contain proteins which has a nutritional value equal 

to egg and soy proteins. The potato protein extraction can be done directly from the potato tubers or 

from industrial side-streams [42]. The isolated potato proteins consist mainly of patatin (also known as 
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tuberin), but also of protease inhibitors and a group of other high-molecular-weight proteins, for example 

enzymes in form of kinases [43]. Patatins are glycoproteins and comprised by approximately 366 amino 

acids [42]. 

Potato protein isolate (PPI), which will be used in this study, has recently been studied and compared 

for the use in biopolymer films [44]. Conventionally, the potato proteins are extracted by a heat treatment 

in a way that they lose their functionality due to temperatures up to 120 °C. Patatins denature already at 

40-70 °C. Other techniques such as membrane separation, ion-exchange chromatography or expanded 

bed adsorption has later been investigated. The protein isolate used in this study is not isolated from the 

conventional process due to their liquid and non-denatured state in solution. 

In a study by Newson et al., [44], the effect of different plasticizers on PPI was compared. The outcome 

from the research was that the plasticizers in general possessed a poor performance of reducing 

brittleness. Only glycerol showed sufficient plasticizing properties on PPI but on the contrary enhanced 

swelling. In earlier studies a dried and denatured PPI has been used, in this study non-denatured proteins 

isolate will be used. 

 MOISTURE BARRIER  

To present decent moisture barrier properties, a polymer film should be non-soluble in water and water 

resistant at ambient environment and temperatures. The problem faced with biopolymers are their 

hydrophilicity and high solubility in water. In this study, their natural moisture barrier properties have 

been characterized and compared with each other and reference paperboard to find better water 

withstanding formulations. By using different additives, modifications and blends of materials the 

properties can be improved [3].  

Barrier properties in terms of water diffusion into the coating can be decreased by increasing the 

effective path length for diffusion. By adding water insoluble particles in the coating matrix, obstacles 

for diffusion increases and the path becomes more tortuous, resulting in lower water vapor permeability 

[32]. Another common way to improve the moisture barrier properties is to inhibit the dissolution of the 

polymer chains by crosslinking [3]. The crosslinking introduces additional bonds increasing the 

interaction which hinders the dissolution of the polymer chains. Heat treatment is another method where 

heating of the polymer coating to temperatures greater than their Tg can have a positive impact on 

properties such as density, morphology and crystallinity. The properties of the material which affects 

the barrier performance could be for example branching level, polymer chain flexibility and degree of 

crystallinity. Crystalline regions have due to the order of polymer chains lower rates of diffusivity 

compared to amorphous parts [4].  

For moisture barriers, water vapor permeability (WVP) or water vapor transmission rate (WVTR) are 

two commonly reported measurements which are related to mass transport in the material [45]. Mass 

transport is further on a combination of solubility and diffusivity, described above in this section, which 

by other means is the permeability [4]. Another method used for prediction of the moisture barrier is the 

pinholes test to observe holes in the barrier. It is a critical test for the barrier since a pinhole free coating 

is vital for a functional moisture barrier [15]. To avoid pinholes, proper surface wetting is essential and 

a sufficient and covering coating amount is important, which further on depends on the surface 

roughness of the paperboard and the adhesion of the barrier to the substrate. The smoother the surface 

is, the higher the chance is for a pinhole free coating layer. Therefore, the smoother the surface of the 

substrate is, the lower amount of dispersion is required to obtain desired barrier properties. 
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 PLASTICIZERS  

To decrease the brittleness of biopolymers, plasticizers can be utilized to reduce the intermolecular 

forces in the polymer chains [46]. This creates free volume and chain movement, hence increased 

flexibility , which further on gives a drawback in form of higher permeability. The plasticizing effect can 

be internal or external whereas internal plasticizing occurs by covalent bonds between the plasticizer 

and the polymer and is created during polymerization.The external effect is made of low molecular 

weight substances that are inserted and positioned between the polymer chains and 3D-network and the 

material expands as a result. 

For a good plasticizer, the critical factors are low Tm, low volatility and compatibility with the type of 

material to plasticize [36]. Water is described as the most effective plasticizer due to its ability to affect 

Tg and has a low molecular weight (Mw) but isn this research not useable due to the moisture sensitivity 

of the biopolymers. The permanence in the film and the amount of plasticizer are other points to consider 

when using plasticizers. This is important for the barrier and mechanical properties which can greatly 

vary depending on the plasticizerôs efficiency in the specific material, which also differs between types 

of plasticizers. The plasticizing effect can be described by several mechanisms [36]:  

¶ The plasticizing substance can function as a lubricant which facilitates mobility of polymer 

chains against each other.  

¶ Disruption of polymer interactions such as hydrogen bonds, van der Waals or ionic forces with 

other polymer chains.  

¶ The plasticizer can increase the free volume and mobility of polymer chains, which has been 

used to understand the lowering of Tg in the plasticized material. 

¶ Plasticizing effects can also be explained by the coiled spring theory, concerning tangled 

macromolecules.  

The effect of plasticizers on several biopolymer films has been examined in earlier research [47]. 

Glycerol has been shown to increase both the oxygen and water vapor permeability (WVP) to a higher 

extent than for sorbitol which gave almost constant values of oxygen permeability. In the same study 

triethanolamine (TEA) as a plasticizer decreased the oxygen permeability but acted like glycerol on the 

WVP. The lowest WVP conducted were obtained from plasticizing polysaccharides with sorbitol and 

proteins with TEA. The difference can mainly be explained by the different Mw of the plasticizers. 

Another study has shown that sorbitol in combination with xylitol were a better combination than xylitol 

or sorbitol combined with glycerol regarding mechanical properties for starch [3]. 

 MECHANISMS FOR FILM FORMATION  

The biopolymers studied in this project are all prepared as dispersion or solution barrier coatings. They 

present different film-forming mechanisms depending on their natural behavior and pre-modifications. 

The aim with forming a barrier film is to have a uniform, nonporous solid film with the desired properties 

where the film forming process has a crucial influence on final barrier properties [48]. The film 

formation is not only affected by the type of material but also by external drying conditions; temperature, 

IR drying intensity, time and relative humidity in the environment [15]. The films can also be applied 

with different techniques such as blade, wire wound rod and air knife. The wire wound rods were utilized 

for coating of dispersion barriers in this study because they give a result in-between the uniformsurface 

of using a blade and even coating thickness, namely contour coating, of using an air knife coater. 
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2.9.1 Latex Film Forming Mechanism 

Synthetic latex is a type of material consisting of polymeric particles stabilized by surfactants in a 

waterborne, colloidal, dispersion [15], [48]. Fine polymer particles are used for latex barrier coatings 

and are commonly made by emulsion polymerization, where this study includes dispersions with latex 

behavior based on PLA and CW (if the particles are not melted). To achieve a sufficient barrier, stirring 

right before coating is important for an even distribution of particles, while avoiding bubbles in the 

barrier coating dispersion. The bubbles are removed by vacuum defoaming in this study.  

The particles must be able to coalescence while drying, to form a nonporous film [15]. The coalescence 

is started upon drying when the water and other volatiles are evaporated whereas the particles then form 

a uniform dense packed polymer particle layer. The temperature when drying needs to be higher than 

the polymers Tg for the particles to deform and further on for a less brittle and even film to form [48]. 

Typical for latexes is that optical transparency is achieved at film forming, therefore there exists a 

ñminimum film formation temperatureò where this occurs. Dispersion barrier films are usually used to 

achieve an even coating thickness rather than even surface to give stronger barrier properties. 

The film forming mechanism can be divided into three possibly overlapping steps; drying, particle 

deformation and diffusion. A more detailed process can be described by separating the process into six 

steps, see Figure 6 [15].  

 

Figure 6. Film forming mechanism of latex particles, edited from Kuusipalo [15] . 

A Water evaporation 

B Percolation 

C Dense Packing 

D Coalescence 

E Autohesion 

F Final film 

Water evaporation makes the solid content increase and particles to come closer to each other until 

percolation is reached, which is a continuous contact between particles across the layer [48]. At this 

point the particles have no longer individual movability and starts to flocculate until they start to dense 

pack due to further water evaporation [15]. The voids are filled by deformed particles during the 

coalescence, resulting in a non-porous film after sufficient deforming. The autohesion step consists of 

further gradual coalescence by inter-diffusion of polymer chains. The final film is now formed, and the 

particles has lost their individuality to a homogenous film. 

The particles are spherical in the dispersion but at temperatures above their Tg and when in close contact 

where deformation starts over large areas, in the coalescence and autohesion step, the molecular chains 
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can move across particle boundaries. This increases the strength of the film due to less distinct 

boundaries. The deformation and dense-packing of the particles happens more easily for some particles 

depending on material properties such as elasticity (viscoelasticity), the polymer modulus, particle size, 

size distribution, Tg and additives in the latex dispersion.  

 

The interactions of the latex particles can be described by the DLVO theory where the two most 

important interactions are the Van der Waals attraction and electrostatic repulsion, see Figure 7. When 

the water first is evaporated the solid content increases and the electrostatic repulsion forces are 

developed between the particles. As the drying continues the coalescence starts due to further water loss 

and after reaching a required energy barrier the attractive forces will take the overhand.  

2.9.2 Film Formation of Latex Blends and Hybrids 

Latex dispersions mixed with other compounds can form a smooth film [48]. Here the Tg plays an 

important role. Soft particles (T > Tg) mixed with hard particles (T < Tg) at a temperature T, will form a 

film out of the soft ones due to easier coalescence and the hard ones will be dispersed throughout the 

film. Therefore, not both components need to fulfill the latex film forming requirement of the 

temperature greater than Tg. 

2.9.3 Starch Film Formation Mechanism 

The solid content and amylose ratio is important for the film forming mechanism of starch [49]. The 

major film formation is generally dominated by aggregation and packing of swollen, gelatinized, starch 

granules, like the mechanism for latex dispersions [46]. There is also a microstructural development 

during the film formation [49]. The initial stages of the microstructural film formation mechanism 

include coli-to-helix transition, primarily driven by cooling, followed by helix aggregation or gelating 

and rearrangement of aggregates. Whereas the last two steps are caused by drying. 

It has been shown that starches with high linear amylose content interacts by hydrogen bonding, 

compared to the starches containing high amount of branched amylopectin which had little interaction 

over all. Amylopectin is due to its higher molecular weight and highly branched structure more slowly 

crystallized by evaporation of water than amylose. This gives a film that is stronger and more flexible 

with increasing amylose content, which probably are linked to the crystallization of amylose [49]. In 

this study three different types of modified starches are investigated. 

2.9.4 Film Formation of Starch Blends  

Starch blends are often used to overcome limitations of natural starch-based films, such as high water 

sorption and poor mechanical properties. The film formation mechanism is greatly dependent of the 

Figure 7. DLVO interaction energy theory. VR= Electrostatic repulsion, VA= Van 

der Waals attraction, VT= Total interaction. 

https://upload.wikimedia.org/wikipedia/commons/b/b4/DLVO1.svg























































































