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ABSTRACT

The demanddr bio-based packaging mmerging n the worldandpaperboard packaging could be an
excellent solution for fully bicbasedfood packaging Today they ardimited by the common barrier
coatings made of fosdilased plasticdcResearch are ongoing regarding usimgpblymers as barer
coatings which would be a solution to thdilemmabut their inferior properties to petroledmased
polymersare an obstacle. Fogreaterunderstandingthis research was aimed to characterize and
investigate the possibilities for blmased polymers treplace fossibasedoolymersas barrier coatings

in food packaging. The main drawback with biopolymesed as barriers and especially moisture
barriersare theirbrittleness andanoisture sensitivity. Thereforepethodssuch as Cobb 600, pinholes
andclimate cycling in moisture generatoereusedo evaluate the moisture barrier propertieshosen
biopolymers in herein developed formulatiomfie most promisigp moisture barriersvere further on
characterized with Thermogravimetric Analysis (TGA), Diffietial Scanning Calorimetry (DSC) and
Scanning Electron Microscopy (SEM). Crosslinking attempts were done with sodium alginate and CacCl
resulting in improved moisture barrier properties and for starch and proteins with succif®fgdidt

did rather inpair the barrier performance. Starch blends of Pefigotavith sodium alginate or
Carnauba waXCW) dispersionshowed an even and covering barsieualized by SEMaswell 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 intiure work, where also optiimation of formulations and crosslinking should be
conducted The outcome of this study suggests the materials most likely for continued resebech
alginate, wax dispersion and modified staratiditionally, suitable modificationsof proteinscould

create potential for moisture barrier capability. Neverthelesghe biopolymer barriers ar@ot yet
adequate substitigéo fossitbasednes

Keywords: Biopolymers, barrier coagjndispersion coating, dispersion barriegd packaging,
moisture barrier, paperboafél A dispersion, soy protein, potato protein, sodium algimatelified
starch,CW dispersion
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LIST OF ABBREVIATIONS

CW CarnaubaNax

DLVO i Derjaguin, Landau, Verwey, Overbeek
DMA 17 Dynamic Mechanical Analysis

DSCi Differential Scanning Calorimetry
FESEMi Field-Emission Scanning Electron Microscopy
FTIRT FourierTransform hfrared Spectroscopy
Mw T Molecular Weight

PLAT Polylactic Acid

PPIi Potato Protein Isolate

RHT Relative Humidity

SAT Succinic acid

SEMT Scanning Electron Microscopy

SPIi Soy Protein Isolate

Tg1 Glass Transition Temperature

Tm1 Melting Temperature

TGAT Thermogravimetric Analysis

wt % - Weight to weight percentage

WVTR T Water Vapor Transmission Rate

WVP Water Vapor Permeability
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1 INTRODUCTION

Sustainable awarenessaserall increasing in the world and so does the interediigrbasedfood
packagingCompared tdossitbasedlasticpackagesr aluminum packagebarrier coateghaperboard
packages can give a significantly lower carbon footpiihtToday bod packagemadeof papeboard
can act as a container for aqueous liquids to its barrier coatingshich consists of a material with
excellentmoisture barrieproperties. These barriers anegeneralmade offossitbasedmaterial. The
challenge nowadays is to replace thessilbasedolymerswith bio-basedgolymers which are a more
environmental friendlyption and currently an expanding mket, driven by the increasing awareness
for low environmental impadg].

The ideal case would be to replace the fdsafled materials with bioased ones and improve the
sustainability of the package without affecting gifemary functions. Improved knowledge about the
materials are essential to be able to achiesdrtnsformation to bibased materialdnvestigation and
characterization of the bisased 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 fosdiased polymers, biopolymers show differing properties, often hydrophilic
and most commonly are additives vitiie to brittenesd3].

To keeppaperboargackages igontact with liquidsone of the most important properties grewater
resistace Thepackagealso needo be able to preserve the foadd not mechanically breaknother
important aspect is food safetgd qualityto minimizefoodspoilagd4]. Barrier coatingsn papeboard
packagesreconsequentlutilized to improve théarrierproperties of the existingapeboard for longer
preservationquality and protectionf the food and package.

1.1 Aim

By investiating several biopolymeifar the useas barrier coatings in food packagee main purpose
is to find siitable candidates that are possible substitidesossitbasedpolymers. Most of the
biopolymers are known to beanse resistafiut preseni weaker water resistance arebrittle. Due

to that fact, the aim of this project in particyhaill be to find biopolymers together with additives that
showsgoodmoisturebarrierpropertiesfor exampleawater vapor transmission ral{/TR) below 10
g/(m?-24 h. While theusedmaterialsto as big extent as possibhatlosestheir natural propertieThis
will be done by comparing chemical propertiebiofbased barriefsom agueousolutions along with
functional propertiesuch as coatability and processabitigyguired for coatingf paperboard.

1.2 LIMITATIONS

1 Noncommercial materials will not be concernatkeaningthat synthetizationsmodifications
andother chemical reactie@modifying materials into newariations willnot be concerned

1 Crosslinking that requires additionethemical reaction stepsxcept addition of a crosslinker
compound to solution or coated paperboard will not be performed.

9 Pilot and fulkscalecoatingtrials will not be included in thstudy.

1 Confirmation ests of biodegradability or compostability will not be performed



1.3 RESEARCH QUESTIONS

Which of the chosen biopolymers are physical and rheological suitable for coating on
paperboard?A biopolymer needto be found that haswsableviscosityin room temperature

for coating bya bench coater with rod or bladedwith a high solid contenpreferably above

20 %,to minimize drying time.

Is mixing with filler, plasticizeror other compounds needed® overcome brittleness of
biopolymers and to improve their pure polymer barrier properties, the need and content of fillers,
plasticizers and crosslinkers shouldtheoreticallyinvestigatedand studied in the context of

the imitations

Which three of the coatl paperboard samplege the most promising as barriersmoisture

for food packaging and will be characterize@Re three polymers with best barrier properties
in terms of high water resistance, low brittleness and hmmogenous coating will be chosen
for further characterizing. This will be evaluated pyholes test, CoblB00 and visual
performance of the coating.

What are the effects of additives, crosslinking, formulation and coating condiwatfation

of additive effectssuch ascrosslinking will be done withFourierTransform Infrared
Spectroscopy KTIR). Differential Scanning Calorimetry 0 will be done to observe
temperature effects atass transition temperatufg,), melting temperatre (Tm) and limits for
coating temperaturesg&nd T, affects the performance, degradation and the usability of the
barrier Also, brittleness will be evaluated by DSOynamic Mechanical AnalysisDMA)
might be needed to study eventual phase separdiween polymer and plasticizer, if used).
Thermogravimetric Analysi6TGA) will be performed tacontrol degradation of the polymers
and, in case of fillers, tevaluate amount of ash and to see if the fillers have been modified.
Scanning ElectrorMicroscopy SEM) and FieldEmission Scanning Electron Microscopy
(FESEM) imagingshould beperformedto get a visual overview, to see homogeneity and
coverage of thepapeboard. Climate cycling in a moisture generatshould be done to
determine how much ater that is absorbedamely the water solubility in the materials and
waterretention

Which biopolymer is most promising to be used as a barrier in both practical and chemical
sense?The biopolymerwhich 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 biopolyrmsr vers
additives should be determined.



1.4 THESIS OUTLINE

The thesis will be built up by theory about different-bassed polymers and properties important for
forming moisture barrier coatings followed by the methods used to formulate and characterizeadthese an
eventually the results of the characterization of the biopolymers used as coatings.

Chapter 27 Theoretical backgrounghresents th@roperties and behavior of the biopolymers and the
present research for these materials indaised moisture barrie®rovides literature background for
contents and amounts in the formulations.

Chapter 317 Methods and materials, describes the process to formulation of each barrier coating and
the laboratory methods and equipment used to evadndteharacterizthe mateals and barriers.

Chapter 47 Results and discussion, the barrier coating results are presented and discussed separately
for each material and general properti@asticizers are also presented and discussed separately.

Chapter 51 Conclusion anduture work, the most promising barrier coatings from this study are
concludedand future improvements for blmased moisture barrier coatings discussed.



2 THEORETICAL BACKGROUND

2.1 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 replacenfessiblbasedmaterials[3]. Today

plastics made fronfiossitbasedmaterialsare usedfor food packagingand as the major commercial
materialgn barriercoatings in packaging made of paperboaeye®al biopolymers afgoweveralready
introducedand will expandcommercially for different purpose iimod and beverage paaying[2].

Such as Bio PBS, PLA, starch, waxes, soy protein and cormpreinare availableCelluloseestels
andnitrocellulosecoating arealsoused bunotyet commonly usedh food packaging.

The European Bioplastics Association6s d5finiti
First; polymers that are biderived and biodegradable/compostable, second; fosdilderived

polymers but biodegradable amlird; the bioderived but notbiodegradable polymersThe three

classes along witla nonbiodegradable and petroletimased class, thus fosbidsed polymers, are

presented irFigure 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 organismi§], which does not apply to all classes in the European Bioplastics
Associationds definition. Polysaccharides in fc
macromolecules produced from living organisms and biodegradable, henceaHidfiinst class of the

definition, as does proteinStarch proteins and PLA caall be degraded by the human bqgay.

Non-biodegradable
Bio-polyethylene (Bio-PE) Polyethylene (PE)
Bio-Polvethylene terephthalate Polvstyvrene (PS)
(Bio-PET)

Bio-based

Cellulose,/Polvsaccharides Polyvinyl alcohol (PVOH)
Polvlactate (PLA) '
Polvhvdroxvalkanoates (PHA)

paseq-wnaoaa

e-polveaprolactones (PCL)

Biodegradable
Figure 1. Categories of biopolymers, courtesy of Nyfl&}t

There are several classes and origin ofdzieed polymers, ségégure2. Biopolymers such ashitosan,

whey protein isolate,corn zein protein and graphengoolymer nanocomposites has shown promising
propertiego be applied as barrier coatin@s - [9]. These materials have been chosen to not be included

in this study based on various reasdffbiey is animal based and therefore excluded framstindy.
Commercial chitosan is mostly animal based and therefore excluded even thouglagéahthitosan

is possible to find, but to a high c¢%0]. Cornzein andgraphenepolymer nanocomposites will not be
investigated further in this study due to availability aide limitations of the projectAnother
promising class of materials for barriers are nanocelluloses. Nanocelluloses represents potential
materials for blenithg into barrier coatings for improvdshrrierpropertiessuch axygen barrier and

WVTR [11] - [12]. Cellulosic materials will not biirtherinvestigated due to thatedbematerias have



been andreundergoingextensive studieby several researaffroupsit will be outside theontext and
time frame of this study.

Bio-based polymers
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Figure 2. Biopolymers classified by type and origir3] .

One of the most importachemicalmodificatiors arechemicalcrosslinking of théviopolymers which
has been shown to improve both mechanical and moisture barrier pro@érfied. By interconnecting
the polymer chainsvith chemicalbonds,the crosslinkinggives a stronger 3Enetwork with new
covalent bodsto overcomeinadequate propertiefhysical crosslinking is another way to link the
polymer chains with neoovalent bondsChemtal and physicatrosslinking can be both intrand
intermolecularlt improves aqueous stability but changes the rheology, which can lead to d@id¢alt
processing the polymer solution

Glutaraldehyde is a common crosslinker used for biopolyswhk as proteins arwarbohydrates but

has shown to be cytotoxic aboaeoncentratiorof 8 % Recently attempts to crosslifkopolymers

with citric acid has been donand shows improvements in mechanical properfi§s Notice
neverthelesthatoneof thecommon classsof crosslinkers, short chain aldehydeasbeen reported to

be potentially toxic. Several crosslinkers can be used with different efficiency and main functions but
for materials in contact with food packagingynrtoxic chemicals should be used to carry out the
crosslinking.

2.2 STARCH

Starch is aemicrystallingpolysaccharidextracted from plants such as potato, corn, wheat, rice and
cassavand consists of two types ofolecules amylose and amylopectin whitioth are built up by
glucose unite o n n e ¢ tlg-glycdsigdic bdnd$15]. The ratio of the polymers depends on the plant
source seeTablel.



Tablel. Starch content by type in terms of amylose and amylopectin perceaddge frontTCarvalho[16].

Starch Amylose (vt.%) Amylopectin (wt.%)
Wheat 30 70

Corn 28 72

Potato 20 80

Rice 20-30 80-70

Cassava 16 84

Waxy maize 0 100

The mainchemical difference between the molecules are characterized by the high branching level in
amy | op e c t6mlycosiic hohds &l the branch points, compared to the linear structure of
amylose, se€igure3.

<— Amylopectin

l Amylose

CH,0H CH,OH CH,OH
O,
OH
CH LOH H3 X CH,OH CH,OH CH,OH
O O,
OH OH
O
OH
OH n OH

Figure 3. Structure of the biopolymers amylopectin and amylose, the primary polymers in [gtdfch

Based on the Oltich structure oftarch itis classified as hydrophilic compoungdbutnative starch is
insoluble in cold watefl8]. By using the acetylation reaction on starch, water barrier properties such
aswater vapor permeabilitfVP) andwateradsorptie can be improvell9]. But there areseveral

other ways of improving the water retention properdiescribed ititerature.

Crosslinking is another common way to improve barrier properties of starch. Succin{SAgidas

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
propertieg20]. Wheat starch has also been modified with a mixtur8A&fand acetanhydride which
improved adhesiof21], this was done atgH of 9. Esterification can be created by ester linkage when

the hydroxyl groups in anhydiglucose molecuke of starch reacts with the carboxylic groups of the

SA. The result can be both crosslinking and substitution. Modifications with meshiam 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 packa@iap



The typeof starch is one of the key parametigrstarch films becaushere is a natural differende

the amyloseamylopectin ratio among specjeeTable 1 [23]. With high content of amylose, lower
energy input can be used in theatingprocess.This is due to lower crysilinity 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 habeen done adding bentonite clay into starch formulations which resulted in a huge
reduction in WVTR to 15 g/(824 h) compared to WVTR of uncoated pa@ed g/(nt-24 h)[5]. There

was also a reducing effect ofly addingplasticizer 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 StarchBlends

Cassava starcand Camauba wax CW) has shown promising results as@mbinedbarrier film,
especiallyinteresting since the blend wi@W reduced the WVP and water solubilfy8]. With more

than 20weight percentwt %) wax, the WVP increased again, probably due to that the starch matrix
becamadnsufficientor wax particles uneven distributéthe wax can have an influence on the starch
crystallization probably bjorming complexesvith the amylosendbr amylopectin

Starchhas also been combined with sodialginateand fluorocarbons for improvement of uniformity
of thecoatingand grease resistan@]. Corn starch andodiumalginatehas been mixed toe usel as
an edible film to investigatiae optimal proportions of the blefi@b]. The proportions were determined
depending on mechanical and barrier propesigsh as WVP and tensile strenglihe researchers
suggested the ratio of starch and sodium alginate to be 3:2.

2.3 PoLYLACTIC AcID (PLA)

Polylacticacid (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 mon¢2&reLA is
biodegradablecompostable ancin besynthesizedrom crops such asugarcanecornand starch2].
Brittleness and thermal instability could be an obstacle for digptacement of the fosdilased barriers

with extruded PLAJ26]. However,a highperformance biodegradable polymerutd potentiallybe
obtained byblending PLA with other polymers aray carrying outchemical modifications on the
polymer, such as dispersion

The molecular weight of PLAan vary greatly depending on the polymerization pro§&3k The
process itself is rather complex and includes sewbrhicalreactions Condensation or ringpening

gives chain formation, intramolecular transesterificat@sulting in ring formations and there are also
degradation and racemization happening. Due to that the chiral monomer lactic acid exists in two
stereoisomeric forms, -lactic acid and Bactic acid different types of PLAcan be produced
chemically L-lactic acid is the most common stereoisomer found in natuf A will exhibit high
crystallinity, while addition of EPLA will reduce crystallinity andmprovefilm-formation[13], [23].

Both amorphous ansemicrystalline PLA exists, depending on its composition, stereochemistry and
heat treatmentPLA can also be produced with copolymerization together with anctimapound,
preferably biodegradable and ntwxic, to improve and tailor desired properties

PLA isinsoluble in water bubf hygroscopic nature and has gafound 50 C and T around 13a150
°C thatareinfluenced by the molecular weight and other molecular propemtié<an be increased up



to 180 °C[13], [23]. Further on aoating weight as high as 50 ¢/lms been required for sufficient
barrier performance in WVTE].

A blend of PLA and starch has been conducted in earlier regearyercome currerissues 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 methqadoqess
drying. The water absorption of these blends was shown to be img@agportional to starch content.

2.4 WAX

Wax is a lipid, a hydrophobic materiadainly consisting of longhain aliphatic substancgk3], [28].

Waxes havdow surface energy that, when applied to afax&, can improve the hydrophobicity.
Characteristics of lipid films armainly 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 pap®rard[13]. The same effect has been showrd@ in a combination with sodium
caseinateand mica as a barrier coating on paperboard. In this studispersion oflCW will be
investigated.

2.4.1 CW Dispersion

CW s a natural wax found in palm tree leave€opoernica ceriferand is one of the hardest natural
waxes. The main constituents of the wax particlesigpbaticesters, straight chained primary alcohols
and hydroxyfatty acids[29]. The chains range from CZ32. CW exhibit the highest melting point
among natural vegetable wax)88]. Emulsions ofCW have the ability to form supé&ydrophobic films
that are solvent resistajf28].

2.5 ALGINATE

Alginates are unbranchezhionic polysaccharides consisting of two monomergginating from the

brown seaweddlgae[31] - [32]. The biopolymer is built up of two monomefsD-mannuronate (M)
a n dL-gUluronate (G)inked by a 1,4glycosidic bond, whictbuilding up block copolymerwith a

different ratio between the two monomers depending on the natural alginate 3hwdsocks are
either built up homogeneouslyvith only guluronate, @ blocks, only mannuronate, Ml blocks, or

heterogeneoualternating blocksiGM blocks, seeFigure4.

OH
3
H
DONa
G

Figure 4. Alternating monomer structure ebdiumalginate consisting of mannuronate (M) and guluronate (@)sed with
permissiorfrom Elsevier[33].

Alginate has unique colloidal properties and bacome arnnsoluble polymer by crosslinking with
divalent ions for exampleC&* [31], [34]. lonic crosslinking introduces ionic bonds between the
crosslinker ion and alginate blocks. Divalent ions wleractand stabilize the conformatiomith the
guluronate and can be incorporated in GG br [Bocks.The MM blocks are notnuchaffected by the
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ion addition.Theionshave higher affinityo theU-L-guluronic G) monomers. Aigh GGblockcontent
in the alginatewill create highly crosslinked polymer which will becotmettle but also influence and
decrease the water vapor permeability of the filmskFpee5.A high content of GM blocks is therefore
desirable to get a flexible crosslinked material.

The process for crosslinking has been studigial direct mixing of the crosslinkénto alginatesolution,
whichled to gel clumps as a result from the irreversésdfast reactior{31]. Therefore, a diffusion
and internal setting methatdlas suggestedhe diffusion method functionday letting a cast film be
put in a divaént ion solution, so the ions migrate into the alginate network and triggers crosslinking
which worked well for smalkcale,but films were brittle The internal setting method is based on
addition of inactivated Cato the alginate matrix and activated by a pH shift right before casting films
Several crosslinking agent has been tested for sodium alginate@otithemost efficient were Cagl
and CaHPQ@ both havingCa* as divalent crosslinking iof81]. CaHPQ performedbetterregarding
tensile strength and elongation at brdak CaC} showed stronger reduction in permeability
upscding trials. The lowest permeability of water vapor and oxygen was obtained ataGzentration

of 0.01 g/g alginate for CaHR@nd 0.012 g/g alginate for Ca(24].

By crosslinking with CaGlit has been shown that the water absorption of algifilate is readily
reducedandon thecontrary, it is increasedith the addition obrganically modified montmaorillonite
(OMMT) [35]. After crosslinkingthe alginateshows similar properties smy protein isolateP) films
regarding water absorptiomAnother chemical modificatioof alginateis esterification33]. By the
successful addition of alkyl groups onto the backbortbepolymer hydrophobicity increased.
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Figure 5. Crosslinking of alginic acid with Caions reused witpermission from Elsevigi4].

2.6 PROTEINS

Proteins are polymers consisting of amino aesgtheir monomerg36]. Due to the 20 amino acids
foundin proteins there are an enormous number of combirsitizeginable which creates polymers



exhibiting different interactions ambssiblechemical reactiondn this sensgproteinsdiffer from the
polysaccharides which only present one or a few types of monomers for each poiythier study
proteinisolatesare usedwhich requires @oncentration above 90¢87]. Due to the amino acid side
chains with functional groups, proteins are naturally suitable for modifications such as crosslinking
which is an important process fonproving mechanical and chemical properties and reducing the
solubility in aqueous solutiorj88]. Beyond thaproteins arexcellent film forming material[13].

Proteinshaveintrinsic hydrophilic proprties, subsequent a high WVP and oxygen permeability, hence
limited use in moisture barrier applicatigdis]. Research are ongoing, and it has already been shown
that blends of whey protein with cellulose or beeswax providéohahat reduced the WVTR with up

to 92 %.0nly vegetablebased proteins will be investigated in this staygl not aimakbased milk
proteinlike whey. Due to the interactions between protein chains, like natural occurring disulfide bonds,
protein filmsexhibit brittlenes439]. To improve flexibility plasticizers are needed in these types of
films.

2.6.1 SoyProtein

Soy proteins are extracted from soybeans and the main constituents are fractiofiscohg@lycinin

and 11S glycinin. Where S stands for Svedberg (S) number and indicating the size of the protein, the
higher number thiarger proteir{36]. &Z conglycinin is rich in the amino acids asparagine, glutamine,
leucine and ainine but has fewer disulfide bonds than glyciwinich limits disulfide crosslinkingn

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

Improvement ofmoisture barrier properties has been dong drosslinking soy protein films with
formaldehyde by podteatment and bgreating soy protein compositesth montmorillonite [35].
Films made of soy protein usually has a concentration abdGt Wit % and requires @lasticize
concentration o25wt % of SP|, since lower plasticizer ceentgave fragile and brittle filmpt0].

With respect to alginate films unmodified soy protein films have superior properties regarding water
resistance, which can Harther improved by crosslinking of the both materiggds]. Genipin as a
crosslinker for SPI significantly improved mechanical properties such as elongation at break and tensile
strength[38]. Genipin isa natural crosslinker and about 10,000 times less cytotoxic than another
common crosslinker, glutaraldehydeway to reduce the WVP and develop the mechanical and barrier
properties is phys.i creatliation oromotein filmsk Expedor drosslinkimgr m o f
introduction of layered silicates, such as montmorillonite, into SPI films also showed improved water
barrier propertie§35].

Several material blends and composites has beenigatedtwith soy protein asne compnent due to
its excellent film forming but low watdyarriercapacity[40]. For example the additionof lipids such
as epoxidizedsoybean oil and virgin olive oil has bestudiedfor improvement of moisture barrier
properties.

As a processing technique, the SPI can be-tneated and will then denature and form new bonds
leading to reformed configuratigdl]. At 6570 °C the proteimnfoldsand exposegd sulfhydryl and
hydrophobic groups wbh allows reformation of disulfide bonds and new arrangement of the polymer
chains.It has been found that the optimal drying conditiare50 °C and 60 % relative humidity (RH)

for SPI films in laboratory conditiorfer best influence on mechanigabperties and solubility in water.

2.6.2 Potato Protein

Normally known for its starch content, potatoes alsatainproteins which has a nutritional value equal
to egg and soy proteins. The potato prowitractioncan be done directly from the potato tubers
from industrialside streamd42]. The isolated potato proteiesnsistmainly of patatin(also krown as
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tuberin) but alsof protease inhibitors and a group of othigh-molecularweightproteins for example
enzymes irfiorm of kinase$43]. Patatinsareglycoproteinsandcomprisedoy approximately 366 amino
acids[42].

Potato protein isolate (PPlyhich will be used in this studfasrecentlybeen studieéind compared

for the use in biopolymer filng4]. Conventionallythe potato proteins are extracted by a heat treatment
in a way that they lose their functionaldye to temperatures up to 120 °C. Patatins demaklwady at
40-70 °C. Other techniques such as membrane separatieexébange chromatography or expanded
bed adsorption has later been investigated. The piistéateused in this study is not isolated from the
conventional process due to their liquid and-dendured state in solution.

In astudy byNewsonret al, [44], the effect of different plasticizeon PPwascompared. The outcome
from the researchwas thatthe plasticizers in general possessed a poor performaoeducing
brittlenessOnly glycerol showed sufficient plasticizing propertesPPIbut on thecontraryenhanced
swelling In earlier studies a dried and denatured PPI has been used, in this stad@yaored proteins
isolatewill be used.

2.7 MOISTURE BARRIER

To presentlecentmoigure barrierpropertiesa polymer filmshould benon-solublein waterand water
resistant at ambiergnvironment andemperaturesThe problem facedvith biopolymers are their
hydrophilicity and high solubility in water. Inighstudy their natural moisture barrier properties have
been characterized and compared with each other and refgrapeboard to findbetter water
withstanding formulationsBy using different additivesmodificationsand blends of materials the
propeties can be improveld].

Barrier properties in terms of water diffusion into the coating canldmeeasedy increasing the
effective path length for diffusion. By addimgater insolubleatrticles in the coating mattirbstacles

for diffusion increases and the path becomes more tortuous, resulting in lower water vapor permeability
[32]. Another common way to improve the moisture barrier propediesinhibit the dissolution of the
polymer clains by crosslinking3]. The crosslinking introduceadditional bonds increasing the
interaction which hinders the dissolution of the polymer ch&leat treatmeris another method where
heatingof the polymercoatingto temperatures greater than thejrcn have gositive impact on
properties such as density, morphol@md crystallinity.The properties of the material which affects
the barrier performance could be for example branching level, polymer chain #tyxhbil degree of
crystallinity. Crystalline regions have due to the order of polymer chains lower rates of diffusivity
compared to amorphous pal4s.

For moisture barriersvater vapor permeability (WVP) or water vapor traission rate (WVTR) are

two commonly reportetheasurementahich are related to mass transport in the matfptgl Mass
transporis further ona combination of solubility and diffusivitylescribed above in this sectjavhich

by other means is the permeabi[4}. Another method usedr 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 barri¢t5]. 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 anddtbiesion 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 ighe lower amount of dispersion is required to obtain desired bpraperties.
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2.8 PLASTICIZERS

To decrease the brittleness of biopolymers, plasticizers can be utilized to reduce the intermolecular
forces in the polymer chair[g¢6]. This creates free volume and chain movement, hence increased
flexibility , which further on gives drawback in form of highepermeability The plasticizing effect can

be internal or external whereas internal plasticizing occurobglentbonds between the plasticizer

and the polymer and is created during polyaaionThe externakffectis made of low molecular
weight substances that are inserted and positioned between the polymer chainsmatvdodkand the
material expandas a result.

For a good plasticizer, the critical factors are low [Bw volatility and conpatibility with the type of

material to plasticiz€36]. Water is described as the most effective plasticrerto its ability to affect

Tgand has a lownolecular weightNlw) butisn thisresearcnot useable due to tlmoisture sensitivity

of the biopolymersThe permanence in the film attteamount of plasticizer are other points to consider

when using plasticizers. This is important for the barrier and mechanical properties which can greatly
vary dependingontheplas ci zer 6s efficiency in the specific
of plasticizersThe plasticizingeffect can be described by several mechan|86is

1 The plasticizing substance can function as a lubricant which facilitates mobility of polymer
chains against each other.

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

1 The plasticizer aaincrease the free volume and mobility of polymer chains, which has been
used to understand the lowering @i the plasticized material.

9 Plasticizing effects can aldoe explained by theoiled spring theory, concerning tangled
macromolecules.

The efiect of plasticizers on several biopolymer films has been examined in earlier relg@drch
Glycerol has been shown to incredsehthe oxygen and wateaporpermeability(WVP) to a higher
extent than fosorbitol which gavealmostconstant valuesf oxygen permeabilityin the same study
triethanolamingTEA) as a plasticizer decreased the oxygen permeability butldaegycerol on the
WVP. The lowest WVP conducted were obtained from plasticizing polysaccharides witblsamt
proteins with TEA. The difference can mainly be explained by the differeqmfMhe plasticizers
Another study has shown trsrbitol in combination with xylitolverea better combination than xylitol
or sorbitol combined with glycerol regardimechaical properties for starcf8].

2.9 MECHANISMS FOR FILM FORMATION

The biopolymers studied in this projext all prepared as dispersion or solution barrier coafirgsy
present different filrforming mechanisms depending their natural behavior and preodifications

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 propgt8gsThe film
formation is not onhaffectedby the type of material but also by external drying conditions; temperature,
IR dryingintensity, time and relative humidity in the environmgg]. The films can also be alopd

with different techniques such as blade, wire wawathnd air knife. The wire wound rodgereutilized

for coating of dispersion barrieirs this studybecause they give a resulthetween theiniformsurface

of using a blade and even coating thiggsinamely contour coatingf 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, dispersigh5], [48]. Fine polymer particles are used for latex barrier coatings
and are commonly made by emulsion polymerization, where this study iadiggersions with latex
behavior based on PL&WdCW (if the particles areot 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 bable to coalescence while drying, to form a nonporous[fibh The coalescence

is started upon drying when the water and other volatiles are evaporated whereas the particles then form
a uniform dense packed polymer partigger. The temperature when drying needs to be higher than

the polymers Jfor the particles to deform and further on for a less brittle and even film to[4&]m

Typical for latexes is that optical transparency is achievddnatforming, therefore there exists a
Amini mum film formation temperatured where this
achieve an even coating thickness rather than even surface to give stronger barrier properties.

The film forming mebanism 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
stepsseeFigure6 [15].

o %e%e o |}

Figure 6. Film forming mechanism of latex particleslited from Kuusipalfil5].
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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 tf8laydrthis

point the particles have no longer individual movability and starts to flocculate until they start to dense
pack due to further water evaporatifitb]. The voids are filled by deformed particles during the
coalescence, resulting in a nparous film after sufficient deforming.he autohesion step consists of
further gradual coalescence by intkifusion of polymer chains. The final film is now formed, and the
particles has lost their individuality to a hogemous film.

The particles are spherical in the dispersion but at temperatures aboveg émgindhen 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 bounidar This increases the strength of the film due to less distinct
boundaries. The deformation and depaeking of the particles happens more easily for some patrticles
depending on material properties such as elasticity (viscoelasticity), the polymeus)qauticle size,
size distribution, §and additives in the latex dispersion.

Figure 7. DLVO interaction energy theoryr= Electrostatic repulsion, = Van
der Waals attraction, ¥ Total interaction.

The interactions ofhe latex particles can be described by the DLVO theory where the two most
important interactions are the Van der Waals attraction and electrostatic repsgsieigure7. When

the water first is evaporated the solid content increases and the electrostatic repulsion forces are
developed between the patrticles. As the drying continues the coalestetatkie to further water loss

and after reachingrequired energy barrier the attractive forces will take the overhand.

2.9.2 Film Formation of LatexBlends andHybrids

Latex dispersions mixed with other compounds can form a smootl48m Here the Fplays an
important role Soft particles (T > J) mixed with hard particles (T <gFat 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 lafiém forming requirement of the
temperature greater thag. T

2.9.3 Starch Film Formation Mechanism

The solid content and amylose ratio is important for the film forming mechanism of gt8jcfihe
major film formation is generally ainated by aggregation and packing of swqllgglatinizedstarch
granules, like the mechanism for latex dispersid®§. There is also a microstructural development
during the film formation[49]. The initial stages of the microstructural film formation mechanism
include colito-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 higtily 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 arf4®jskn

this study three different types wiodified starchesreinvestigaed

2.9.4 Film Formation of Starch Blends
Starch blends are often used to overcome limitations of natural-$@sed films, such as high water
sorption and poor mechanical properties. The film formation mechanism is greatly dependent of the
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