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Abstract 

Reducing plastic littering and encouraging recycling have become top priorities for many 

businesses, and regulatory actions are taken around the world to target the adverse effects of 

plastic materials. Paper and paperboards mainly consist of cellulose which has many 

properties that are essential for a sustainable economy (e.g., renewable, recyclable and 

biodegradable), and paper products can be an alternative for plastics in many applications. 

Although the recycling rate for paper and cardboard in some areas is already relatively high, 

there are still some concerns about using recirculated fibres in some applications. Recycled 

cardboard can contain mineral oil hydrocarbons which could migrate and accumulate in food 

during storage.  Developing coatings for paperboards is necessary to increase the range of 

usage for paper products in packaging applications. A traditional way of coating paper is by 

lamination, but this technique tends to lead to lower recycling rates. Dispersion coating is a 

type of barrier where an emulsion polymer is applied and solidified to a non-porous protective 

film on the paper surface.  

 

Dispersion coatings are readily removed from the paper during recycling, and proper barrier 

functions can be achieved already at low coat weights.  

 

In this thesis, three different types of pigments (kaolin, talc, and calcium carbonate) were 

tested in different concentrations in a styrene acrylate copolymer latex, and the effect on 

barrier properties was evaluated. The dispersions were coated onto papers by rod coating. 

Viscosity tests were done by using a rheometer. The pigments tended to decrease viscosity 

at low shear rates. Mineral oil barrier properties were tested by measuring the migration of a 

volatile hydrocarbon (n-heptane) through the barrier. Grease resistance was tested with the 

palm kernel oil test, and no oil migration was observed in any of the samples after 24h. The 

effect of folding on barrier properties depending on the pigment type and concentration was 

also evaluated as a part of testing grease resistance. Reduced barrier performance was seen 

after folding for kaolin compared to talc which was explained by the higher modulus of kaolin 

which may cause crack formation in the coating. Water and water vapour barrier properties 

were tested through the Cobb test, and by a Water Vapour Transmission Rate (WVTR) 

analyser. The results showed an increased barrier performance with kaolin in higher 

concentrations and a reduction with calcium carbonate. This behaviour was explained by 

crackelations in the top-coating layers for the samples containing calcium carbonate. Kaolin 

seemed to give a more stable improvement of barrier performance, and this was explained by 

a better dispersion of smaller particles with a high aspect ratio. Adhesive strength and 

delamination were measured by heat seal tests. Delamination of the barrier was seen in all 

samples except for talc in higher concentrations. Scanning Electron Microscope (SEM) was 

used to evaluate surface roughness, voids, wetting of particles, barrier thickness and integrity, 

pigment shape and orientation, and crack formation after folding.  

 

The results showed a barrier with good integrity and few voids, and platy particles tended to 

orient parallel to the paper surface. No clear visual damage was observed after folding, and 

no crack formation could be seen at the creases. Fourier Transform Infrared Spectroscopy – 

Attenuated Total Reflectance (FTIR–ATR) was used to study matrix/filler interactions, and 

bond formation during consolidation. No indication of additional bond formation was seen in 

any of the samples. Recyclability tests were also performed which showed that the coatings 

are readily removable, and a large fibre fraction is available during the recycling of the fibres.  
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Sammanfattning 

Att minska plastavfall och uppmuntra återvinning har fått hög prioritet i många 

affärsverksamheter och olika typer av regleringar implementeras för att minska den negativa 

påverkan av plastanvändningen. Papper och kartong består i huvudsak av cellulosa som har 

många egenskaper som är essentiella för en hållbar ekonomi (t.ex. förnyelsebar, 

återvinningsbar och bionedbrytbar) och pappersprodukter kan ersätta plast i många 

applikationer. Återvinningsgraden för pappersförpackningar är i vissa områden redan hög men 

det finns fortfarande begränsningar i att använda återvunna fibrer i vissa applikationer. 

Återvunna fibrer kan innehålla mineraloljor som kan migrera och ansamlas i mat som lagras i 

förpackningarna. Utvecklingen av barriärer för papper och kartong är nödvändig för att öka 

graden av användningsområden för förpackningar. Laminering är en traditionell teknik som 

används för bestrykningar, dock kan metoden leda till lägre återvinningsgrad.  

 

Dispersionsbarriärer är en typ av barriär där en emulsionspolymer stelnar till en icke porös 

film på pappersytan. Dispersionsbarriärer är enkla att separera från pappret under 

återvinningsprocesser och bra barriäregenskaper kan uppnås redan för låga ytvikter.  

 

I denna masteruppsats testas tre olika pigment (kaolin, talk och kalciumkarbonat) i olika 

koncentrationer i styrenakrylat latex och effekten på barriäregenskaper utvärderas. 

Dispersionerna beströks på papper med hjälp av bänkbestrykning. Viskositeten mättes med 

en rheometer och pigmenten tenderade att sänka viskositeten under lägre skjuvhastigheter. 

Mineraloljebarriäregenskaper testades genom att mäta migrationen av ett flyktigt kolväte (n-

heptan) genom barriären. Oljeresistens testades med palmkärnoljemetoden och ingen 

oljemigration observerades efter 24 timmar. Vikt oljeresistens testades också för alla prover. 

Kaolin tenderade att ge sämre fettbarriär efter viktning, jämfört med talk. Detta förklarades 

genom att kaolin har en högre modul än talk vilket kan skapa sprickbildning i barriären under 

vikning. Vatten och vattenångbarriär testades med Cobb och WVTR. Testen visade bättre 

barriäregenskaper för tillsatt kaolin, liknande eller sämre för talk, och sämre för 

kalciumkarbonat. Försämringen av egenskaper förklarades genom sprickbildning orsakad i 

toppbestrykningen för de prover som innehöll kalciumkarbonat. Kaolin gav generellt sett mer 

stabila förbättringar i barriäregenskaper, vilket förklarades av de bättre dispergerade och 

mindre partiklarna jämfört med talk, samt den höga formfaktorn. Delaminering av barriären 

från pappret förekom i alla prover, utom för talk i högre koncentrationer. 

Svepelektronmikroskop användes för att studera ytgrovhet, pinholes, vätning, barriärens 

tjocklek och struktur, pigmentens form och orientering samt sprickbildning efter vikning.  

 

Resultaten visade på en barriär med få eller inga pinholes. Diskformade pigment tenderade 

att orientera sig parallellt med papperets yta. Ingen direkt skada på barriären eller 

sprickbildning kunde observeras i vecken efter vikning. FTIR användes för att studera 

interaktioner i gränsytan mellan matris och filler. Det fanns ingen indikation för nya kemiska 

bindningar i något av proverna. Återvinningstest utfördes också vilka visade att barriären 

enkelt kan separeras från pappret och en hög grad fibrer kan utvinnas under återvinning. 

 

Nyckelord: dispersionsbarriär, pappersprodukter, pigment, hållbar utveckling, cirkulär 

ekonomi 
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1 Introduction 

1.1 Motivation of Research 
Regulatory actions are taken around the world to target the adverse effects of plastic littering, 

and there are many initiatives going on at the European level which affect the whole packaging 

industry. Preventing plastic littering and encouraging recycling are top priorities for many 

businesses. Both legislators and consumers are now demanding new solutions for renewable, 

recyclable, and compostable packaging materials. Paper and paperboards mainly consist of 

cellulose which has many properties that are essential for a sustainable economy (e.g., 

renewable, recyclable and biodegradable), and paper products can be an alternative for 

plastics in many applications. However, cellulose has a natural tendency for water sorption, 

and cannot be used alone in packaging applications with higher demands on barrier 

properties. Modifications are necessary, and different types of coatings are utilised within the 

paper industry to protect paper and paperboard against water, oil, gases, and impurities. The 

development of coatings for paper and paperboard is necessary to increase the range of 

usage and to improve the sustainability performance of paper products in packaging 

applications. 

 

1.1.1 Legislation 

The EU Packaging and Packaging Waste Directive came into force in December 1994 and 

covers both packaging design and waste management. Although the directive was 

successfully implemented, the amount of packaging waste is still increasing within the EU, 

and consequently many resources are being wasted instead of recirculated into the economy. 

Laws for packaging have been revised by the EU several times. Amendments include for 

example measures for plastic carrier bags, extended producer responsibility, reuse 

obligations, and recycling targets. Specific targets are set for recycling, and the recycling rate 

for paper and cardboard should reach 85% by 2030 [1]. In 2019, the recycling rate of paper 

and cardboard was 72% [2]. 

 

The EU adopted the European strategy for plastics in January 2018. The strategy is part of 

the circular economy action plan and builds on existing measures to reduce plastic waste. The 

single-use plastic (SUP) directive was adopted in 2019, and from July 2021, some SUP 

products can no longer be placed on markets within the EU. The product categories that are 

banned are plates, cutlery, straws, balloon sticks, and cotton buds. The same measure applies 

to cups, food and beverage containers made of expanded polystyrene, and products made of 

oxo-degradable plastic. Besides the ban on certain products, other measures are taken for 

products that are categorised as SUP. The measures include design requirements, 

consumption reduction, marking requirements, mandatory recycled content, separate 

collections, and clean-up litter costs. Plastics are convenient, useful, and valuable materials, 

but they also accumulate in seas, oceans, and on beaches in the EU and worldwide. More 

than 80 % of marine litter consists of plastics that affect wildlife, end up in the human food 

chain, create clean-up costs, and losses for tourism, fisheries, and shipping. Plastic materials 

need to be better used, reused, and recycled to reduce the negative impacts [3]. 
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In the EU circular economy action plan, it is suggested that the mandatory essential 

requirements for allowing packaging on the EU market will be reinforced. Requirements will 

focus on reducing unnecessary packaging, driving design for re-use and recyclability, and 

reducing the complexity of packaging materials, including the number of used materials. In 

addition, regulatory measures are taken, and standardisation of measurements is intended to 

be developed for the unintentional release of microplastics during all relevant stages of a 

product's life cycle [4]. 

 

1.1.2 Ocean Plastic Debris   

Single-use packaging accounts for 40% of the total plastic production in the European market. 

As a result, 275 million tonnes of plastic litter were generated in 2010, of which 4.8 to 12.7 

million tonnes were estimated to have ended up in the ocean. This scenario was projected to 

increase by one order of magnitude until 2025. A consequence of plastic littering is the spread 

of microplastics where the Mediterranean Sea is proposed to be one of the most impacted 

regions of the world. Low-density polymers such as polyethylene and polypropylene are the 

most abundant compounds found in the surface waters of the Mediterranean Sea. This is not 

surprising since these polymers have a lower density than seawater and are widely used within 

the disposable packaging industry. Other common polymers found in sea surface waters 

include polyamides, plastic-based paints, polyvinyl chloride, polystyrene, and polyvinyl 

alcohol. 92 % of plastic litter found in seas is smaller than 5 mm and is therefore referred to 

as microplastics [5]. 

 

1.2 Mineral Oil Hydrocarbons 
Although the recycling rate for paper and cardboard is already relatively high in some areas, 

there are still some concerns about using recirculated fibres in some applications (e.g., food 

packaging). Recycled cardboard can contain mineral oil hydrocarbons (Figure 1.1), which 

could migrate and accumulate in food during storage [6].  

 
Figure 1.1. Chemical structures of representative compounds found in mineral oil saturated 

hydrocarbons (MOSH) and mineral oil aromatic hydrocarbons (MOAH) [7]. 

 

MOSHs can be open-chained (e.g., paraffin), or have saturated ring systems (e.g., 

naphthene). MOAHs are aromatic hydrocarbons. Some of these compounds, such as 

benzene may be of potential health hazard and include carcinogenic effects. Other 
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carcinogenic constituents include polycyclic aromatic hydrocarbons (PAHs). In packaging 

applications, sources of mineral oils are for example waxed papers and printing inks [7].  

 

1.3 Material Definitions 
Even though plastic and paper are distinctly different materials, there are uncertainties in how 

the definitions will be applied in future legislation. The novel definition of plastics developed 

for the SUP directive is stated as; 

  

‘” Plastic” means a material consisting of a polymer as defined in section 5, Article 3 of 

Regulation (EC) No. 1907/2006, to which additives or other substances may have been added, 

and which can function as a main structural component of final products, with the exception of 

natural polymers that have not been chemically modified.’ [8] 

  

Each member of the EU decides on a national level how the directives are to be applied. The 

Swedish Environmental Protection Agency (EPA) categorises flexible single-use paper or 

paperboard products with coatings as SUP since they are partly made of plastic [9]. 

 

It may seem logical to divide naturally occurring polymers, semi-synthetics, and composites 

after chemical modification, but chemical reactions such as hydrolysis and oxidations also 

occur in nature. In addition, modified polymers may also in many cases act as natural ones.  

Paper mainly consists of the natural polymer cellulose, but modifications, additives and 

coatings are also essential within paper manufacturing. For some of the synthetic, or modified 

compounds, there are no other natural alternatives available as substitutes [10]. 

 

1.4 Coating Techniques 

1.4.1 Lamination 

A traditional way of coating paperboard is by lamination, as seen in Figure 1.2. A laminate 

consists of multiple layers of different materials, and the composite is intended to be 

permanently assembled by using heat, pressure, welding, or gluing. By using different layers, 

a wide range of properties can be achieved. Plastics like polyethylene, polypropylene, 

polyester, or poly(lactic acid) are often extruded onto paper during lamination [10].  

 
Figure 1.2. Schematic illustration of a lamination coating process [11].  
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Extrusion of molten plastics onto the paper surface during lamination is often followed by a 

cold pressure nip. In the nip, the plastic is pressed against the surface to ensure good contact 

and adhesion. The pressure also leads to fibres being embedded in the plastic matrix. This 

results in less effective recycling of the material since fewer fibres are available for recovery 

and the plastic material contains intermixed fibres. Ongoing research to promote clean 

separation includes for example incorporation of a release layer made of fibrillated cellulose 

between the plastic and the paper substrate [12]. 

 

1.4.2 Dispersion Coating 

A dispersion coating is a type of barrier where an emulsion polymer is applied and solidified 

to a non-porous protective film on the paper surface upon water removal. Many synthetic 

emulsion polymers are used in dispersion coatings within the paper industry, such as styrene-

butadiene latex, styrene-acrylic copolymers, and poly(vinyl acetate). Additives such as 

thickeners, anti-foamers, alkalis, and water retention agents can also be included. Mineral 

fillers are often added to the polymer phase in dispersion coatings. The purpose of using 

mineral fillers is to improve barrier properties and cost-efficiency, prevent blocking as well as 

to improve printing and sealing abilities [13].  

 

Carboxymethyl cellulose (CMC), oxidised starch, or dextrin can be used as co-binders in the 

latex together with mineral fillers. Dispersion coatings protect against water, water vapour, 

grease, oil, or gas, and are readily removed during repulping under the recirculation of fibres 

[10]. The dispersion coating can be applied to the paper surface by for example rod, or curtain 

coating, as seen in Figure 1.3. 

 

a) b)  

Figure 1.3. Schematic illustrations of different coating techniques for dispersion coatings in paper 

applications: (a) rod coating, where the coating rod is fixed, and: (b) curtain coating [11].  

 

By using dispersion coating methods, necessary barrier functions may be achieved already at 

low coat weights (around 10 g/m2). Two layers may be required to eliminate pinholes and to 

obtain a sufficient water vapour barrier. Post-processing includes evaporation of solvent and 

drying, often at elevated temperatures. In curtain coating, a uniform high coat weight is applied 

which covers the entire surface of the paper. This method leads to better gas and water vapour 

barrier properties. In the rod coating technique, the barrier thickness of the coating layer is 

easier to control but the method is limited to laboratory and pilot-scale [11].  
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1.5 BillerudKorsnäs 
BillerudKorsnäs is a company within the packaging industry listed on the stock exchange, and 

64% of the shares are held by Swedish owners. The net sales in 2021 were 26.2 Mdr SEK. 

The company was founded in 2012 and has 4500 employees and production units in Sweden, 

and Finland. BillerudKorsnäs also just recently expanded to North America through the 

acquisition of Verso. Production units in Sweden are based in Frövi, Skärblacka, Grums, Gävle 

and Karlsborg. BillerudKorsnäs is a world-leading supplier of packaging materials from fresh 

pulp. Packaging solutions include for example sack paper for cement, food and liquid 

packaging, premium and corrugated cardboard as well as heat-sealed, and mouldable paper 

packaging. The core of the business concept is to drive the development of a more circular 

and sustainable society. This is done by challenging conventional packaging with renewable 

solutions that has a lower carbon footprint and increased circularity [14]. 

 

1.6 Aim and Objectives 

1.6.1 Research Question 

Developments of paper coatings are necessary to meet the increased requirements for 

packaging products (e.g., reduced plastic littering, increased recycling rates and recycled 

content, reduced product complexity and number of used materials). By utilising dispersion 

coating techniques, many requirements could be fulfilled. However, many coating systems 

today provide insufficient protection against the migration of MOHs/MOAHs/PAHs from 

recirculated fibres. To use recycled fibres in certain applications, functional mineral oil barriers 

must be developed to protect the content from potentially hazardous substances.  

 

The aim of this thesis project is to gather and put together existing research regarding additives 

in dispersion coatings. A systematic study is also conducted where the effect of different 

pigment types and concentrations on the barrier performance of dispersion coatings is 

evaluated.  

 

1.6.2 Project Purpose 

The purpose of this project is to provide BillerudKorsnäs with relevant scientific knowledge 

regarding the effects of additives on barrier properties of dispersion coatings for future 

developments.  

 

1.6.3 Project Objectives 

● Summarise existing research regarding additives in dispersion coatings in a literature 

review.  

● Perform laboratory work where different pigment additives are tested and the effect on 

the barrier properties is evaluated. An overview of measured properties and the 

measurement techniques applied in this project is presented in Table 1.1.  

● Summarise key insights regarding the influence of pigment additives on the barrier 

properties of dispersion coatings. 
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Table 1.1. Summary of the different barrier properties that are evaluated in this project for 

dispersion coated paper, and the methods and units of applied measurements. Each method 

is described further in Chapter 3.  

Property Method of measurement  Unit of measurement 

Viscosity of the dispersions Rheometry Viscosity (𝑃𝑎 ⋅ 𝑠) at different 

shear rates (
1

𝑠
) 

Mineral oil resistance Heptane Vapour 

Transmission Rate (HVTR) 

𝑔

𝑚2 ⋅ 24ℎ
 

Grease resistance Palm kernel oil test 

(ISO 16532-1) 

Time for show- and break-

through (up to 24 h) 

Folded oil resistance Internal method at 

BillerudKorsnäs 

Number of stains in folds 

specified by the categories;  

<5 

<15 

between 15 and 30 

>30 

Water resistance Cobb test (ISO 535) 𝑔

𝑚2
 

Water vapour resistance Water Vapour Transmission 

Rate (WVTR)  

𝑔

𝑚2 ⋅ 24ℎ
 

Barrier integrity, surface 

appearance, coating 

thickness, voids, particle 

shape and orientation 

Scanning Electron 

Microscope (SEM) 

Visual interpretations of 

SEM images 

Chemical composition Energy Dispersive 

Spectroscopy (EDS) 

Visual interpretations of 

EDS images 

Interface properties and 

adhesion between matrix 

and filler (by bond formation) 

Fourier Transform Infrared 

Spectroscopy – Attenuated 

Total Reflectance (FTIR–

ATR) 

Visual, and quantitative 

interpretation of FTIR–ATR 

spectra 

Heat seal and delamination Adhesive strength  

(ASTM F88, EN 868-5) 

𝑁

𝑚
  

Recyclability PTS method 

(PTS-RH 021/97) 

Multiple variables, further 

explanations of the method 

can be seen in Appendix C 



14 

2 Literature Review 

2.1 Polymers in Dispersion Coatings 
Paper and paperboards mainly consist of natural cellulose which easily disintegrates in water 

and can be recycled by the means of repulping. Both natural and synthetic polymer additives 

are used in addition to cellulose in coatings as well as in the processes of papermaking. Table 

2.1 shows an overview of common polymer additives and their functions in dispersion coated 

paper and paperboard [10]. 

  

Table 2.1 Overview of commonly used natural, and synthetic polymer additives in paper and 

paperboard with dispersion coatings [10]. 

Function Synthetic Modified natural Optional naturally 
occurring 
replacement 

Wet strength Polyimides Cationic starch Non-existent 

Dry strength Polyacrylamide 
(PAM) 

Cationic starch Guar gum, 

bacterial cellulose, 

nano- and micro 
fibrillated cellulose 

Binders Styrene maleic 
anhydride 

copolymer, or 
styrene-acrylate 

copolymer 

Carboxymethyl 
cellulose 

(CMC), cationic and 

anionic hydroxyethyl 

cellulose (EHEC), 

modified starch 

Dextrin 

Retention agents Polyethyleneimine 
(PEI), polyacrylamide 

  Non-existent 

Dispersion coating Styrene acrylic, or 
styrene-butadiene 
latex 

  

  

Co-binders: 

dextrin, oxidised 
starch, 
carboxymethyl 

cellulose (CMC) 

Natural rubber 

latex, caucho 

(alternative rubber 

sources include 

guayule) 

 

2.1.1 Latex Dispersions 

A latex is a stable dispersion of polymer microparticles in an aqueous medium [10]. Important 

parameters for emulsion polymerisation of latexes include rate of polymerisation, number and 

size of particles, particle size distribution, molecular weight, dry content, and homogeneity of 
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the copolymer composition. The compositional homogeneity has a strong effect on the surface 

and colloidal properties which determines much of the properties of the copolymer product, 

and consequently also the physical and mechanical behaviour [15].  

 

2.1.1.1 Film Formation of Latex-based Coatings 

The drying and film formation of latex dispersions can be classified into three broad steps, as 

seen in Figure 2.1. Bulk water is removed from the dispersion through evaporation in step I. 

In step II, interstitial water is removed from the closed-packed latex particles, and voids are 

eliminated along with the deformation of the particles, but the original particles remain 

distinguished. In step III, coalescence occurs by molecular interdiffusion of polymer chains 

across the interface between particles [16].  

 

 
Figure 2.1. The main steps and stages during latex film formation, as illustrated by Chen et al. [17]. 

 

To obtain a void-free film, the latex must be dried above the minimum film formation 

temperature (MFFT). Drying above the Tg for the latex system is required for coalescence. 

The process is similar to that of latex dispersions with clay particles, and the deformation of 

latex particles between the clay platelets during step II drying is crucial for a smooth, glossy 

surface. Four possible mechanisms are suggested for the deformation of the particles during 

steps II and III, and the driving force for film formation of latex particles are either: solvent-

particle surface tension (wet sintering), air-particle surface tension (dry sintering), capillary 

deformation of the drying film, or formation of a solid skin above a fluid layer (Sheetz’s 

deformation). Fast initial bulk migration and absorption of the water phase occur at the film-

paper interface. This results in a drying process where solidification starts both at the top and 

the bottom of the coating layer. The water absorption is likely to cause fibre swelling which 

puts extra constraints during the consolidation of the film resulting in potential cracks and 

increased surface roughness. No deformation of latex particles occurs during drying below 

MFFT, resulting in films with cracks at lower temperatures. Cracks in coatings provide open 

pathways for moisture to penetrate through or be absorbed by the substrate. For higher drying 

temperatures, fewer cracks can be observed [16]. 

 

2.1.1.2 Vinyl Acetate 

Polyvinyl acetate latexes were the first synthetic polymer latexes made on a commercial scale 

within the adhesive industry [15]. The use of poly(vinyl alcohol) as an emulsifier began in the 

mid-1930s. With time, vinyl acetate copolymers have been developed such as dibutyl maleate, 

ethyl acrylate and butyl acrylate with more specialised properties for adhesives in clay coatings 

on paper. Monomer addition at the beginning of the polymerisation can increase the 

homogeneity of vinyl acetate copolymer latexes. Previous developments include vinyl acetate-
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butyl acrylate (VAc-BuA) copolymer latex systems. In VAc-BuA systems, monomer addition is 

a key parameter for the homogeneity of the copolymer. The method of monomer addition and 

the comonomer composition have remarkable effects on bulk properties, as well as on the 

surface and colloidal properties [15].  

 

Other copolymer latexes that have been developed for paper coatings are vinyl acetate 

acrylates (VAcA) systems which result in adhesives with good film properties, high bond 

strength, excellent colour retention, with an extensive source of raw materials [18]. 

 

2.1.1.3 Styrene Acrylic and Styrene-butadiene 

Synthetic latexes can also be made by polymerising the styrene monomer which has been 

emulsified with surfactants. Copolymerised styrene-butadiene latexes are often used in 

dispersion coatings due to high water resistance, flexibility, and adhesion to challenging 

substances. The qualities of styrene-butadiene latex make it essential to a wide group of 

markets, including adhesives, coatings, packaging, textiles, paper, and construction [10]. 

 

2.1.1.4 Styrene Acrylate 

Styrene acrylate emulsions can be used in a wide range of applications. Properties vary from 

flexible elastomers to tough thermoplastics, and applications include for example construction, 

textiles, adhesives, and coatings. The emulsion is generally prepared with a styrene monomer, 

an acrylate comonomer, and a crosslinking agent. Commercial acrylates, such as butyl 

acrylate are traditionally prepared by esterification of acrylic acid and n-butanol, which can be 

obtained by the fermentation of bio-resources such as starch. Styrene and the crosslinking 

agent are derived from non-renewable petroleum-based resources [19].  

 

2.1.1.5 Sustainability and Health Concerns of the Styrene Monomer 

Styrene has been identified as a volatile organic compound (VOC) by the World Health 

Organisation (WHO). Styrene is a potential hazardous air polluting agent with carcinogenic 

effects. The cured styrene acrylate film is also prone to be attacked by microorganisms which 

significantly influence the hygienic properties and industrial applications. Several standards 

developed in the United States, European Union, China, and Japan restrict the applications of 

styrene in coatings and adhesives. Numerous research initiatives are going on globally to 

improve the sustainability and hygienic properties of styrene containing emulsions. For 

example, castor oil fatty acids are prepared as bio-based polymeric dispersants, which 

improves film forming properties. Rosin can also be used as a functional monomer to improve 

the water-resistance of the latex films. Linseed oil could be added as a comonomer to reduce 

VOC emissions. Cationic surfactants, nano silver and nano titanium dioxide could be 

introduced as antibacterial agents. Recent initiatives on replacing the styrene monomer with 

bio-based resources include using vanillin as a renewable building block for preparing high-

performance polymers. Vanillin is a lignin-derived monomer with a similar rigid structure as 

styrene. Vanillin also has an abundance of reactive groups, such as phenolic hydroxyl groups, 

and aldehyde groups. The phenolic hydroxyl groups are reactive and can be used to form 

double bond modified vanillin which can be a potential sustainable substitute for styrene in 

polymer emulsions [19].  
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2.2 Additives in Dispersion Coatings 
Modern coatings are complex systems with a wide variety of both inorganic and organic 

materials with different molecular weights and properties. Still, the blends are expected to act 

as a homogeneous whole. Several additives exist to make up for the limitations of the natural 

laws of physics and chemistry. Additives are usually added at small levels but can have a 

significant impact on the coating system [20]. Common additives in dispersion coatings include 

for example thickeners, anti-foamers, surfactants, alkalis, dispersants, waxes, co-binders, and 

water retention agents. 

2.2.1 Surface Modifying Additives 

Pigment additives, especially inorganic ones, often have a higher density than solvents, which 

can cause settling. Insufficient dispersion can also cause agglomeration, and air and moisture 

near particles which can hinder the wetting of the pigments. Waxes, chemically treated clays, 

or low molecular weight polyethylene can be used as anti-settling agents. These materials 

modify the surface tension of the pigment particles and reduce density by increasing the 

effective volume. The pigment particles are more easily dispersed when the surface tension 

of the pigment matches that of the polymer/solvent phase in which it is dispersed. Other 

surface modifying additives, such as surfactants are crucial in the formulation of stable water-

based latexes or emulsions. These materials usually consist of a molecule with one 

hydrophobic and one hydrophilic end. The hydrophobic end is usually a long carbon chain 

which orients towards the polymer while the hydrophilic end orients itself towards the water 

phase. This makes the polymer compatible with water. Surfactants generally fall into three 

categories, namely, anionic surfactants, cationic surfactants, and non-ionic surfactants. 

Surfactant compounds include for example sulfonated oils, fatty acid salts, quaternary 

ammonium and ethoxylated castor oil [20].  

 

2.2.2 Binders 

Different binder types can be added in dispersion coatings together with pigments. The 

number and size of voids can be controlled with the addition of binders, and the porosity can 

be decreased which improves printability. Petroleum-based latex binders, such as styrene-

butadiene, poly(vinyl acetate), and styrene acrylics are traditionally used in paper coating 

applications due to their ability to increase paper properties and mechanical strength. Besides 

environmental drawbacks and price instability linked to oil prices, these petroleum-based 

binders may also cause “white pitch” issues with deposits on calendar rolls. Different 

biopolymers can be used as substituting binders which have relatively stable pricing and a 

lower carbon footprint. Starch derived from plant sources such as corn, potato, wheat, or rice 

has previously been used as a co-binder in paper coating applications, but poor process 

control frequently reduces productivity and paper quality. Problems include gelling, increased 

viscosity during cooling and bacterial growth. Specific starch-based nanoparticle biopolymer 

binders have been developed for the paper industry. Unlike native and modified starch, the 

bio latex does not require cooking which causes problems with native starch. The colloid 

particle nature, with internal crosslinks, water swelling, and deformability makes the bio latex 

readily dispersed in water without surfactants. A reduction of 73% in carbon footprint is 

possible with bio latex binders based on starch [21]. 
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2.2.3 Mineral Fillers 

Mineral fillers are often incorporated in dispersion coatings. The purpose of adding mineral 

fillers is to improve barrier properties, prevent blocking, and improve cost-efficiency. Barrier 

properties are mainly improved by mineral fillers through the tortuous effect, which is further 

described below.  

 

2.2.3.1 The Tortuous Effect 

Mineral fillers increase the length of the diffusion pathway for permeants, as seen in Figure 

2.2. The increased pathway causes a significant improvement of the barrier properties of the 

coating, which is called the tortuous effect. The tortuosity is mostly governed by filler 

characteristics such as elongation, aspect ratio, surface area, particle shape, particle volume 

concentration (PVC), and the spatial distribution in the polymer phase [13]. 

 

 
Figure 2.2. Diffusion of permeant through barrier dispersion coatings: (a) without fillers; (b) with fillers 

[13]. 

  

The main filler characteristics which reduce permeability are size distribution, shape, and the 

material's special affinity for water (i.e., Hydrophilicity and hydrophobicity). Plate-shaped 

mineral fillers, such as kaolin and talc have a high aspect ratio and a narrow size distribution 

which tends to maximise the diffusion pathway length. The hydrophobicity usually contributes 

to the reduction of water permeability, but also tends to cause difficulty to disperse the particles 

in the water phase. The volume fraction of the mineral fillers must be below the critical pigment 

volume concentration (CPVC), which is when the concentration of binder is just enough to 

coat all the filler particles and the intervening spaces. Normally, 40 to 50% of the volume in 

coatings consists of fillers for good flexibility, low blocking tendency, and good barrier 

properties. Uneven topography of the paper substrate and variations in the angle of orientation 

of the filler particles affect the coating's capability of improving barrier properties. Ideally, the 

filler particles are oriented parallel to the surface of the substrate. Plate-shaped fillers, such 

as clay or talc, tend to be parallel to the substrate for thin coatings with high PVC. Orientation 

can be further improved by calendaring. It is also common to treat the substrate surface with 

a pre-coating for even thickness and to avoid uncoated areas. Dewatering and drying 

processes also affect the performance of dispersion coatings. During consolidation, water is 

removed, and an immobilised three-dimensional structure is formed. This process influences 

many properties of the coating since it affects coating thickness, polymer phase distribution, 

filler orientation, and air space around the fillers [13]. 
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2.2.3.2 Clay Minerals 

Clay minerals are abundant, widespread, and inexpensive compared with other raw materials 

and the economic benefits are therefore evident. Clay minerals may be natural or synthetic 

phyllosilicates. The structure of phyllosilicates is based on tetrahedral (T) and octahedral (O) 

sheets, as seen in Figure 2.3. The sheets may condense in different proportions and form 

anisotropic 1:1 (TO) or 2:1 (TOT) layers. The layered structure of phyllosilicates has 

dimensions in the nanometer range since the thickness of the TO layer is about 0.7 nm and 

about 1 nm in the TOT layer. Most clay minerals have negatively charged layers or sheets. In 

talc and pyrophyllite, the sheets, or layers are essentially uncharged. Many important surface 

and colloidal properties for phyllosilicates are determined by the layer charge density and the 

nature of charge-balancing cations [22]. 

 

 

a)                                                                       b) 

 

c)                                                                        d) 

 

Figure 2.3. The structural components of phyllosilicates are based on: (a) A tetrahedron, the building 

block for tetrahedral sheets; (b) Octahedrons, the building blocks for octahedral sheets. Ooct (OH, F, 

Cl) show different orientations that form a cis-octahedron and a trans-octahedron, located at cis- and 

trans-sites in the octahedral sheet; c) Trioctahedral and dioctahedral sheet. Ooct shows the anionic 

site shared between adjacent octahedra; (d) 1:1/TO and 2:1/TOT layer structure. Ooct refers to the 

octahedral anionic position. M and T indicate octahedral and tetrahedral cations. Oa and Ob refer to 

apical and basal oxygen atoms, and a and b refer to unit-cell parameters [22]. 

 

A ‘particle’ refers to an assembly of layers, and an ‘aggregate’ to an assembly of particles, as 

seen in Figure 2.4. Accordingly, cavities are distinguished between interlayer, interparticle, 

and interaggregate pores. The arrangement of particles and aggregates leads to different 

morphologies, such as plates, tubules, laths, and fibres. Several types of surfaces exist within 

clay minerals, such as internal, external, and edge surfaces. External, and sometimes internal 

surfaces can be modified by adsorption, ion exchange, or grafting [23]. 
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Figure 2.4. Illustrations of the meaning of particles and aggregates, and the definitions of planar 

surfaces, and edge surfaces [23]. 

 

2.2.3.2.1 Kaolin Species 

The main mineral constituent in kaolin species is kaolinite which is a 1:1 or TO clay mineral 

with a general composition of Al2Si2O5(OH)4. The crystals consist of stacked TO layers with 

one T sheet composed of silicon and oxygen, and one O sheet composed of oxygen, 

aluminium, and hydroxyl groups, as seen in Figure 2.5. The presence of hydroxyl groups 

causes hydrophilicity, and the hydroxyl surface reacts strongly with water, compared to the 

neutral siloxane surface from the T sheet. Each TO layer is held together by hydrogen bonds 

which hinder swelling from water penetration between the layers. Terminal hydroxyl groups 

have different behaviour and are located at broken edges, steps, and related defects. These 

groups are undercoordinated and therefore have either a partial positive or partial negative 

charge. These sites are more reactive than the hydroxyl surface which is charge neutral due 

to the absence of excess ions in the 1:1 structure [22].  

 

 
Figure 2.5. Hydroxyl and siloxane surfaces of kaolinite [22]. 

 

Kaolin species may adsorb various organic compounds between the layers and the 

penetration of organic molecules into the interlayer space is called intercalation. Organic 

molecules bond in crevices and between layers which causes swelling and delamination of 

layers, and smaller particle fractions. The organic molecules can thereafter easily be replaced 

by water to form hydrates. Water molecules can then be further displaced by other suitable 
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compounds. Polar polymers may be directly intercalated from a polar solvent, such as water. 

The mechanism of action for intercalation is the interaction between functional groups (e.g., 

hydroxyl groups in polyvinyl alcohol, oxyethylene in PEO/PEG, or nitrogen heteroatoms in 

PVP) in the polymer and the mineral surface. Grafting reactions are also possible where 

covalent bonds are formed between reactive surface groups and organic spices, which is an 

important step to make the surface of the clay mineral particles hydrophobic. Silanol and 

aluminol groups on the edge surfaces of 2:1 clay minerals are for example available for grafting 

reactions. Hydroxyl groups on the interlayer surface of kaolinite are also accessible to grafting 

agents when the interlayer space is expanded by intercalation [22].  

 

2.2.3.2.2 Talc 

Talc is a 2:1 or TOT phyllosilicate consisting of an octahedral sheet sandwiched between two 

opposing tetrahedral sheets, as seen in Figure 2.6, with a general composition of 

Mg3Si4O10(OH)2. In talc, the layer is electrically neutral, unlike other 2:1 phyllosilicates which 

usually have negatively charged layers and charge-balancing cations present in the interlayer 

space. The layers in talc are held together by van der Waals interactions which affect both the 

mechanical properties of the mineral and the crystal structure. Talc has the least reactive 

surfaces under ambient conditions among the clay minerals. External oxygen atoms on the 

siloxane surfaces are weak electron donors which causes hydrophobicity since the non-polar 

surfaces are not capable of forming hydrogen bonds with water molecules. If the forces 

between particles are low in dispersions, particles may settle independent of each other and 

accumulate as sediment at the bottom of the container (free or granular sedimentation) [22]. 

  

 
Figure 2.6. Talc-like 2:1 layer [22]. 

 

2.2.4 Calcium Carbonate 

Calcium carbonate (CaCO3) is the carbonic salt of calcium. CaCO3 appears as a white, 

odourless powder which is practically insoluble in water and alcohol. Diluted acetic, 

hydrochloric, or nitric acid can be used to dissolve CaCO3. Ground CaCO3 comes directly from 

the mining of limestone which occurs extensively in rocks worldwide. CaCO3 can also be 

obtained as a precipitate from the industrial decomposition of limestone to calcium oxide 

followed by subsequent recarbonisation. Applications for CaCO3 include adhesives, 

agricultural products, building materials, paints, and food packaging. Some grades are surface 

coated to improve handling and dispersibility in plastics. Reactive groups include carbonate 

salts. Carbon dioxide is formed during the decomposition of CaCO3 in high temperatures 

(825°C) or through reactions with acids and acid salts [24].  
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2.3 Composite Materials 

2.3.1 Nanocomposites 

Polymer and clay-based nanocomposites have become a prominent area of research and 

development in the large field of nanotechnology. The nanoscale is the dimension of the 

transition zone between the macro and molecular levels. The dimensions of particle, platelet, 

or fibres are in the range of 1 - 100 nm for the thickness or diameter measurements. The 

properties of exfoliated clay-based nanocomposites are dominated by the “nano-effect” of 

nanoparticle or fibre inclusion relative to their larger-scale counterparts. The “nano-effect” 

refers to some changes in the properties of the matrix caused by the extremely high surface 

area of the filler and the small distances between nanofiller particles. The “nano-effect” may 

for example cause enhanced properties over that expected from continuum mechanics 

predictions. The addition of fillers can increase strength as well as modulus. An opposite effect 

can also occur where the level of adhesion between matrix and filler is the main issue. 

Generally, the ductility and elongation at break are decreased by the addition of fillers. The 

“nano-effect” leads to enhanced changes in the modulus. For example, nylon 6 requires 

approximately three times more mass of glass fibres than that of nano scaled montmorillonite 

to obtain the same modules, as seen in Figure 2.7.  

 

 
Figure 2.7. Comparison of modulus reinforcement (montmorillonite versus glass fibre) relative to a 

nylon 6 matrix. Montmorillonite increases the modulus by a factor of two relatively to that of neat nylon 

6, approximately requiring three times more mass of glass fibres [25].  

 

The barrier properties are not largely affected by the “nano-effect” since the dimension of 

permeating molecules is usually much lower than the nano dimension modifications. However, 

the nanoscale dimension is still of importance in packaging applications since transparency 

can be obtained along with smooth surfaces for thin films. Crystallisation rate and Tg are also 

affected by the nanoparticles. A nanoparticle can substitute for the absence of primary nuclei 

and compete with the confined crystallisation which greatly changes the crystalline 

morphology and the crystallisation rate. Tg may be either decreased or increased, and 

crystallisation rates are often decreased with higher levels of nanoparticle addition.  
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2.3.2 Degree of Dispersion 

The ideal degree of dispersion for clay-based composites is when all clay platelets are 

exfoliated (i.e., individual dispersion and separation of platelets in the polymer matrix). This 

ideal morphology is not frequently achieved, and various degrees of dispersion are more 

common. The literature commonly refers to three types of morphology: immiscible, 

intercalated, and miscible or exfoliated, as illustrated in Figure 2.8. 

 
Figure 2.8. The different types of dispersion degrees and morphologies of exfoliated clay. No 

separation of platelets exists in the immiscible type. Swelling and separation of clay surfaces occur 

during calcination, and an exfoliated clay is fully separated in the polymer matrix [25].  

 

Nylon 6 has a high affinity for the siloxane surfaces in montmorillonite, and high levels of 

exfoliation can be achieved [25]. Unlike talc, the siloxane surfaces in montmorillonite are not 

neutral due to the difference in valences of Al and Mg in the octahedral sheet. The difference 

in valences creates negative charges distributed within the plane of the platelets which are 

balanced by positive sodium ions. In the case of olefin copolymers based on vinyl acetate and 

methacrylic acid for instance, the degree of exfoliation can also be improved by increasing the 

polar monomer content. Overall, the best exfoliation is achieved when the structure of the 

surfactant and the process parameters are optimised. Surfactants with a single long alkyl tail 

seem to be the most effective in increasing the degree of exfoliation [25]. 

 

2.3.3 Interphase and Interfacial Properties 

An interface refers to a macroscale boundary distinguishing filler and matrix, whilst a combined 

region of filler and matrix at the microscale is named “interphase”. The chemical, physical, and 

mechanical properties of the interphase are different from those of the matrix or filler alone, 

as illustrated in Figure 2.9.  

 
Figure 2.9. Illustration of components of the three-dimensional interphase of a composite [26]. 
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The interface is specific to each filler/matrix system since the nature of bonding depends on 

the atomic arrangement, molecular conformation, chemical constitution, and diffusivity of 

elements in each constituent. Adhesion can in general be attributed to mechanisms including 

for example adsorption and wetting, electrostatic attraction, chemical bonding, reaction 

bonding, and exchange reaction bonding. Figure 2.10 illustrates some of the adhesion 

mechanisms occurring in composites.  

 

 

    a)                                                                    b) 

 

    c)                                                                   d) 

Figure 2.10. Schematic illustrations of interface bonds formed by: (a) molecular entanglement; (b) 

chemical reactions between groups; (c) electrostatic attraction, and: (d) chemical reaction following 

forming of a new compound [26].  

 

In addition to the major mechanisms illustrated in Figure 2.10, hydrogen bonding, van der 

Waals, and other low energy forces may also be involved in interface bonding. Most likely, the 

final bond is produced by a combination of several mechanisms [26].  

 

2.3.4 Adsorption and Wetting 

For composites based on polymer matrices, good wetting of the fillers during the impregnation 

stages is a prerequisite for proper consolidation of the composite. The physical attraction 

between electrically neutral bodies is best described by the wetting of solid surfaces by liquids. 

Good wetting may induce bonding due to very short-range interactions of electrons on an 

atomic scale. Wetting can be quantitatively expressed in terms of thermodynamic work of 

adhesion, using the Dupre equation;  

 

𝑊𝐴 = 𝛾1 + 𝛾2 − 𝛾12                                                            (1) 
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where 𝑊𝐴 represent a physical bond from intermolecular dispersion forces, which is equal to 

the sum of the surface free energies of the liquid (𝛾1), and the solid (𝛾2), less the interfacial 

free energy (𝛾12). Equation 1 can be related to the model of a liquid drop on a solid, as seen 

in Figure 2.11. The three phases are all in contact in point A, in which the relation of surface 

energies can be described through Young’s equation;  

 

𝛾𝑆𝑉 = 𝛾𝑆𝐿 + 𝛾𝐿𝑉  𝑐𝑜𝑠𝜃                                                         (2) 

 

where 𝛾𝑆𝑉, 𝛾𝑆𝐿 and 𝛾𝐿𝑉 are the surface free energies of the solid-vapour, solid-liquid, and liquid-

vapour interfaces, and 𝜃 is the contact angle.  

 

Figure 2.11. Contact angle (𝜃), and surface energies (𝛾
𝑆𝑉

, 𝛾
𝑆𝐿

, and 𝛾
𝐿𝑉

) [26].  

 

Liquids that form contact angles above 90° are called “wetting”, and “non-wetting” below 90°. 

In reinforced composites, 𝛾𝑆𝑉 must be greater than the surface energy of the matrix (𝛾𝐿𝑉) for 

proper wetting to take place. Fillers can be surface treated to improve wetting. Fillers can also 

be treated with some coupling agent, such as silane to increase the final bond strength of the 

interface. This type of bonding is effective for certain acidic or neutral reinforcements, such as 

glass, silica, and alumina, but less effective with alkaline surfaces like magnesium, and 

calcium carbonate. Most spectroscopic techniques can analyse the surface composition and 

estimating the chemical state of the atoms. In addition, Scanning Electron Microscope (SEM), 

Transmission Electron Microscopy (TEM), and Atomic Force Microscopy (AFM) can also be 

used to study the surface morphology, and interactions at the fibre/matrix interface region, as 

well as surface roughness and constitution of elements [26].  

 

2.4 Failure Resistance of Dispersion Coatings 
Coated paperboards often need to be folded in packaging applications, which normally leads 

to decreased barrier performance of the coating due to fold cracks. The influence of latex 

properties on crack formation has been widely studied. Binders with high Tg increase the 

elastic modulus of coatings, which results in a higher risk of fold cracks. The addition of starch 

may also decrease tensile strain to failure for the polymer phase, resulting in a higher total 

crack area for starch-based latex coatings. Flexible coatings are obtained by using latex with 

a low Tg, but this tends to lead to poor barrier properties and problems with blocking. Pigment 

properties are important parameters for crack resistance, but studies on the effect of different 

pigments on dispersion barrier properties are limited. Previous work has shown that cracks in 

the coating are caused by poor adhesion between the polymer matrix and the filler. Smaller 

pigments adhere better to the latex, and a higher shape factor increases stiffness for particles 
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of the same size. Small particle size latex has been shown to improve pigment-latex adhesion 

[18]. 

 

High PVC tends to increase the elastic modulus of the coating, which results in a higher risk 

for cracks at the fold. Other parameters that could influence crack formation in dispersion 

barrier coatings are paper substrate, coating thickness and folding method [27]. 

 

2.4.1 Crack formation 

The ultimate failure of a component as a function of the applied load is an important aspect of 

the microstructural damages of composites. Secondly, there are other mechanisms which 

cause absorption of energy in a composite material as it is strained which also determines the 

toughness. There are different types of failure modes in composites depending on the direction 

of the stress. Fracture in both matrix and filler may occur when the fillers are oriented parallel 

to the axial tensile stress, with a fracture path normal to the filler direction. Fractures may occur 

entirely in the polymer matrix when axial stress is applied perpendicular to the fillers. Shear 

stresses may also cause delamination between matrix and fillers. Stresses parallel to the load 

are substantially magnified near a crack tip, and there is also significant transverse stress in 

the direction of the crack propagation which may cause debonding of the filler/matrix interface 

in front of the crack, as illustrated in Figure 2.12. This mechanism is important in raising the 

toughness of the composite. The direction of the load, filler orientation and interfacial adhesion 

are all important parameters for failure modes, crack propagation and ultimate strength in 

composites [28].  

 

Figure 2.12. A crack tip approaching a filler surface, where 𝜎1 is the stress parallel to the load, 𝜎2 the 

transverse stress, and 𝜏 the shear stress debonding filler/matrix interface [28].  

 

In engineered composites, high bond strength may lead to high fracture toughness due to 

elastic stress being transferred at the bonded interface. Yielding in the matrix at the interface 

region takes place when the matrix yield strength is smaller than the interface bond strength. 

Another important factor is the stress transfer by friction after interface bond failures. The load-

bearing capability of composites depends on the efficiency of stress transfer. A weak interface 

is detrimental to some mechanical properties, particularly the longitudinal compressive 

strength and transverse tensile strength. However, high bond strength does not necessarily 

lead to high fracture toughness, instead, a compromise in bond strength must be made in 

order to optimise strength [28].  
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2.4.1.1 Influence of Filler Type and Concentration 

A systematic study of the influence of pigment concentration and shape on the crack formation 

and barrier properties after folding was conducted by Zhu et al. [15]. Several types of pigment 

with different shapes and sizes were dispersed into a styrene-acrylic latex, and the WVTR was 

tested before and after folding. Crack formation and microstructure were studied with SEM, 

and finite element methods were used to model the development of the stress and strain fields 

for different pigment geometries. The highest aspect ratio pigments resulted in the lowest 

WVTR values, which confirm previous literature results. The results also indicated that low 

coating weights result in barrier defects, such as pinholes, which increase the WVTR. There 

was a significant increase of the WVTR in all coatings after folding, where plastic spherical 

particles showed the smallest increase. The plastic particles were also relatively small (0.5 

µm) and were assumed to reduce strains in the coating layer during bending which led to less 

coating failure and reduced crack formation. The results were not uniform to those of the 

CaCO3 particles with a low aspect ratio, which had the largest increase in WVTR after folding. 

It was concluded that this is due to the modulus of the pigment which may also affect the crack 

resistance of the barrier coating. Overall, the coating becomes more brittle when PVC 

increases toward the CPVC and the strain to failure of the coating layer decreases. SEM 

images showed that more cracks are visible for high PVC coatings (40 vol%) compared to low 

PVC coatings (15 vol%), which is consistent with the higher PVC coatings being more brittle. 

The results of the SEM imaging can be seen in Figure 2.13. 

 

 
Figure 2.13. Crack formation after folding for different types and concentration of fillers: (a) paper;  

(b) latex; (c) 15 vol% kaolin A (2 µm, aspect ratio 25); (d) 40 vol% kaolin A; (e) 15 vol% Kaolin B  

(2 µm, aspect ratio above 90); (f) 40 vol% kaolin B; (g) 15 vol% ground CaCO3  

(2 µm, aspect ratio 1); (h) 40 vol% ground CaCO3; (i) 15 vol% plastic particles  

(under 2 µm, aspect ratio 1); (j) 40 vol% plastic particles [27]. 
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The spherical plastic particles resulted in the smallest total crack area. The disc shaped 

pigments developed a region of high stress at the coating-paper interface which is a result of 

the difference in the effective modulus of the coating and the paper. The high-stress region 

suggests the potential for delamination of the coating layer from the paper. A significant area 

may be delaminated during folding, enabling water transport while only cracks propagating to 

the surface are visible by SEM. The change in barrier properties after folding for different 

pigments is mainly a result of how the strain develops in the polymer near the particles during 

bending. By selecting the proper PVC and pigment type, the polymer strain can be reduced 

which improves crack resistance in the coating [27]. 

 

2.4.1.2 Influence of Filler Modulus 

Previous simulation studies by Zhu et al. [29] indicate that coatings with a low modulus latex 

with added pigments have a reduced propensity for crack formation, and the potential for crack 

formation is lowest when the modulus of the latex and the pigment are the same. The 

simulation work also indicates that the pigment modulus is the parameter which affects coating 

failure the most during folding operations. 

  

The influence of pigment modulus on the retention of barrier properties after folding was also 

reported by Zhu et al. in a study where two groups of pigments with similar shape and size, 

but different modulus values were dispersed into styrene-acrylic latex. In this study, WVTR 

was measured before and after folding for various coat weights and PVCs. Initially, the WVTR 

decreased rapidly with higher latex weight. This was concluded to be due to pores or passages 

in the paper being filled. At a coat weight of 30 g/m2, WVTR values were similar since all the 

large pores in the paper are covered. The CPVC was lower for kaolin compared to talc, and 

less talc was needed to improve barrier properties. This may be caused by kaolin aggregation, 

due to hydrogen bonding between flakes. It is suggested that talc may be a preferred barrier 

pigment to this latex system due to different surface chemistry leading to different CPVC 

behaviour. The WVTR values increased less for talc compared to kaolin after folding, and the 

result may be related to the lower modulus of talc which indicates that coatings with more 

flexible pigments have improved failure resistance [30]. 

 

2.5 Mineral Oil Hydrocarbons 
Recycled fibres may contain MOSHs and MOAHs which could migrate into food during 

storage. Hazards connected to some of these substances include for example cancerogenic 

effects. US Food Standards Agency (FSA) issued a report in 2011 [30] where MOSH were 

found in all 51 cardboard food packaging samples that were tested in the study. In addition, 

the content of MOAH in 17 of the samples exceeded the limit of detection, which was set 

based on the highest background concentration in the samples (10 - 15 ppm). The European 

Food Safety Authority (EFSA) has reviewed this research and recommends the use of 

functional barriers or avoidance of materials that may contain MOHs for food packaging 

applications. A wide range of MOHs has been studied in the past, and the trend is that an 

increased carbon chain length causes an increase in viscosity, decreases volatility, and slows 

down the migration rate. Toxicological research studies suggest that mineral paraffin which 

consists of an unresolved mixture of C17 to C32 cycloalkanes is the largest contaminant in 

tissue samples. In the study by FSA, a carbon chain length range between C20 to C35 was 



29 

detected in the samples. This seems to be an appropriate range for developing a methodology 

to detect MOHs in research studies [6]. 

 

2.5.1 Functional Mineral Oil Barriers 

Cellulose based films or acrylic coatings have previously been shown to provide functional 

mineral oil barriers for recycled cardboard in packaging applications. For longer storage times, 

the structural composition and conformation of cellulose-based films, and the good integrity of 

acrylic coatings seem to be of the highest importance for the mineral oil barrier performance 

[6]. 

  

Reduction of mineral oil migration has also been shown for coatings made from biopolymers, 

such as alginate and chitosan. It is suggested that the migration of MOSH and MOAH primarily 

depends on surface chemistry. Low migration could be explained by the hydrophilic and polar 

characteristics of alginate and chitosan, which give a higher resistance to organic non-polar 

compounds. Alginate performs better than chitosan due to the higher polarity. High-density 

papers also tend to slow down the migration rate [32]. 

 

Inner bags of high-density polyethylene (HDPE) are frequently used in addition to recycled 

cardboard in many food packaging applications. HDPE alone is a poor mineral oil barrier, but 

biobased coatings made from cellulose nanofibrils, hydroxypropylated xylan, and 

hydroxypropylated cellulose have been shown to decrease the migration of certain MOHs 

(e.g., n-decane, isobutylbenzene, 1-cyclohexylbutane, 1-cyclohexylheptane, and 1-

cyclohexyldecane) [33]. 

 

2.5.1.1 Mineral Oil Adsorbers 

It has been shown that migration of MOHs occurs even for packaging with virgin fibres and 

this might be due to recycled content in transport boxes. Storage tests have been performed 

where barrier efficiency was tested for different types of coating materials containing active 

carbon as adsorbent. Lommatzsch et al. [34] tested the migration of MOHs (C16-24) into wheat 

flakes during one-year storage. The highest migration was observed for boxes with 

unprotected recycled cardboard. The different coating materials that were tested were 

poly(vinyl alcohol) (PVOH), PVOH with activated carbon, multilayer of polyester (PE), and 

polyacrylate on recycled fibres. The acrylate coating on conventionally recycled cardboard 

had a weak effect and reduced migration by a factor of 2. The PVOH and PE coatings reduced 

migration by a factor of 3-4. No migration was detected for the PVOH coating that contained 

active carbon. Additional issues for packaging applications were not reflected by this test, such 

as damage to the coating during creasing.  
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3 Materials and Method 

3.1 Preparation of Samples 

3.1.1 Pre-coating 

10 different types of dispersions with styrene acrylate copolymer latex and pigment additives 

were prepared and coated onto paper surfaces by rod coating. The samples were dried in an 

oven at 105 °C for 5 min. An overview of the different sample types can be seen in Table 3.1.  

 

The pH of the dispersions with 50 wt% pigments was measured with a pH meter.  

 

Table 3.1. Overview of pre-coated sample types. A styrene acrylate copolymer latex was 

used as a binder together with different pigment additives.  

Sample Pigment type Pigment 
concentration  

(𝒘𝒕%) 

Average coat 
weight  

( 
𝒈

𝒎𝟐 ) 

SA100 None (reference) 0 9.87 

C10 CaCO3 10 10.10 

C30 CaCO3 30 12.99 

C50 CaCO3 50 12.84 

T10 Talc 10 11.17 

T30 Talc 30 12.67 

T50 Talc 50 10.60 

K10 Kaolin 10 11.04 

K30 Kaolin 30 11.16 

K50 Kaolin 50 10.82 

 

3.1.2 Top-coating 

A dispersion of an ethylene acrylic acid (EAA) copolymer with 30 wt% talc was coated onto 

the pre-coated samples by rod coating. The samples were dried again in an oven at 105 °C 

for 5 min. The average coat weight for the top-coating layer was 9.94 
𝒈

𝒎𝟐. 

 

3.1.3 Product Specifications 

Specifications of the polymers and pigments that were used for the samples in this study can 

be seen in Table 3.2.  
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Table 3.2. Specifications of the polymers and pigments that were used in the study (supplier, 

and measured data). The products are listed as the main component in a water-based 

dispersion.  

Product Density  

(
𝒈

𝒄𝒎𝟑) 

Particle 

size 

(diameter, 

or length) 

(μm) 

Aspect 

ratio 

Dry 

content 

(%) 

Tg 

(°C) 

Other  

specifications 

Styrene 

acrylate 

copolymer 

latex 

1.04 0.14 - 51 10 Anionic, pH~7 

Acrylic 

acid 

copolymer 

(EAA) 

- - - 47 - Unplasticized 

high molecular 

weight 

thermoplastic, 

pH~9 

CaCO3  1.8 - 2.1 96 - 100% 

<2 

 

87 - 93% 

<1 

2 76 - pH~8.5-10.5 

Talc  1.61 2.9 

(median) 

- 60 - pH~9.5-11, 

platy, inert, 

hydrophobic, 

oleophilic 

Kaolin  1.75 0.4 

(median) 

60 62 - pH~6.5-8 

 

3.2 Viscosity 
The viscosity was measured by a rheometer at 25 °C and plotted for different shear rates.  

 

3.3 Heptane Vapour Transmission Rate 
The HVTR-method was used to evaluate mineral oil barrier properties, and the migration of a 

volatile hydrocarbon (n-heptane) through the barrier was measured. n-heptane (20 ml) was 

placed in one aluminium container for each replicate. The coated paper samples were cut to 

a size of 50 cm2 and placed with the barrier side facing toward the n-heptane in the containers. 

The coated papers were never in contact with the liquid phase of the n-heptane. The 

containers were closed with an aluminium lid and rubber bands as sealants. The transmission 

rate was calculated based on the weight of the evaporated n-heptane through the area of the 
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samples per 24h. The starting weight of the containers with n-heptane was registered and the 

containers were weighted every hour until a minimum of 3 stabilised values was noted in a 

row. The values were considered as stabilised when the difference in the transmission rates 

between the measurements was below 5%. 4 replicates of each sample type were tested, and 

the statistical mean was calculated for each pigment type and concentration based on 12 

measurements. The standard deviation based on the same 12 measurements was calculated 

through the equation;  

 

𝑆 = √
𝛴(𝑥𝑖−𝑥)2

𝑛−1
                                                (3) 

 

where 𝑆 is the standard deviation, 𝑥 is the measured value in the set, 𝑥 is the statistical mean 

of the set of values, and 𝑛 is the number of values. 

 

The test was performed in a fume hood placed in a climate room at 23 °C in 50% humidity. All 

samples were pre-conditioned overnight.  

 

3.4 Palm Kernel Oil Test 
The palm kernel oil test was performed according to ISO 16532-1. Palm kernel oil was spread 

in an even layer on the barrier side of the samples. The samples were checked at a set time 

interval for the first oil show-through on the paper side. To measure break-through, a layer of 

cellulose in contact with the paper side was used for observation. The samples were checked 

for a visual oil migration for up to 24 h. The test was performed in a climate room at 23 °C in 

50% humidity on pre-conditioned samples.  

 

3.5 Folded Oil Resistance 
Pre-conditioned samples were cut in 14x14 cm sheets. The sheets were folded 90° in a crease 

with a metal weight. The sheets were first folded 3 times in one direction, and 3 times 

perpendicular to the previous folds, forming a grid pattern. All the folds were done in a direction 

which caused a stretch of the barrier side. The folded sheets were placed with the barrier side 

upwards in a cobb ring and 10 ml rapeseed oil mixed with sudan blue was poured into the 

ring. After 120 s, the oil was removed from the samples and the number of stains left on the 

paper side in the folds was counted. The test was performed in a climate room at 23 °C in 

50% humidity, and 2 pre-conditioned samples of each type were tested. 

 

3.6 Cobb test 
The Cobb test was performed according to ISO 535. The samples were cut into 14x14 cm 

sheets. The sheets were placed in a cobb ring, with the barrier facing upward. 100 ml of 

deionized water was poured onto the samples. After 30 min, the water was removed from the 

ring. Two sheets were used together with the cobb roll to remove excess water. The samples 

were then weighed again and the difference from the start weight was noted. The test was 

performed on pre-conditioned samples in a climate room at 23 °C with 50% humidity. A 

deviation from the standard was done since only 2 replicates of each sample type were tested, 

instead of 10. This was done to fit the time frame of the project.  
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3.7 Water Vapor Transmission Rate 
A WVTR analyser (Permatran-W 3/34 G) was used to evaluate the water vapour barrier 

properties of the coatings. 4 replicates of each sample type were tested. A coated paper area 

of 5 cm2 were masked for each replicate. The statistical mean of the set of values for each 

sample type were plotted, and the standard deviation was calculated through Equation 3. The 

samples were tested for 8 hours in two different climates: at 23 °C with 50% humidity, and at 

38 °C with 90% humidity.  

 

3.8 Scanning Electron Microscope 
Surface scans were performed on pre-, and top-coated samples. Cross-sections were done 

perpendicular to the flow direction on all sample types. The cross-sections were prepared by 

a broad ion beam in liquid nitrogen. A thin layer of gold nanoparticles was sputtered onto the 

samples before the SEM analysis. A cross-section of a C30 sample was also analysed by 

EDS.  

 

3.9 Fourier Transform Infrared Spectroscopy – Attenuated Total 

Reflectance 
Three different films of pre-coatings with 50 wt% pigments (one for each pigment type) were 

cast in Petri dishes and dried at 25°C for 4 hours. The films, together with the top-coated paper 

samples were analysed by FTIR-ATR to evaluate possible interactions and bond formation 

between the polymer matrix and the fillers. One possible bond formation that was considered 

was the formation of ester bonds between hydroxyl groups on the pigment surfaces, and 

carboxyl groups in the polymers. FTIR-ATR was also used as a tool to evaluate the molecular 

structure of the copolymers since little information on the exact composition and monomer 

structure was received from the suppliers. 

 

3.10 Heat Seal 
Adhesive strength was measured in accordance with ASTM F88 (unsupported). The force 

over a width unit needed to delaminate the barrier from the paper was measured, and the 

average value for each sample type was reported. 

 

3.11 Recyclability 
Recyclability tests were performed in accordance with the PTS method (PTS-RH 021/97). 

Further description of the method can be seen in Appendix C.  
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4 Results 

4.1 Viscosity 
Table 4.1 show the viscosity of the dispersions used for the sample preparation at a shear 

rate of 24 
1

𝑠
 at 25°C. Viscosity plots can be seen in Appendix A. 

 

Table 4.1. Viscosity for the different dispersions at a shear rate of 24 
1

𝑠
 (increasing rate).  

Sample Viscosity (𝒎𝑷𝒂 ⋅ 𝒔) at 24  
𝟏

𝒔
 

EAA + 
30wt% talc 

156 

SA100 170 

C10 196 

C30 238 

C50 308 

T10 149 

T30 88 

T50 31 

K10 198 

K30 152 

K50 81 

 

4.2 pH 
Table 4.2 shows pH values for the pre-coating dispersions, measured by a pH meter.  

 

Table 4.2. pH values of the dispersions.  

Sample pH 

SA100 7.44 

K50 8.05 

C50 8.11 

T50 7.42 
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4.3 Heptane Vapour Transmission Rate 
The statistical mean based on 12 measurements for each pigment type and concentration is 

plotted in Figure 4.1. The y-axis represents the transmission rate of n-heptane through the 

barrier, and the x-axis represents the pigment concentration (wt%). The error bars represent 

the standard deviation from the mean. There is a decrease in HVTR for the samples containing 

talc, or kaolin but there is no significant difference between these two pigments since the error 

bars overlap.  

 

Figure 4.1. Average HVTR as a function of pigment concentration (wt%). Error bars indicate the 

standard deviation of the statistical mean based on 12 measurements. 

 

A significant decrease in HVTR can be seen for 30, and 50 wt% of talc and kaolin since there 

is no error bar overlap with the reference. Samples with CaCO3 show a tendency of giving 

reduced barrier performance, and an increased HVTR. However, this is not considered to be 

a significant reduction due to the error bars overlapping with the reference. 

 

4.4 Palm Kernel Oil Test 
No visual show-through or break-through is observed in any of the samples after 24h. 

  

4.5 Folded Oil Resistance 
Table 4.3. shows the number of stains left on the paper side of the samples after folding. The 

results are presented in categories based on the number of stains, and 2 measurements of 

each sample type are presented.  
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Table 4.3. The number of stains in folds is presented in categories. Scanned images of 

stained samples can be seen in Appendix B.  

Sample <5 stains <15 stains 15 – 30 stains >30 stains 

SA100 2 samples    

C10 2 samples    

C30 2 samples    

C50 2 samples    

T10 2 samples    

T30 2 samples    

T50 2 samples    

K10 2 samples    

K30 2 samples    

K50  1 sample 1 sample  

 

4.6 Cobb Test 
Figure 4.2 shows plotted values of the measurements done on water resistance through the 

cobb test. The y-axis represents the Cobb value, and the weight of absorbed water in contact 

with the coated paper during 1800 s. The x-axis represents the pigment concentration (wt%). 

 

Figure 4.2. Measured values from the cobb test, plotted for each pigment type and concentration. 

Measurements from two replicates are presented for each sample type. The replicates for talc at 10 

and 50 wt% are viewed as 2 measurements with the same 1800Cobb value.  
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4.7 Water Vapour Transmission Rate 
Figure 4.3 shows average values for the WVTR at 23°C with 50% humidity, as a function of 

pigment concentration (wt%). The y-axis represents the transmission rate of water vapour 

through the barrier, and the x-axis represents the pigment concentration (wt%). Average 

values for WVTR at 38°C with 90% humidity are plotted in Figure 4.4. The values for the K50 

at 38°C are based on 2 replicates since an error in the climate conditions was found during 

the run. For the other replicates, the statistical mean, and the standard deviation is based on 

4 measurements.  

 
Figure 4.3. Average WVTR at 23°C with 50% humidity, as a function of pigment concentration (wt%). 

Error bars indicate the standard deviation of the statistical mean based on 4 measurements. 

 

 

 

Figure 4.4. Average WVTR at 38°C with 90% humidity, as a function of pigment concentration (wt%). 

Error bars indicate the standard deviation of the statistical mean based on 4 measurements, except 

for kaolin at 50 wt% where the mean and standard deviation is based on 2 measurements. 



38 

 

A significant reduction in water vapour barrier properties can be seen for the C30 samples at 

23°C with 50% humidity. The C50 samples also indicate reduced barrier performance but 

since the error bar overlaps with the rest of the samples, no significant difference can be 

concluded. The K samples indicate similar or increased performance, and the T samples show 

similar or decreased performance, but no significant difference can be observed for the WVTR 

of these samples at 23°C with 50% humidity.  

 

Reduced water vapour barrier performance can also be seen for the C30 samples at 38°C 

with 90% humidity. In this climate, K10, and K50 samples show a significant improvement in 

WVTR since no error bars overlap with the rest of the samples, including the reference. 

However, the values for the K50 samples are based on 2 measurements, instead of 4 as for 

the rest of the samples and it is possible that a lower standard deviation is a result of fewer 

measurements. For the other samples, no significant differences in WVTR can be observed. 

 

4.8 Scanning Electron Microscope 

4.8.1 Surface scans 

Figure 4.5 a-c show surface scans made with a SEM on different pre-coatings. The pre-

coatings contain latex, and 50 wt% of the three different pigments. No latex spheres can be 

seen, indicating that full coalescence occur during film formation. Figure 4.5 d show a surface 

scan of the top-coating layer, which contain EAA and 30 wt% talc.   
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   a)                                                                    b)                                

 

   c)                                                                    d) 

Figure 4.5. Surface scan on pre-coatings with: (a) 50 wt% talc; (b) 50 wt% kaolin; (c) 50 wt% CaCO3, 

and: (d) surface scan of a top-coating (EAA with 30 wt% talc) layer (K50 sample). All images are 

shown in x5000 magnification. The scale bars represent 1 μm.  

 

4.8.1.1 Surface Scan in Creases 

Figure 4.6 show surface scans over folding creases made with a SEM.  

 

 

 a)                                              b)                                             c) 

Figure 4.6. Surface scans in creases made by folding. The images show pre-coatings containing: (a) 

50 wt% CaCO3; (b) 50 wt% talc and: (c) 50 wt% kaolin. All images are shown in x250 magnification. 

The scale bars represent 100 μm.  
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4.8.2 Cross-sections 

Figure 4.7, and Figure 4.8-10 show cross-sections of the coated papers made by a SEM. 

 

 

Figure 4.7. Cross-section of a reference sample with no pigment additives in the pre-coating shown in 

x2500 magnification. The scale bar represents 10 μm. 

 

 

 

   a)                                            b)                                            c) 

Figure 4.8. Cross-sections of samples with pre-coatings containing CaCO3 in the concentrations of: 

(a) 10wt% x2000; (b) 30wt% x2700, and: (c) 50wt% x3000.  
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   a)                                            b)                                            c) 

Figure 4.9. Cross-sections of samples with pre-coatings containing talc in the concentrations of: (a) 

10wt% x2700; (b) 30wt% x2500, and: (c) 50wt% x1500.  

 

 

   a)                                            b)                                            c) 

Figure 4.10. Cross-sections of samples with pre-coatings containing kaolin in the concentrations of: 

(a) 10wt% x2500; (b) 30wt% x2500, and: (c) 50wt% x2300.  

 

4.8.3 Top-coating crackelations 

Figure 4.11-13 show cross-sections, and surface scans for coated paper samples containing 

CaCO3 made by a SEM. The coated paper samples have latex pre-coatings with 10 - 50 wt% 

CaCO3, and a top-coating with EAA and 30 wt% talc.  

 

 
Figure 4.11. Surface crackelations of samples with pre-coatings containing CaCO3 in the 

concentration of 10 wt%: (a) surface scan x70, and: (b) cross-section x2500. 
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Figure 4.12. Surface crackelations of samples with pre-coatings containing CaCO3 in the 

concentration of 30 wt%: (a) surface scan x70, and: (b) cross-section x800. 

 

 

Figure 4.13. Surface crackelations of samples with pre-coatings containing CaCO3 in the 

concentration of 50 wt%: (a) surface scan x70, and: (b) cross-section x3000. 

 

In Figure 4.11-13, visible cracks in the top-coating layers can be seen for all the samples. It is 

clear from the cross-sections that the crackelation only occur in the top-coating.  

 

4.9 Energy Dispersive Spectroscopy 
Figure 4.14 shows a C30 sample, analysed by EDS. The blue stripe represents the calcium in 

the pre-coating. The results of the EDS show that there is a possible migration of calcium into 

the top-coating layer.  
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Figure 4.14. EDS analysis of calcium in a C30 sample.  
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4.10 Fourier Transform Infrared Spectroscopy – Attenuated 

Total Reflectance 
Figure 4.15 shows FTIR-ATR spectra of the films that were cast and dried at 25°C. The 

reference contains only the latex and the other samples 50 wt% of the different pigment types. 

Figure 4.16 shows a zoomed-in view of the peaks for the carboxyl and ester groups. No 

significant differences in the peaks can be seen compared to the reference, indicating that no 

additional formation of ester bonds takes place between the latex and the pigments.  

 

 
Figure 4.15. FTIR-ATR spectra of casted films containing latex and pigments.  
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Figure 4.16. Zoomed-in FTIR-ATR spectra of casted films containing latex and pigments.  

 

Figure 4.17 shows FTIR-ATR spectra of the different top coated paper samples. The reference 

show spectra of a film with EAA and 30 wt% talcs dried at 25°C. The other samples show 

spectra of coated papers with a pre-coating with 50 wt% of the different pigment types and a 

top-coating with EAA and 30 wt% talcs, dried at 105°C. No significant difference in the peaks 

can be observed, indicating that no change in bond formation in the top-coating layer is caused 

by the pigments in the pre-coatings, or by increased heat.  
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Figure 4.17. FTIR-ATR spectra of coated paper samples containing a pre-coating with latex and 

different pigment fillers, and a top-coating with EAA and 30 wt% talcs, dried at 105°C. The reference 

show spectra of a film made from EAA and 30 wt% talcs, dried at 25°C.  

 

4.11 Heat Seal 
Table 4.4 shows the adhesive strength of the different sample types. 6 measurements were 

done per sample type. Delamination from the paper causing fibre tear occurs in all samples, 

except in the T50 samples.  
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Table 4.4. The adhesive strength of the coated paper samples.  

Sample Fmax mean (
𝑵

𝒎
) Standard deviation 

SA100 3.22 0.67 

K10 3.38 0.54 

K30 2.73 0.39 

K50 2.64 0.64 

C10 4.02 0.53 

C30 4.59 0.83 

C50 3.97 0.23 

T10 3.92 0.68 

T30 4.05 0.24 

T50 5.00 0.46 

 

4.12 Recyclability 
Table 4.5 shows results from the recyclability tests compared to estimated fibre fraction in the 

samples. More results from the recyclability tests can be seen in Appendix C. The recyclability 

percentage is based on the fibre yield that was available after disintegration and fractionation 

of the fibre suspension compared to the initial material.  

 

Table 4.5. Results from the recyclability test, compared to the estimated fibre fraction of the 

samples.  

Sample Recyclability 
percentage (%) 

Fibre 
fraction (%) 

SA100 77 80 

C50 76 76 

T50 77 79 

K50 79 79 
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5 Discussion 

The coat weight had a greater variation for the dispersions that contained talc, and several 

measurements for the viscosity were done due to inconsistent results. This could be a result 

of inhomogeneity in the water-based dispersions due to the hydrophobic neutral siloxane 

surfaces in the talc particles. This could be expected since talc is generally hard to disperse 

in water and sedimentation occur faster compared with the other pigments used in this study. 

The viscosity of the dispersions containing talc and kaolin decreased with increased pigment 

concentration whilst the addition of pigment additives with CaCO3 increased the viscosity, as 

seen in Table 4.1. The dispersions with talc started to sediment with a clear line between latex 

and sediment if the dispersions were left unstirred. The dispersions with CaCO3 and kaolin 

showed no visual sign of sedimentation for up to 4 weeks. During the SEM analysis, it was 

shown that for higher concentrations of talc, the plates no longer tend to align parallel to the 

paper substrate (Figure 4.9.c). The particles have a more random orientation and appear to 

be sedimenting and aligning after the surface of the paper substrate. This behaviour could 

also be a result of the decreased viscosity with increased talc concentration. Thickening 

additives could be used together with higher concentrations of talc to improve particle 

alignment at a higher viscosity.  

 

In the HVTR results, a higher value for the standard deviation was observed at 50 wt% of all 

pigment types due to a greater spread of measured values. This could be a result of the 

pigment concentration being near CPVC, and some pigments are not fully covered with latex. 

Since the coat weight is kept the same, regardless of the pigment concentration, the polymer 

layer is also thinner in the samples with higher pigment concentrations which could lead to 

inconsistent barrier performance. Talc and kaolin tended to lead to reduced HVTR values, 

whilst CaCO3 led to reduced barrier performance. A significant improvement of HVTR could 

be seen for 30 wt% talcs, and kaolin. For the other measurements, none of the results is 

significant due to error bar overlaps.  

 

Too few measurements were done in the Cobb test to make an accurate interpretation of the 

water barrier properties of the different coatings. The coatings that contained CaCO3 resulted 

in similar or reduced water barrier properties compared to the reference. The coatings with 

kaolin pigments show similar or lower Cobb values than the reference. The addition of talc 

pigment additives resulted in similar, or reduced water and water vapour barrier properties. 

Talc particles seemed to agglomerate to a larger extent than the other pigment types which 

could explain the inconsistency in barrier performance (Figure 8-10). A possible explanation 

could be the hydrophobicity causing difficulty to disperse the particles in the water phase. For 

water vapour barrier properties, talc showed similar or reduced barrier performance compared 

to the reference. A reduction of the torturous effect compared to the kaolin could be a result 

of the agglomeration of talc particles, leading to open pathways for the permeants at some 

parts of the coatings.  

 

CaCO3 particles have a low aspect ratio, and the shape of the particles (Figure 4.8.a-c) is 

more random than the other pigments which are plate-shaped. According to previously 

mentioned literature, a high aspect ratio and a narrow size distribution tend to maximise the 

diffusion pathway length. Overall, the coatings that contained CaCO3 particles tended to have 

reduced barrier properties compared to the other pigment types.  
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The reduction of barrier performance for the samples that contain CaCO3 could be explained 

by the crackelation of the top-coating layer, as seen in Figures 4.11 - 13. The reason for this 

behaviour could not fully be concluded. The standard deviation was higher for samples 

containing CaCO3 in the WVTR and HVTR measurements, which could also be explained by 

the crack formation leading to inconsistent results. Crackelation was observed in the top-

coating layer for all samples containing CaCO3 in the pre-coating, and in the film dried at 25°C. 

The EDS analysis (Figure 4.14) showed that calcium ions could have migrated into the top-

coating layer, which could possibly affect polymerisation and bond formations. However, The 

FTIR spectra, as seen in Figure 4.17, show no indication of any additional bond formations 

caused by increased heat, or by calcium ions in the top-coating for the C50 samples. One 

explanation could be that calcium ions cause morphological changes in the EAA structure, 

leading to Tg values below the drying temperature. Less re-arrangement of the polymer chains 

could then cause crack formation during consolidation. Further studies with X-ray diffraction 

analysis (XRD) could be conducted to make further conclusions on the differences in 

morphological structures between the samples. Differential Scanning Calorimetry (DSC) could 

be used to measure the difference in Tg between the samples.  

 

Most of the samples were left unstained in the folded oil resistance test, indicating that  styrene 

acrylate copolymer latex is a suitable binder in applications where folding takes place. No 

stains were observed in any of the samples containing talc, indicating that talc is a suitable 

pigment additive in applications that involves folding operations. According to previously 

mentioned literature, talc is a pigment with a lower modulus compared to kaolin. The lower 

modulus could possibly be explained by the weaker forces between the talc surfaces (Van der 

Waals), compared to the hydrogen bonds between kaolin surfaces. To avoid crack formation 

during folding operations, it is preferred to incorporate a pigment filler with a modulus as close 

to the polymer matrix as possible. A lower modulus could also result from less interaction 

between matrix and filler due to the neutral siloxane surfaces in talc. The kaolin particles could 

also be referred to as nanoparticles, and nano-sized particles have a more significant effect 

on the modulus of the composite, according to previously mentioned literature. Multiple stains 

(7 - 21) were observed in the K50 samples. These samples also had pinholes on the unfolded 

surface of the paper, indicating both voids and crack formation in the barrier. Multiple pinholes 

were found in one of the K30 samples, but none of the stains was located in the folds. Possible 

crack formation was observed for higher concentrations of kaolin, but not in the range of 10 - 

30 wt%, indicating that kaolin could also be used in packaging applications with folding 

operations in lower concentrations than talc.  

 

The kaolin particles seem to be better dispersed than the talc particles (Figure 4.10.a-c), and 

there is a narrower size distribution due to less agglomeration. However, agglomeration seems 

to increase with an increased number of particles, which could also explain the increased 

number of stains in folds for the K50 samples. Agglomeration could lead to higher stress 

concentration at sharp edges of the agglomerations, causing crack formation. An improved 

crack behaviour could possibly be obtained by a better dispersion of the particles. If the crack 

formation is more dependent on the increased modulus, better dispersion of the particles 

would have a limited effect. Better dispersion of the particles could also aid in maximising the 

permanent pathway through the coating, leading to improved barrier performance.  
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Some stains (2 - 3) were observed in the C50 samples during the folding oil resistance tests. 

This could be a result of a few pinholes, but no other pinholes were observed on the unfolded 

surfaces indicating that stains occur due to crack formation in the folds. Some small pinholes 

were also seen in the pre-coatings containing CaCO3 (Figure 4.6.a). This could be a result of 

carbon dioxide being formed from the decomposition of CaCO3 during the consolidation of the 

coating.  

 

No clear crack formation was observed in any of the samples from the surface scans in 

crevices during the SEM analysis. The surface of a pre-coating containing 50 wt% kaolin 

(Figure 4.6.c) showed some potential surface damage. Larger visible damage on the sample 

containing kaolin could also explain the increased number of stains in the folds for the K 

samples during the folded oil resistance tests. This, again, could be a result of a higher 

modulus of the kaolin pigments leading to crack-formation. Surface scans over a larger crease 

area could be done to better evaluate the crack formation behaviour of the different coatings.  

 

Poor adhesion between matrix and filler in polymer clay composites may cause increased 

crack formation. Stress transfers may take place in the interphase between polymer and 

matrix, and yielding may occur in the matrix near a strong interface. These mechanisms 

absorb stress and increase toughness, which may cause less crack formations. However, a 

compromise always must be done when designing composites as a strong interface does not 

always lead to favourable mechanical properties. Higher adhesion could also result in a higher 

modulus, which may cause crack formation in composites during folding operations.  

 

The talc particles seem to be more embedded in the matrix of the top-coating in Figure 4.5.d, 

but the images show only a small fraction of the sample surfaces. The surface scans on the 

pre-coatings were intended to be used to evaluate the wetting of the particles and were, 

therefore, more focused on areas with visible particles. The pre-coatings in Figure 4.5.a-c also 

contain 50 wt% pigments, compared to 30 wt% pigments in the top-coating in Figure 4.5.d. A 

larger visible surface area can be seen at the talc pigments in Figure 4.5.a and Figure 4.5.d, 

compared to Kaolin and CaCO3 in Figure 4.5.b-c. This could be a result of the neutral siloxane 

surfaces in talc, and no attractive forces between the latex and the talc particles. The wetting 

of the particles is indicated as good since smaller angles are observed between the phases. 

However, the result shows the coatings after consolidation and deviations from the contact 

angle are likely to occur after the drying process.  

 

No voids between the fillers and the polymer matrices can be seen in any of the cross-sections, 

which could indicate good wetting of the pigment additives. However, it cannot be excluded 

that the sectioning method affects the samples. Some flow lines can be seen in Figure 4.7, 

possibly indicating that the latex has reformed during the cross-sectioning process. No 

conclusions could be drawn regarding the wetting of the pigments. 

 

All the cross-sections for the SEM analysis are taken perpendicular to the flow direction from 

the coating process. If the particles align perpendicular to the flow direction, it is likely that the 

maximum length in Figure 4.8-10 corresponds to the maximum width of the pigment fillers. A 

possible visual effect could be that the pigment appears to have a lower aspect ratio due to 

the angle of the cross-section. However, it might also be difficult to evaluate the aspect ratio 

of the pigment platy fillers in this study due to agglomeration, especially for the talc particles.  
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The FTIR-ATR spectra showed no significant differences in the peaks between the films of 

the pre-coatings compared to the reference indicating that no bond formation occur between 

the polymer matrix and the fillers. Esterification could have already taken place on all the 

carboxyl groups in the acrylate latex since no difference was observed in the peaks for the 

ester groups in Figure 4.15. If carboxyl groups are present in the copolymer, it could also be 

possible that additional reactions need to take place to deprotonate the carboxyl groups. The 

results of the FTIR-ATR spectra do not exclude other possible interactions between matrix 

and fillers, such as ion exchange, or electrostatic interactions. Polar polymers could also form 

hydrogen bonds to the hydroxyl surfaces of the intercalated layers of kaolin pigments. 

 

Talc particles are charge neutral and no excess ions are present between the sheets. 

Calcination is difficult on talc particles due to the neutral siloxane surfaces and talc particles 

are therefore hard to delaminate, which results in larger particles. The kaolin particles are 

probably already calcined since the particles are very small (0.4 μm). Interactions between the 

latex and the calcined kaolin pigment are possible, but further studies should be conducted on 

this to draw any conclusions.  

 

Recyclability tests showed that the coatings used in this study were easily removed from the 

fibres, and large fibre fractions could be used to make new papers of the recycled fibres. 

Concerning plastic littering, the coated paper could reduce the amount of plastic waste by 

replacing some of the synthetic, or modified polymers with natural cellulose. However, there 

are uncertainties on how the definitions are to be applied in future legislation. One risk involves 

cellulose being categorised as plastic if the polymer has been chemically modified. If a paper 

contains a flexible coating made from a synthetic or modified polymer (e.g., latex) it could also 

be categorised as SUP. It is then questionable if plastic littering is being reduced by replacing 

conventional plastic packaging with coated papers without proper waste management.  

 

Concerning microplastic, polypropylene, or polyethylene are the polymers most frequently 

found in the surface waters of the Mediterranean Sea. This is not unexpected since the 

polymers have a lower density than water. The degradability of the latex coatings has not been 

investigated, but with improper waste management, it could possibly accumulate at bottoms, 

or in sea sediments since the density is lower than water. Further research should be 

conducted to evaluate the risks of microplastic generation from paper with latex coatings.  

 

Other sustainability parameters have not been investigated, and further research should also 

be conducted to evaluate the sustainability performance of latex coated paper compared to 

conventional plastic packaging.  
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6 Conclusions 

The addition of kaolin pigment additives in latex-based dispersion coatings improves barrier 

properties due to a narrow size range, and good dispersion of the particles which tend to 

maximise the permeant pathway.  Improvement in barrier performance is less stable with talc 

than with the addition of kaolin since talc agglomerates to a larger extent than kaolin. The 

hydrophobicity and uncharged nature of the talc siloxane surfaces which makes the particles 

hard to disperse in water-based systems. More stable barrier performance with talc could 

possibly be obtained by a better dispersion of the particles, which tends to maximise the 

permeant pathway. The degree of exfoliation can be optimised by choosing a polymer with 

high affinity to the clay surface [25]. Interfacial characteristics may also affect stress transfer 

and crack propagation in the composite. A strong interphase may cause stress transfer and 

less crack propagation, but a compromise usually must be conducted while designing polymer 

clay composites.  

 

The addition of CaCO3-pigments causes reduced barrier performance due to reduced barrier 

integrity in systems containing EAA. If CaCO3 is used in a pre-coating, calcium can migrate 

and cause crackelation of a top-coating containing EAA.  

 

The addition of kaolin pigment additives in higher concentrations (50 wt%) could cause 

reduced barrier properties in packaging applications with folding operations. Kaolin pigment 

could still be a suitable additive in lower concentrations (30 wt%), or with better dispersion of 

the particles at higher concentrations. Kaolin particles have a higher modulus than the latex, 

which tends to cause crack-formation in the coating during folding operations. For folding 

operations, it is preferable to incorporate a pigment filler with a modulus as close to the 

polymer as possible. Talc has a lower modulus than kaolin and could be a suitable pigment 

additive for enhanced barrier properties in packaging applications that involve folding 

operations. 

 

No additional bond formation occurs between the styrene acrylate copolymer latex and the 

different pigment fillers in the pre-coatings, or between the EAA and talc in the top-coating. 

Co-binders could be included to increase adhesion between the matrix and the fillers. With 

kaolin pigments, interactions between matrix and filler are also possible through for example 

ion exchange, electrostatic interactions, or hydrogen bonding. 

 

Cellulose easily disintegrates in water and can be recycled by the means of repulping. The 

latex coatings are easily removed from the paper, and a large fibre yield is available after 

fractionation. With proper waste management, latex coated paper can reduce plastic littering 

by replacing conventional plastic packaging with natural cellulose, and a latex layer which is 

easy to separate by using only water as solvent.  
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Appendix A  

Viscosity Plots  

Figure A1 - 11 shows viscosity plots during increasing (square), and decreasing (circle) 

shear rates.  

 

 
Figure A1. EAA + 30 wt% talc. 

 

 
Figure A2. SA100. 
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Figure A3. C10. 

 

 
Figure A4. C30. 
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Figure A5. C50. 

 

 
Figure A6. T10. 
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Figure A7. T30. 

 

 
Figure A8. T50. 
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Figure A9. K10. 

 

 
Figure A10. K30. 
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Figure A11. K50. 
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Appendix B 

Folded oil Resistance 

Figure A12 - 16 shows scanned stained samples from the folding oil resistance test. All other 

samples were left without pinholes, and 0 stains in the folds after the coloured oil was removed.  

 

 
 Figure A12. C30.                   Figure A13. C50. 

 

 
 Figure A14. K30.                   Figure A15. K50.                    Figure A16. K50. 
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Appendix C 

Recyclability test 

 

Materials and Method 

Coated paper samples (SA100, C50, T50 and K50) were cut into pieces measuring about 2x2 

cm. A deviation from the standard method was made since 38 g of air-dried material was used 

instead of 55 g. The effect of this deviation was estimated to be a lower degree of disintegration 

due to fewer friction forces separating the fibres from the coatings. The disintegration time was 

20 min, the speed of the stirrer was 3 000 rpm, and the water temperature was 40°C. The fibre 

suspension was filtered through 2 different plates, one perforated plate with a hole diameter 

of 0.7 mm, and one slot plate with a slot width of 0.15 mm. The fibre yield was calculated 

based on the difference between the dry weight of the initial material, and the total reject (oven-

dried).  

 

Two different sheets were made, one from the total stock, and one from the fibre yield (accept). 

The sheets were checked for adhesive impurities (stickies), and optical inhomogeneities.  

 

The fibre fraction on the initial material was calculated based on the weight of the conditioned 

paper and the coat weights. An estimation was made that the paper contained 7,5% moisture 

at 23°C with 50% humidity.  

 

Results 

Table A1 shows the result of the recyclability tests. The product is rated as “recyclable but 

worthy of product design improvement” due to the total reject being above 20%. No adhesive 

impurities or optical inhomogeneities are found in the sheets formed from the accept.  

 

Table A1. Results from the recyclability tests.  
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Figure A17 - 24 shows the reject on the perforated (holes with a diameter of 0.7 mm (left)) and 

the slot (slot width of 0.15 mm (right)) plates.  

 

 
Figure A17. SA100, perforated plate.                     Figure A18. SA100, slot plate.  
 

 
Figure A19. C50, perforated plate.                         Figure A20. C50, slot plate. 
 

 
Figure A21. T50, perforated plate.                          Figure A22. T50, slot plate. 
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Figure A23. K50, perforated plate.                          Figure A24. K50, slot plate. 

 

 

Figures A25 - 28 show the sheets that were made from the total stock (left) and from the 

accept (right). 

 

 
Figure A25. SA100 recycled samples. 
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Figure A26. C50 recycled samples. 

 

 
Figure A27. T50 recycled samples. 
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Figure A28. K50 recycled samples. 

 


