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Changes in consumer habits and the replacement of solid trans fats in foodstuffs with
unsaturated fats have increased the demand for low-cost grease-resistant packaging materials
worldwide. Taking into account the global aim to reduce our dependence on oil-based plastics,
new bio-based solutions are needed to meet the demand for sustainable packaging solutions,
and the development of such materials was the focus of the work reported in this thesis.

Pigmented dispersion barrier coatings were prepared using a blade-coating technique on
commercial solid bleached sulphate paperboard. The coatings consisted of a bio-based
component, hydroxypropylated starch or hydroxypropyl cellulose, a styrene-butadiene latex
binder, and talc. The grease resistance in terms of time taken for a model grease to penetrate
the coated paperboard varied between a few hours and several days, depending on the coating
composition and on the ambient temperature during the test. Particular attention was given to
coatings that prevented oil to penetrate the whole 24 h test period described in ISO 16532-1.

The feasibility of producing barrier-coated boards was studied from the viewpoints of the
finishing and converting processes and their end-use applications. The findings suggested that
corona treatment should be used with caution if the board is to be printed, since it may cause a
drastic decrease in oil penetration time due to strike through that occur if the voltage of the
discharge is sufficiently high to change the electrical conductivity of the sample. The oil barrier
was impaired regardless of whether the uncoated or the coated side of the board was treated
with corona. Moreover, the coatings did not prevent the occurrence of reverse side effects.

Unexpectedly, contact angle determinations suggested that exposure to heat in converting
processes may even improve the oil repellency of dispersion coatings containing pigments due
to the migration of latex towards the outer surface. Migrated latex also induced self-healing of
the coating, according to scanning electron microscope (SEM) images that indicated the
disappearance of pinholes. The oil and grease resistance (OGR) was, however, dependent on
the oil viscosity and fatty acid composition. Particularly with moderately grease-resistant
samples, the penetration time of pure coconut and rapeseed oils was considerably longer than
that of their mixtures. Finally, press forming of paperboard led to a decrease in oil penetration
time, but none of the studied coating compositions completely lost their barrier properties.

The developed coating formulations seem to have a potential in many commercial sustainable
packaging applications in a transitional period before implementation of completely bio-based
coatings on an industrial scale. Potential uses may include e.g. instant meal trays and fast food
packages, but particular attention should be paid to the effects of converting and finishing
processes on the physical and barrier properties of the materials.

Keywords: barrier properties, corona treatment, dispersion coating, oil and grease resistance
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1 INTRODUCTION

1.1 Background

It has been predicted that the global packaging market will reach $820 billion by 2016, and the
total functional- and barrier-coated paper and paperboard market was $3.9 billion in 2010.
Almost two thirds of this value originated from products coated with extrusion polymers or
aluminium (Harrod 2011). However, increasing environmental concerns over the use of non-
renewable oil-based polymers in packaging materials have increased the general interest in
using renewable coating components. At the same time, consumer habits have changed
worldwide (Anon. 2006), and the demands for cost reduction and a wider utilization of
sustainable packaging materials require new barrier solutions especially for short-term uses.

Examples of such food products are bakery goods, microwavable instant meals and fast foods.

The main purpose of the food package is to protect the packed food from outer substances or
threats that are considered harmful to the food. Contamination by dirt, gases, migration, aromas,
UV radiation, odors and water should be minimized. Besides protecting food from outer threats,
the package must also retain the components of the packed food inside the package. Oil and
grease resistance is thus an essential material property, and it can also prolong the shelf-life and
maintain the quality of the food (Zhao and McDaniel 2005), e.g. by decreasing the aroma loss
of packed foodstuff (Fayoux et al. 1997; Hernandez-Mufioz et al. 1999), and its significance
can be assumed to increase further due to an increasing consumption of fast food and

convenience meals.

Vegetable parchment paper, which was invented in the 1850s (Gaine 1853), can be considered
to be the first fiber-based material with grease-barrier properties but it took few decades before
the barrier properties of greaseproof papers were improved by coatings (Staples et al. 1899).
The implementation of aqueous coatings began to spread in the middle of the 20th century. In
the 1950s, synthetic polymer dispersions were used to decrease the water vapor transmission
rate of cellophane (Bristow 2016), and the evolvement of dispersion coating techniques for
coating paper or paperboard has been relatively rapid in recent decades (Figure 1.1). Unlike
extrusion-coated or plastic-laminated materials, dispersion-coated papers and boards can be
repulped or composted (Kimpiméki and Savolainen 1997). Alternatively, dispersion-coated

materials can be burned at a waste burning plant like plastic packages. This indicates that



dispersion coating has certain environmental benefits over plastic coatings. In addition,
dispersion coating can be carried out as an online process. The first generation of coating
dispersions was based on aqueous synthetic polymers, such as hydrocarbon resins for
improving waterproofness (Powers and Pflum 1961) and polyolefin dispersions for improving
e.g. grease and gas barrier properties (Sculley and Bruno 1968). The development has been
rapid. The water vapor barrier properties of the latex-based dispersion coatings can for instance
be improved by e.g. the addition of wax (Schumann et al. 2005a) or plate-like fillers such as
kaolin (Zhu et al. 2013). Examples of other advances are the partial replacement of synthetic
polymers with bio-based alternatives, such as modified starches (Jansson 2006; Tanninen et al.
2014), and a synthetic-polymer-free combination of starch-plasticizer solution with
montmorillonite clay (Olsson et al. 2014a). Recent findings have also shown that dispersion
barrier coatings can be tailored for printing applications (Mielonen et al. 2015) and that they

prevent the migration of mineral oil well (Koivula et al. 2016).

Generation 3

Biopolymers
Generation 2
Pigmented dispersion coatings

Generation 1

Synthetic polymers
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Figure 1.1 The evolution of dispersion coatings based on a Scopus database search and a
patent search. (Gaine 1853; Elliot 1938; Powers and Pflum 1961; Sculley and
Bruno 1968; Csuros et al. 1968; Black et al. 1970; Smirnova et al. 1971; VVaha-
Nissi et al. 1998a; Rissa et al. 1999; Véaha-Nissi and Savolainen 1999; Vaha-
Nissi et al. 2000; VVaha-Nissi et al. 2001; Kuusipalo 2003; Karhu 2012)
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There is indeed a substantial amount of literature related to the formulation of barrier
dispersions and barrier properties of dispersion coatings. However, the oil and grease resistance
of dispersion barrier coatings has usually been studied by standard methods, which may
describe the real-life end-use insufficiently. There is an obvious need to understand the effects
of converting and finishing processes on the barrier properties of dispersion-coated substrates,
and on their printability or end-use usability, all of which are essential for successful

commercial applications.

1.2 Objective of the study

The objective of this work was to investigate the oil repellence and resistance of dispersion-
coated paperboard from the viewpoints of converting and finishing processes and the end-use.
During these processes, the substrate is exposed to e.g. electrical discharges, thermal treatment
and mechanical forces such as pressure. The particular emphasis in this work has been on the
partial replacing of synthetic polymers in the coatings with bio-based alternatives, and on
studying the convertability of the coated substrate. The dispersion coating recipes have
represented a dual-polymer approach, consisting of polymeric components with the addition of
an inorganic mineral. In dispersion coating, high multi-barrier properties can be obtained, but
the open questions are related to the formulation of the coating dispersion, i.e. finding the
optimal pigment content and an optimal ratio of the biopolymer to the synthetic polymer in the
dispersion. Since the coalescence of biopolymers and latices in coatings is very different, the
utilization of a highly bio-based coating dispersion is considered difficult, but it was assumed
that the functionality of the dual-polymer coating could be improved by the addition of a
pigment. To test this hypothesis, the oil resistance of several experimental dispersion-coated

paperboards was determined using a standard test method.

Standard test methods for oil resistance, however, describe the true end-use inadequately. Very
often, the packed food contains several different types of oils, and this means that it is necessary
to examine the situation in a wider perspective. Therefore, the effect of the saturated fatty acid
content on the oil penetration time was investigated by replacing the standard oil (palm kernel
oil) with mixtures of coconut oil (contains > 90% saturated fatty acids) and rapeseed oil
(contains > 90% unsaturated fatty acids). Bearing in mind that the paperboard experiences
several converting and finishing processes before it is used as a package, the effects of corona

treatment and heat exposure on the oil repellence and oil resistance were investigated. Corona
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treatment is widely-used in many printing processes to alter the wetting kinetics, but it can also
be used to improve the adhesion of a polymeric coating. To adjust the treatment level accurately
and to increase the flexibility of the experimental setup, a novel test method based on a
modification of the Bristow Absorption Apparatus (BAA) was developed to reveal information
about the influence of corona discharge on oil-substrate interactions and also on reverse-side
effects. Furthermore, since the substrate is exposed to heat in many converting processes such
as press-forming, heat-induced changes occurring in dry dispersion coatings were evaluated by
measuring the contact angles of rapeseed oil on the board after heat treatments, and by
determining the chemical composition of the coated surfaces before and after heat exposure
with X-ray photoelectron spectroscopy (XPS), and by imaging in-situ with an atomic force
microscope (AFM) the changes occurring in the coatings at different temperatures. All above-
mentioned measurement techniques together made it possible to discuss the whole value chain
beginning from designing the coating recipes and dispersion coating process to end-use phase
of food packages.

1.3 Outline

The experimental part and Papers 1-VI give the details of the work carried out. These papers
discuss the factors that affect the oil and grease resistance of hydroxypropylated starch-based
dispersion coatings filled with talc (Papers I-Il, IV=V), the effects of heat exposure in the
coating layer (Paper 1), the influence of corona treatment (Papers IlI1-V), and the post-
converting grease resistance of paperboard coated with hydroxypropyl-cellulose-based
dispersions (Paper VI). The experimental part of the thesis also contains a few earlier

unpublished results.
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2 DISPERSION BARRIER COATING

A dispersion is a system of dispersed particles suspended in a matrix, which can be solid, liquid,
or gas. Dispersion coating refers here to the application onto a fiber-based web of a waterborne
coating with a high proportion of polymeric substances using a conventional coating method
such as blade coating. The dispersion formulations may include synthetic and bio-based
polymers, inorganic minerals and additives such as biocides and anti-foaming agents. A
simplified chart of a polymer dispersion-coating process (Fig. 2.1) shows the process and it
resembles substantially a pigment-coating process, but it includes several events that have a
crucial influence on the formation of a uniform film, and on the barrier properties of the coated
substrate (Kimpimaki 1998). This chapter describes the major measures that can be adopted to
optimize the quality and maximize the oil- and grease-barrier properties of the dispersion-

coated board.

A Rewinding
4 .
Cooling
Drying
A (e.g.a
combination

4 Metering of infra-red
— (e.g. blade or dryersand
A Application rod) air-float
of the dryers)
dispersion
Unwinding (e.g.roll
(if off-line applicator)
process)

Figure 2.1 Simplified phases of a dispersion-coating process.

2.1  Formulation of coating dispersions

2.1.1 Synthetic polymer dispersions

The simplest dispersion coatings are plain aqueous dispersions of a synthetic polymer.

However, several dispersion-related factors having an influence on the mechanical and barrier
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properties of the synthetic-polymer-based coating have been recognized. In the case of styrene-
butadiene (SB) latices, for example, the degree of cross-linking, the minimum film formation
temperature and the glass transition temperature (Tg) of the polymer are the main factors that
affect the mechanical properties of the film. A high degree of cross-linking increases e.g. the
strain at break and work at rupture of the latex film, but it has also been suggested that highly
cross-linked latices form less homogeneous films and hence tend to block more easily
(Schumann et al. 2004a). A less homogeneous film does not, however, necessarily mean
impaired barrier properties in the case of a highly cross-linked latex. Moreover, a low glass
transition temperature may cause blocking and sticking problems, but the undeniable benefit of
a low Tg latex is its lesser cracking tendency, which is crucial from the barrier point of view
(Schumann et al. 2004a; Bollstrom et al. 2013). A low Tg also increases the interactions with
both mineral and vegetable oils (Rousu et al. 2002). The addition of paraffin wax has been
reported to reduce the blocking tendency of latex dispersion coatings and to decrease the WVTR
effectively (Schumann et al. 2004b).

2.1.2 Biopolymer-synthetic polymer systems

An increasing environmental awareness has speeded up the wider utilization of biopolymers,
and this can also be seen in the recent advances in dispersion coating. Hydroxypropylated starch
has been successfully investigated as a replacement for the copolymer dispersion of acrylic
ester, styrene and acrylonitrile from the grease-barrier point of view by Tanninen et al. (2014).
An increase in the proportion of starch led, however, to an increase in the curling tendency of
the coated paperboard. It was also found that a small proportion of synthetic polymer in the
coating improves the convertability of the coated board in a press forming process and that the
addition of kaolin had no major influence on the convertability. The oil and grease resistance
of the coated boards was dependent on the coat weight, but surprisingly, above a certain coat
weight a higher coat weight did not provide a better grease barrier. This might be due to poorer
coalescence of the coating, since the film formation process of a synthetic, non-cross-linked
polymer differs substantially from that of gel-like starch, which forms a film even at room
temperature and whose film formation speed is more or less dependent on ambient temperature.
It has also been suggested that a high coating layer thickness impairs the orientation of the
pigment in the dispersion coating layer (Rissa et al. 2000), and that this leads to poorer barrier
properties. Compatibility problems between hydrophilic and hydrophobic polymer dispersions

may explain the poorer barrier properties with higher coat weights reported by Tanninen et al.
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(2014). In pigment coating, the compatibility problems between synthetic binders and bio-based
binders are well-known, and it has been suggested that 30-50% of the synthetic latex can be
replaced without risking the runnability and performance (Oberndorfer and Greenall 2011), but

there is a lack of literature about the use of bio-based binders in dispersion coating.

According to the literature, hydroxypropylated starch has some potential in dispersion-barrier-
coating applications. Hydroxypropylation of starch lowers the oxygen permeability (Roth and
Mehltretter 1967), and also yields more flexible films than other types of commonly used
starches (Tuschhoff 1986). Typically, starch cannot be used without a plasticizer (Mali et al.
2005), and several potential plasticizers for starch have been proposed. For instance, Olsson et
al. (2014b) studied hydroxypropylated starch-based barrier dispersion coatings plasticized with
citric acid with and without the addition of nanoclay. The results showed that the combination
of citric acid and hydroxypropylated starch leads to a low WVTR, probably due to a cross-
linking reaction, but citric acid impairs the barrier properties if nanoclay is present in the
coating. In that case, citric acid should be replaced with poly(ethylene glycol) in order to

maintain a low WVTR.

Bearing in mind that synthetic latex can be partially replaced with a bio-based latex
(Bloembergen et al. 2014) or other biopolymer dispersions (V&ha-Nissi et al. 2011) in pigment
coating applications, it can be expected that the proportion of bio-based components will also
be increased in barrier coating applications in the future. Combining dispersion and extrusion
coatings is another possible future prospect. A recent investigation (Olsson et al. 2014a) showed
that hydroxypropylated-starch-based coatings filled with nanoclay provide competitive multi-
barrier properties and that by coating the dispersion coating layer with extruded polyethylene,

the oxygen transmission rate (OTR) can also be reduced.

2.1.3 Pigmented polymer dispersion barrier coatings

Introducing a mineral filler into the synthetic polymer dispersion improves the runnability of
the coating process, significantly reduces the blocking tendency of the coatings, and ideally
reduces raw material costs without compromising the barrier properties of the coated
paperboard (Vaha-Nissi and Savolainen 1999; Bollstrom et al. 2013). An improvement in the
water vapor barrier properties can be achieved by using a plate-like minerals such as kaolin or

talc together with SB-latex or poly(vinyl alcohol) (PVA), but nanoclay-PVA coatings also
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provide a low WVTR (Schumann et al. 2005b). The improvement is based on the tortuous
structure of the coating layer, lengthening the pathway for penetrants (Zhu et al. 2013), but the
ability of the coating components to absorb oil must also be taken into account, since high oil
absorption improves the oil and grease resistance, and this favors the use of oleophilic pigments
such as talc (Morabito 2004). However, the component that defines the barrier properties of the
dispersion-coated substrate is the polymer component. For instance, a less porous coating can
be obtained by using an anionic SB-latex instead of a weakly cationic dispersion (Finch 2001).
Bollstrom et al. (2013) compared the barrier properties of kaolin-filled styrene-acrylate (SA)
latex, SB-latex, and ethylene acrylic latex, and observed that the addition of kaolin clearly
reduced the WVTR of SA-latex-coated paper, but that the effect of kaolin was not as
pronounced in the presence of SB-latex or ethylene acrylic latex. A pure ethylene acrylic latex
coating was superior to a SA-latex coating as a water vapor barrier. Dual-polymer systems
consisting of a synthetic polymer dispersion and hydroxypropylated starch can also be
pigmented with kaolin without compromising the grease barrier properties (Tanninen et al.
2014).

When formulating a pigmented coating dispersion recipe, the pigment-dependent critical
pigment volume concentration (CPVC) must be taken into account. CPVC is the maximum
concentration of pigment by volume in an aqueous polymer dispersion at which the voids
between the pigment particles remain filled with a polymer dispersion. For instance, a lower
CPVC level has been reported for spherical pigments such as ground calcium carbonate (GCC)
than plate-like pigments such as talc, probably due to flocculation of GCC (V&ha-Nissi and
Savolainen 1999). On the other hand, a small particle size and low shape factor of the pigment
assists in the formation of a densely packed structure, and theoretically this should lead to a
higher CPVC. The results of Bollstrom et al. (2013) indicate that the CPVVC of GCC is almost
20% higher than that of barrier-grade kaolin clay. It is thus evident that the CPVC should be
determined for each pigment to be used as an additive in a coating dispersion in order to obtain
a smooth film. Furthermore, the particle shape is an important property affecting the efficiency
of the barrier dispersion coating. Despite the fact that spherical GCC has a better resistance to
strong folding with low pigmentation levels, the grease resistance of a dispersion coating
containing kaolin or talc is better on a flat or slightly folded surface. Calcinated kaolin, however,

results in a bulky coating with a low grease resistance (VV&ha-Nissi and Savolainen 1999).
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There is evidence that the particle size distribution of the pigment has very little influence on
the barrier properties of a latex/pigment coating, despite the fact that an increase in pigment
concentration reduces the proportion of oil-soluble components in the coatings. Zhu et al.
(2013) found that the barrier properties are dominated mainly by the aspect ratio and the
disorientation of the pigment platelets in the coating, and this finding supports the utilization of
large particles with a high aspect ratio in order to obtain good barrier properties. Pigment
disorientation seems to reduce the tortuosity, and it can be concluded that a key to good barrier

properties is maximized tortuosity.

Finally, the role of dispersants originating from the pigment should not be forgotten. It is widely
known that the migration of surfactants may cause pinholes and irregularities in the coating
layers in a film-forming process (Andersson et al. 2002a) and that sodium-polyacrylate-based
dispersants may cause an uneven spreading of latex films (Nasman 2000), but in the case of
dispersion barrier coatings the role of surfactants should be examined as a unity. There is
evidence that the WVTR of dispersion-coated paperboard increases slightly with high
pigmentation levels, which correlates with the surfactant content, but the presence of a
surfactant may also improve the grease barrier properties of the coated product (V&ha-Nissi and
Savolainen 1999).

2.2  Coating methods

An even coating thickness has typically been considered to result in good barrier properties,
and this favors the use of an air knife or curtain coater instead of the more common blade or
rod coater (Kimpiméki 1998). A blade-coated and an air-knife-doctored coating layer are shown
in Figure 2.2. However, in numerous recent publications, pilot-scale blade coaters have been
successfully used to produce barriers from latex-based systems (Schumann et al. 2005b) and
even from hydroxypropylated-starch-based dispersions (Olsson et al. 2014a; Tanninen et al.
2014). The use of grooved (Rissa et al. 2000; Vaha-Nissi et al. 2006) and wire-wound rods
(Andersson et al. 2002b) for barrier dispersions consisting of synthetic polymers and plate-like
fillers has also been reported. In the pilot-scale manufacture of substrates for functional

materials, curtain and reverse gravure coating methods have been used (Bollstrom et al. 2013).
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Blade coating - smooth surface Air knife coating - even coating layer

Figure 2.2 The difference between a blade-coated and air-knife-coated surface. Film and
rod coating methods provide a compromise between an even surface and a
constant thickness. (Redrawn and modified from Kimpimaki 1998)

There thus appears to be a lot of interest in using the most conventional coating techniques such
as blade and rod for applying a dispersion onto a substrate, but the coatings applied by different
methods have their own unique characteristics. In addition, the presence of pigments affects the
result. The orientation of pigments affects the barrier properties of a dispersion coating, and this
can be studied by e.g. an X-ray diffraction technique (Rissa et al. 2000). Better orientation can
be obtained by reducing the thickness of the coating layer, which indicates that multi-layering
of barrier coatings provides better barrier properties than applying a single thick layer. In the
field of pigment coating, Salminen et al. (2010) and Endres and Tietz (2007) have evaluated
the effects of different coating methods on the structure of the coating layer, and their results
indicated that the choice of coating method has a crucial effect on the structure of the coating
layer. Although good coverage and a uniform coat weight can be obtained with curtain coating,
the orientation of plate-like fillers is poor and the coated surface replicates the substrate
roughness. Poor orientation results in a porous coating layer that is not optimal for barrier
applications due to its low tortuosity, and this supports the use of conventional rod and blade
coaters instead of non-impact coating methods for dispersion coating. On the other hand,
spherical particles may pack densely even if a curtain method is used. The pigment shape,
however, has only a minor effect on the surface smoothness if a blade coater is used (Salminen
2010).

The effects of coating method and coating composition have earlier been studied from the
viewpoint of paperboard glueability in box manufacturing. Ninness et al. (2011) studied the
setting of an aqueous glue on double-coated paperboard that was coated by several different
coating methods, and found that the system by which the pre-coating layer was applied had a
substantial influence on the setting of the adhesive. They also noticed that pigment coatings
metered by a blade were less porous than film-coated or air-knife-coated coatings, but that the
lower porosity did not provide a barrier to the aqueous glue. By taking also the glue penetration

into account, the thickness of the applied glue layer was 141-145 um on substrates that were
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pre-coated with a blade or a rod, but only 61-81 um if the topmost pigment coating layer was
coated with an air knife. This indicates that the porosity of the coating layer is not an important
parameter affecting the penetration of an aqueous glue, and emphasizes the importance of
coating layer thickness, the smoothness of the coating layer, and the volume of capillary pores

(discussed in detail in Chapter 3.1).

2.3 Drying and film formation

Dispersion coatings can be dried by several methods, such as infra-red dryers, air float dryers
and impingement dryers. During drying, the temperature of the substrate rises typically to 80—
130°C, but for latices a crucial factor is the minimum film formation temperature (MFFT)
(Kimpimaki 1998), the temperature at which the polymer particles are able to form a continuous
film via coalescence, which is essential for the barrier properties. The MFFT depends on the
particle size, on Tg, and on the degree of cross-linking of the polymer. The presence of non-
ionic surfactants may also promote the film forming of latices (Backfolk et al. 2006), whereas
the segregation of anionic surfactants disturbs the film forming. Cross-linked polymers have a
higher MFFT than non-cross-linked polymers such as latices (Kimpimaki 1998), suggesting
that more drying capacity is needed if a dispersion containing a biopolymer is used. This is
partly due to typically higher water content of dissolved biopolymers: the water content of a
latex dispersion is typically approx. 50%, whereas a starch solution may contain 70-90% water.
Furthermore, the film formation behavior of starch differs from synthetic polymers. The speed
of film formation can be increased by increasing the drying temperature, which accelerates the
evaporation of water. However, too rapid evaporation may result in blistering of the film, which

destroys its barrier properties.

The wet coating layer undergoes significant transformations during the drying process. During
drying, the water evaporates from the coating layer, leading to packing of the dry matter,
coalescence of synthetic polymers such as latices then results in a honeycomb-like structure,
and infrared dryers assist the fusion of the polymers into a homogeneous film. This yields
improved barrier properties (Andersson 2001) and also improves the mechanical properties
(Sababi et al. 2012) of the latex films. However, the situation is not that simple in the case of a
pigmented dispersion. Binder migration in a clay-starch coating is low when the coated paper
is dried at room temperature, but hot air impingement drying increases the migration of starch

towards the outer surface (Dappen 1950). The movement of latex towards the base paper has
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been shown to increase the proportion of pigment on the surface of the substrate (Kentta et al.
2006), and the narrower the particle size distribution of the pigment the more latex depletion
takes place (Al-Turaif and Bousfield 2005). The coating layer homogeneity can be further
achieved by e.g. pre-coating and calendering (Rissa et al. 2000; Schumann et al. 2004b), i.e. to

give a smoother substrate.

Due to the adhesive nature of a polymeric dispersion coating, blocking of the coated product
may occur if the web temperature is too high after the drying phase, which means that the coated
web should be cooled before rewinding or stacking. Synthetic polymers with a low Tg4 are
particularly challenging with regard to blocking, but the degree of cross-linking or the presence
of functional groups may also affect the blocking tendency of the dispersion-coated board
(Schumann et al. 2004a). Cooling can be carried out by e.g. air cooling or cooling cylinders
placed on each side of the web. It has been suggested that the cooling equipment should lower
the temperature of the coated substrate to 40°C or lower, in order to reduce blocking (Ronka
2010).

2.4 Limiting factors for implementing dispersion coating

Factors that limit the use of dispersion coating can be divided into factors related to the coating
dispersion, factors related to the substrate or factors related to the coating process (Figure 2.3).
Skin formation takes place with latices (Steward et al. 2000), but with bio-based polymers such
as starches and cellulose derivatives the rheological problems are greater. These can be reduced
by decreasing the dry solids content of the coating dispersion. This increases the consumption
of drying energy and makes it difficult to achieve a high coat weight with a single coating layer,
and thus directs towards using pigmented coating dispersions. High viscosity also increases air
entrapment (Kimpimaki 1998), which may cause pinholes in the coating layer. In order to obtain
a smooth coating layer, it is important to optimize the pigment content in order to avoid water
retention problems and excessive streaking. The dynamic water retention of a pigment coating
containing a synthetic latex binder can be improved by introducing a starch-based binder in the
recipe, but this approach may lead to depletion flocculation of pigment and latex particles if the

starch/latex ratio is not optimal (Bloembergen et al. 2014).

The effect of substrate properties on the quality and runnability of a dispersion coating layer

cannot be ignored. Porous substrates tend to absorb the dispersion, which complicates the film
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forming and may lead to a variation in thickness of the coating layer. Minor penetration of the
dispersion into the substrate may be beneficial if the substrate itself has barrier properties
(Kimpimaki 1998), but the principal target must be the formation of an even coating layer if a
barrier material is to be produced. Finally, the coating process should be selected carefully. The
effect of the coating method on the structure of the coating layer has been discussed in detail in
Chapter 2.2, but factors such as the poor performance of the air knife set speed limitations in
pigmented dual-polymer systems (Finch 2001). Typical quality problems originating in the
coating process are drying-related blocking and blistering. The coated web must be sufficiently
dry to avoid blocking problems but too rapid drying may result in blistering e.g. in pigmented
dual-polymer coatings (Karhu 2012), and this problem may be greater if the adhesion of the
coating to the substrate is poor. The occurrence of blistering can also be reduced by using a
more porous substrate, which allows the evaporated water to exit rapidly from the uncoated
side (Vishtal and Retulainen 2012), but most importantly the coalescence of disperse phase
should not begin before the water has been evaporated (Bristow 2016).

The viscosity of biopelymers limits the dry
solids content of the coating dispersion
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Figure 2.3 Typical factors limiting dispersion coating.
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3 BASIC PRINCIPLES OF INTERACTIONS BETWEEN A LIQUID AND A
SUBSTRATE

In the production of oil resistant and repellent coatings, the basic phenomena of wetting and
absorption should be taken into account. The surface roughness and surface energy of the
substrate are the main variables that affect the liquid spreading and wetting kinetics. The first
models that describe wetting-related phenomena are designed for ideal surfaces, but the
heterogeneous composition and roughness of fiber-based products mean that the basic models
are inadequate. These products often have a complex porous structure, which can be described
as a network of randomly distributed capillaries. The basic requisite for wetting is that the liquid
spreads over the entire surface. Wetting always occurs when the contact angle is less than 90°
(Figure 3.1), and the force balance between adhesive and cohesive forces determine the
wettability of a material. Strong adhesion and weak cohesion are required for a low surface
tension and small contact angle, leading to rapid wetting. In addition, the difference in solubility
parameter between the liquid and the coating affects the liquid-substrate interaction, as in the

case of biopolymers that may dissolve in edible oils.

;0°<C(<90° a290° a>120°

Figure 3.1 The adhesive forces between the liquid and the surface determine the liquid
contact angle and the contact surface area. A liquid drop spreads out to increase
the contact surface on an omniphilic surface, but on an omniphobic surface (i.e.
surface repels both polar and apolar liquids), the droplet contracts and the
contact area with the substrate decreases.

3.1  Fundamentals of absorption and wetting

The contact angle is a quantitative measure of the wetting of a solid by a liquid, providing
information about both wetting and spreading. The contact angle is defined geometrically as
the angle formed at the intersection of a liquid, solid and gas. The contact angle of a sessile

droplet on an ideal solid surface can be described by Young’s equation (Eg. 1), which describes
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the shape of the drop at the liquid-solid-vapor three-phase contact line under thermodynamic

equilibrium:

Ogy =0g +7,COS Oy 1),

where 6s. is the contact angle between the solid and the liquid, i.e. the intrinsic contact angle.
osv and os are the surface energies at the solid-vapor and solid-liquid interfaces, and yLv is the

surface tension at the liquid-vapor interface (De Gennes et al. 2004).

For rough substrates such as paper and paperboard, Wenzel’s roughness correction (Eq. 2) can
be used if the substrate is hydrophilic (CA < 90°) (Wenzel 1936). The equation establishes that
the relationship between the measured contact angle (6m) and the roughness-corrected angle
(6c) on an ideal smooth surface may be written as:

c0s6,, = r cosf, 2
where r is the topographical correction factor. This factor can be calculated from the S
roughness parameter, which is the ratio between the interfacial and projected areas and can be
measured e.g. with an AFM:

r =1+ (S;,/100) 3)

The same approach have also been utilized for e.g. linseed and mineral oils on calcite surfaces
(Koivula et al. 2011).

3.2  Liquid penetration into fiber-based substrates
The penetration of a single drop into paper can be described with Bikerman’s equation:

d3 (24 sin30)

—= (4)

v (m(2-3 cosB+cos30))
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This equation makes it possible to calculate the volume of unpenetrated liquid v from the drop
profile using the contact angle 6 and the diameter d of a droplet. The actual volume of penetrated
liquid is determined by subtracting the unpenetrated volume at any point in time from the drop’s
initial volume (Oliver and Forsyth 1990).

Liquid sorption into a fiber-based substrate is commonly described by the Lucas-Washburn

equation (Eqg. 5):
h? = (%) YLy COS O (5)

This equation considers the surface as a bundle of parallel capillaries having a certain diameter
r and gives the penetration depth h at time t for a liquid with a surface tension yLy, viscosity 7

and contact angle 6 on the substrate.

However, the Lucas-Washburn equation does not take into account the swelling of the substrate.
Bristow (1971) and Bristow (1972) showed that the fibers absorb the water first and swell, after
which the pores are filled. The penetration of water into the fibers thus determines the total
sorption volume, but the transport of water in the pores is affected by several factors such as
vapor diffusion, surface diffusion and water penetration into fibers. For instance, hardwood
fibers absorb less water than softwood fibers (Dutt et al. 2012). Therefore, Hoyland (1978)

developed a model that includes a correction factor for fiber swelling (Eq. 6):

x = /—WLVC";:“*’*) — KAZ (6)

where tx is wetting delay, K is a constant, and 4Z is the increase in thickness at time t. This
model has some weaknesses (Eklund and Salminen 1987), but it confirms that the swelling of

paper affects the liquid sorption.

Particularly in the case of coated papers, the pore size must also be taken into account when the
wetting is considered, because the Lucas-Washburn equation is not scalable with respect to pore
size (Schoelkopf et al. 2002). A large number of small pores may result in a faster absorption

than large pores. This is ascribed to a greater number of possible pathways for the liquid to
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penetrate into. The reason for the accelerated absorption is inertial forces that develop soon
after the liquid is applied, but this is probably not relevant in the case of barrier materials,
although it may affect the setting of aqueous glue layers on pigment-coated substrates (Ninness
et al. 2011) or e.g. in printing applications. The short time-scale solution of the Bosanquet

equation (Eq. 7):

2yLy cos 6
rp

x=t

U]

makes it possible to study the effect of inertia, giving a more realistic image of the wetting-
related phenomena on a coated substrate. Liquid viscosity becomes insignificant in inertial
flow, but the travelled distance is inversely proportional to the fluid density p (Schoelkopf et
al. 2000). It has, however, been suggested that the full Bosanquet equation describes the liquid
penetration better in the time range 10 3s<t < 1 s, and that the short time-scale solution should

only be used on an even shorter time scale (t < 10°® s) (Rosenholm 2015).

Finally, it must be mentioned that complex fluids such as oil-water emulsions may have
completely different wetting and absorption properties. Preferential absorption may alter the
surface energy of the substrate or one component of the fluid may clog the capillary structure,
and both these effects undoubtedly affect the fluid penetration (Rojas 2009). Bearing in mind
that the chemical and physical structures of a paper are heterogeneous, it is extremely difficult
to describe accurately the wetting-related phenomena with models and an empirical study is

often the most informative approach if neither the liquid nor the solid is homogeneous.

3.3  Effect of surface roughness and liquid viscosity

The surface roughness is an important parameter affecting the wetting behavior of oil, since the
asperities of a rough surface may retard liquid spreading. Prabhu et al. (2009) studied the
wetting kinetics of several different types of oils, including a mineral oil and vegetable oils, on
stainless steel surfaces. Oils with a low viscosity spread rapidly, whereas a high viscosity
retarded spreading. Furthermore, the time of oil relaxation increased with increasing surface
roughness, since the presence of asperities on the surface require a larger driving force if the oil

is to be able to spread.
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The viscosity of an oil is highly dependent on its temperature (Noureddini et al. 1992; Esteban
et al. 2012), and this is an important factor affecting the ability of the oil to penetrate into a
material, at least over longer time intervals than the models presented in Chapter 3.2
demonstrate. The oil diffusion rate is smaller if the viscosity is high (Rousu et al. 2002). Khan
and Nasef (2009) stated that the wetting kinetics of an oil depend its surface tension and
viscosity, but Prabhu et al. (2009) also emphasized the significance of surface roughness. The
recorded contact angles of silicone oil and glycerol were higher on rough surfaces at the
beginning of the measurement, although the difference in contact angles decreased as time
passed by. However, both silicone oil and glycerol are not only rather viscous liquids but also
non-volatile compounds, and they are thus not similar to typical probe liquids used for e.g.
surface energy determinations. For instance, the results of Kandlikar and Steinke (2002) suggest
that an increase in roughness leads to a larger contact angle if the liquid evaporates during the

determination.
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4 OIL AND GREASE RESISTANCE

The hydrophilicity of cellulose makes it primarily an interesting raw material for use in
preventing the penetration of hydrophobic liquids such as oils. The process for manufacturing
parchment paper — a high-strength grease-resistant specialty packaging paper — was developed
in the 1850s and other types of greaseproof papers have later come onto the market (Gaine
1853). In the manufacture of parchment, a kraft pulp-based web is treated with sulfuric acid
that partly dissolves the cellulose and increases the fiber contacts, resulting in a dense paper
with excellent wet strength (Twede et al. 2015). The first greaseproof coatings for fiber-based
substrates were patented at the beginning of the 20th century. The coatings typically consisted
of resin-based solutions (Staples et al. 1899), blends of cassava and wax (Mills 1908) or

mixtures of bio-based substances such as blends of gelatin and coconut oil (Wilbur 1923).

The grammage of greaseproof specialty papers is typically low, and the lack of bulk impedes
converting thereof. Therefore, surface sizing and coating have become the most widely used
methods to produce barrier-grade paperboards. The two basic strategies to affect the oil
diffusion into a fiber-based substrate are (i.) the creation of a low energy surface that is
thermodynamically capable of repelling the oil or (ii.) the creation of a tortuous physical barrier
(Aulin et al. 2008). In addition, the fiber composition affects the oil penetration speed (Dutt et
al. 2012).

4.1  Oil repellence — physico-chemical approach

Surfaces with a very low surface energy effectively repel oils. In practice, only treatment with
fluorocompounds can provide a sufficiently low surface energy, but the use of these compounds
in the creation of oil-repellent surfaces is nowadays limited due to concerns such as poor
biodegradability, potential toxicity and accumulation in human tissue (Giesy 2002; Shankar et
al. 2001; Yeung et al. 2006). Aulin et al. (2008) found a correlation between the fluorine
concentration, the dispersive surface energy and the contact angle of oil on fluorinated
cellulosic films. Both coated and covalently modified films were studied. Their findings
showed that the dispersive surface energy should be less than 18 mN/m in order to make the
film repellent for castor oil. The fluorochemical can also be added to the furnish in the

papermaking process (Perng and Wang 2012), but the distribution of the fluorocompound on
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the surface of a fiber can be uneven (Brinen and Proverb 1991), and coating is therefore a more

effective way of achieving even coverage.

4.2 Oil resistance — physical barrier

Liquid penetration into a substrate can be described by several models (see Chapter 3.2), but
modelling the barrier properties of a polymeric coating containing a pigment requires a new
approach. Polymer coatings have primarily been used as physical barriers, but most of the
coatings are at least slightly permeable due to amorphous regions in the coating, and this limits
their applicability for high barrier applications.

The barrier properties of a polymeric coating can thus be improved by e.g. adding a filler or
increasing the degree of crystallinity of the polymer film (Hedenqvist and Gedde 1996), both
of which increase the proportion of impermeable matrix in the coating. Biopolymer films and
coatings are, however, often more permeable, and the utilization of a filler may lead to a
substantial increase in barrier properties, probably due to the joint effect of increased tortuosity
and the oil absorption capacity of the coating, especially if the mineral is oleophilic (Morabito
2004). At the same time, the penetration of oil into a latex-coated substrate is often a diffusion
process, which is slower than capillary absorption (Rousu et al. 2002). This indicates that
diffusion-related chemical interactions cannot be neglected and the penetration is highly
dependent on the type of latex and its solubility parameter, the oil solubility parameter (aromatic
mineral oil > linseed oil > rapeseed oil) and also the molecular size and viscosity of the oil
(Rousu et al. 2002).

In the field of dispersion coating, the addition of a high aspect ratio inorganic mineral to a
mixture of hydroxypropylated starch and a synthetic polymer has been reported to improve the
grease resistance of the coating (Tanninen et al. 2014). Zou et al. (2007) have studied latex-
filler systems and found differences between different types of kaolins and calcium carbonates.
It has been found that the aspect ratio of the mineral has a significant effect on the barrier
properties, including grease resistance, and also that a high oil absorbency of the filler may
impair the grease resistance of the coating. However, that suggestion should be questioned,
since there is evidence that talc, which is an oleophilic mineral, provides better grease resistance

than e.g. kaolin for water-based coatings (Wuu and Rabot 2009). There is also evidence that
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the water sensitivity of talc-based coatings is dependent on the presence of water-soluble

polymers such as CMC and starch in the recipe (Carne 1997).

4.3  Effect of base substrate on oil penetration

Several factors including the composition of the furnish, the structure of the fiber network and
the degree of refining of the pulp affect the greaseproof properties of a fiber-based substrate.
Softwood fibers provide higher Kit-values than hardwood fibers, indicating a better grease
barrier, although hardwood fibers absorb less water. A correlation between a low Kit-value and
high air permeability has been found (Perng and Wang 2012). There is also evidence that
blending softwood and hardwood fibers leads to improved greaseproofness. At the same time,
it has been shown that fillers in paper are detrimental to the greaseproofness if its grease
resistance is based only on a physical barrier, indicating that the use of pigments should be
limited to the coating layers. Special attention should be paid to the selection of wet-end
additives, since e.g. cationic starch improves the greaseproofness more than ethylated or soluble
starches (Perng and Wang 2012). Dutt et al. (2012) have also shown that a minor decrease in
the rate of castor oil penetration can be obtained if the stock contains NaHCO3, regardless of

whether the stock contains hardwood or softwood pulp.

4.4  Effect of fatty acid composition on oil penetration

The blending of vegetable oils has been reported to have certain food-technological benefits
instead of using only one oil in the frying process (De Marco et al. 2007). In addition, a recent
trend in the food industry has been to replace trans fats with unsaturated fats. Since the most
widely used unsaturated fats are not solid at room temperature, packaging materials with better
grease resistance are required in order to avoid staining of the package (Twede et al. 2015).
Although staining is mainly a cosmetic problem, it is linked to the performance of the packaging
material (Lange et al. 2002). Bearing in mind that the food may contain not only the frying oil
but also fatty acids originating from the food itself, it is important to study the interactions
between the packaging material and different oil blends. Vegetable oils are non-polar or slightly
polar compounds, consisting mostly of triglycerides, which are esters of glycerol and fatty acids
(O’Brien 1995; Pykdnen et al. 2010), and the ratio of saturated to unsaturated fatty acids vary
between different vegetable oils. Fatty acids containing double bonds in their alkyl chain are
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called unsaturated fatty acids, whereas saturated fats are free from double bonds. The carbon

chain of a saturated fatty acid is usually longer than that of an unsaturated fatty acid.

Earlier studies have shown that the penetration time of vegetable oils into a barrier-coated
packaging material varies depending on oil type. Both a longer carbon chain length and a greater
degree of saturation lead to faster sorption into an extruded polyethylene coating, but there is
also evidence that additional double bonds in a certain position of the carbon chain reduce the
diffusion rate through a polymer matrix (Olafsson and Hildingsson 1995). Another study that
compared the penetration of peanut butter (peanut oil) and canola oil (lower proportion of
saturated fatty acids than peanut oil) through a substrate with a UV-cured coating suggested
that canola oil penetrates faster than peanut oil (Ramsey 2012). This finding not only illustrates
the difference in diffusion of different types of oils, but also emphasizes the role of the coating.
Furthermore, the penetration of a fat blend differs from that of a single-component fat. For
instance, a mixture of pork and poultry fat penetrates faster through a polyethylene-coated

paperboard than pure poultry fat (Lange et al. 2002).
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5 OIL AND GREASE BARRIER PROPERTIES OF CONVERTED PAPERS AND
BOARDS

Hybrid printing, where digital printing methods are used together with conventional methods
for printing customized information and creating small details in packages, is of great interest
(Vistrom 2008). At the same time, adhesion problems between a film and a fiber-based substrate
are often reduced by modifying the surface energy levels by corona or plasma treatment. These
treatments may increase the number of corona exposures to which the substrate is exposed
during its manufacturing and finishing processes. Since corona discharge modifies the surface
properties, which in turn alters the wetting-related phenomena, there is obviously a need to
discuss the effects of corona treatment on barrier properties of packaging materials.
Furthermore, the effects of mechanical converting on barrier properties should be taken into

account when discussing the oil and grease resistance of packaging materials.

5.1 Fundamentals of surface treatment of fiber-based substrates with corona

Corona treatment is a common way of pretreating paper and paperboard products to modify the
surface of the substrate by high energy ions such as O", COs’, O3™ created by a negative discharge
(Shahin 1969) and HO.*", NoH* and (H30)*-(H20), created by a positive discharge (Shahin
1966). The high-polarity species affect the surface energy, which leads to several benefits such
as improved heat-sealing properties of packaging materials, better adhesion of a polymer film
onto a paperboard and enhanced printability of the substrate by decreasing ink spreading and
improving ink adhesion (Lahti and Tuominen 2007; Mesic et al. 2005; Vyorykké et al. 2011).

Corona treatment has been reported to increase the roughness of pigment-coated papers
(Pykdnen 2010), but plastic films behave differently. The change can be only very small or the
film may even become smoother (F6ldes et al. 2000; Strobel et al. 2003). A rougher surface
retards or reduces the spreading of oils, since a greater driving force is required for the liquid
to be able to overcome the surface asperities (Khan and Nasef 2009; Prabhu et al. 2009). As
stated in Chapter 3.3, roughness is one factor that affects the wetting kinetics, but it must be
remembered that the mechanism preventing the diffusion of liquid is based on a physical barrier
in the case of polymeric films, and hence the barrier properties cannot be judged merely from

the liquid-spreading kinetics.
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The chemical compositions of the substrate and its coatings have a substantial influence on
corona-induced charging and polarization behavior. Although cellulose is the component that
determines the polarizability of a paper-based substrate (Sidaravicius et al. 2013), the effect of
other substances in the paper or paperboard on the polarization cannot be ignored. The dielectric
constant and dielectric losses define the polarizability of a material and strong polarization takes
place if the conductivity is high due to the presence of ions. Furthermore, the relative humidity
has a significant effect on the dielectric properties of a coated paper (Simula et al. 1999,
Backfolk et al. 2010). The oxidation potential of a material depends on the amount of hydroxyl
groups (-OH). The oxidation of certain fillers such as talc is thus difficult due to a small number
of -OH groups, but biopolymers such as cellulose have a high number of -OH groups, and this
assists polarization. However, the matter is not completely black-and-white, since there are
differences between inorganic minerals. The polarizability of talc in paper has been reported to
be lower than that of kaolin clay, that contains more -OH groups than talc, or calcium carbonate
(Sidaravicius et al. 2013), which confirms the inert nature of talc and indicates that it is a less
electrically conductive mineral. The polarizability of inorganic minerals is substantially lower
than that of synthetic latices (Pykdnen 2010).

Coated papers generally have a higher charge acceptance than uncoated grades, and there is a
material-dependent limiting value for the charging potential, above which the charging
potential does not increase further with increasing corona voltage (Sirvio et al. 2009). Since the
fiber-based bulk matrix has a lower electrical conductivity than a pigment coating, it can be
assumed that an increase in the electrical conductivity of the coating layer decreases the overall
charging capability of a corona discharge (Backfolk et al. 2010). From the viewpoint of a
dispersion coating containing a pigment, this may suggest that an increase in the proportion of
pigment in the coating layer will decrease the degree of bulk treatment, leading to greater

changes in the coating layer.

5.2 Over-treatment and reverse-side effects

A typical challenge in corona treatment is to achieve the desired treatment level without
harming the usability of the substrate. Over-treatment may cause e.g. surface delamination,
problems in ink-substrate interactions and poorer heat-sealability, and this means that the
treatment level should be optimized separately for each substrate. In addition, an increase in the

intensity of reverse-side effects (sometimes also referred to backside treatment) can also be
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seen (Wolf 2007). The origin of the reverse-side effects is shown in Figure 5.1, where the air
trapped between the backing roll and the reverse side of the substrate becomes ionized due to
either corona strike through or substrate porosity, leading to the passage of the corona discharge
to the reverse side (Cernakova et al. 2006; VVaénanen et al. 2010). Rough or wrinkled substrates

are particularly problematic (Wolf 2007).

The amount of applied energy remains constant whether or not reverse-side effects occur, and
hence there will be a reduction in the treatment level on the top side while the reverse side
becomes treated. If the reverse side also becomes treated, it is reasonable to expect that the
blocking and picking tendency of the material may increase (Wolf 2007; Lindell et al. 2011),
the first of which is controllable by adding a mineral filler to the top coating (Kugge and
Johnson 2008).
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Figure 5.1 The mechanism of reverse-side corona treatment on a rough, porous substrate.

5.3  Effect of corona treatment on barrier properties

The effect of the intensity of corona treatment on the barrier properties of a substrate is an
important topic for several reasons. Surface charging and polarization increase with increasing
treatment level, but simultaneously the prevalence of strike through increases (Cernakova et al.
2006) and the fibers may even become damaged by pinholing (Vander Vielen and Ragauskas

2002). Strike through occurs when the voltage of the corona discharge is sufficiently high to
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change the electrical conductivity of the substrate or of a part of it, leading to rapid gas or liquid
penetration. Despite of potential harmfulness of corona treatment to barrier properties, only a
limited number of studies of this topic have been reported. Schumann et al. (2005a) observed
that the intense corona treatment of a latex-based dispersion coating resulted in an increase in
WVTR, indicating a loss of barrier properties. Plasma treatment did not impair the water vapor
barrier. The results of Hirvikorpi et al. (2010) nevertheless question the detrimental effect of a
corona discharge. In fact, it was shown that the WV TR of extrusion-coated boards might even
decrease after the substrate had been corona treated, which suggests that corona can induce self-
healing. Both these findings emphasize that the power level must be optimized for each
substrate separately, and suggest that there are coating-related particularities that define the
corona-induced alterations in barrier properties. Together with the coating composition, the
thickness of the coating layer is an important parameter that affects its sensitivity to corona
treatment (Bollstrom et al. 2011).

In addition to surface-related changes, alterations in internal wetting may occur. This problem
is emphasized with porous substrates and is linked to the reverse side effects, discussed in
Chapter 5.2. Internal treatment occurs when the ions that arise from the corona treatment
penetrate into the porous matrix. Furthermore, a secondary corona discharge can take place in
the pores, and this may affect the liquid penetration (Galanti et al. 2012; VVaananen et al. 2010).

Finally, there is a particularly interesting feature in the interaction between oils and corona-
treated surfaces. Pykonen et al. (2010) studied offset ink components and showed that the
contact angle of mineral oil (hydrocarbons) on a pigment-coated paper remains unchanged after
corona treatment, but a minor decrease in the contact angle of linseed oil (ester) was detected.
This finding suggests that it is important to study the vegetable oil wetting behavior as a
function of time on corona-treated packaging materials in detail, since there seem to be

differences in wetting kinetics.

5.4  Effects of mechanical converting on the barrier properties of biopolymer-coated

paperboards

The tendency of biopolymer coatings to crack under mechanical forces is often quite high
compared to that of plastic extrusion coatings. In press-forming process, the cracks mostly

occur in the corner areas of produced trays due to the geometry, and the occurrence of cracks
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is highly dependent on the mould temperature (Tanninen et al. 2014). Tanninen et al. (2015)
studied the creasability of HPS-based dispersion coatings by evaluating the microcracks with
microscopic methods, and they found that the creasing force must be 30% lower than with
extrusion coatings in order to obtain the required quality of the creases. Both die-cutting and
creasing processes also led to pinholes in the bio-based coatings, and this destroyed the grease-
barrier properties of the materials. On the other hand, selecting a straight creasing groove
instead of a conical one and avoiding the use of worn grooves decreased the prevalence of
pinholes. Similar results with HPS have also been published by Annushko (2013), who found
that a high content of gelatin moderately compensates for the negative effect of creasing on
grease resistance. Gogoleva (2013) studied the grease resistance of creased paperboards with
cellulose-derivative-based coatings, and found that the creased area has no ability to resist
grease. Machine-directional creases damaged the coating severely, but faster grease penetration
was also recorded on cross-directional creases. In the region where a machine-directional and
a cross-directional crease cross each other, the grease penetration time was similar to that of a

machine-directional crease.
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6 MATERIALS AND METHODS

The experimental methods and materials used in the work described in this thesis are

summarized in this chapter. More detailed descriptions are given in Papers I-VI. The

generalized targets, the research questions and the compositions of the studied coatings are

presented in Table 6.1.

Table 6.1 The experimental design of the studies presented in Papers 1-VI.
Paper | Paper 11 Paper 111 Paper 1V Paper V Paper VI
Target To clarifythe  To study Presentation ~ To clarifythe  To study the To study the
heat-induced  grease of a novel corona- occurrence of  effects of
effects in penetration and easily induced reverse side press forming
dispersion with blended  controllable  alterations in  effects and on OGR?
coatings oils lab-method dispersion their influence
for CT? coatings on OGR?
Research  How does Differences in  Applicability Does corona Do reverse How does
question heat exposure  the of modified  treatment side effects converting
alter the penetration of BAAS3 impair the impair the affect the
OGR?? fatty acids? OGR?? OGR?? OGR%?
Barrier HPS HPS @ HPS HPS HPC
dispersion  SB-latex SB-latex SB-latex SB-latex SB-latex
Talc Talc Talc Talc Talc
Gelatin
Pre- - - - - - CMC
coating ® Gelatin
MFC
Number Double- Double- @ Double- Double-coated  Double-
of coating  coated coated coated coated (+pre-
layers coating)
! CT - corona treatment
2 OGR - oil and grease resistance
8 BAA - Bristow absorption apparatus
@ The applicability of the method was confirmed by testing multi-layered polyelectrolyte coatings
designed for printing purposes
® The addition of a pre-coating layer with one barrier dispersion was studied in order to maximize

convertability in a press-forming process

6.1

Coating process and substrate

In Papers I-11 and IV-V, the smoother side (Bendtsen roughness was 880 ml/min; rougher side

had a roughness of 1140 ml/min) of SBS paperboard sheets (Trayforma Natura, Stora Enso

Oyj, Imatra, Finland) with a grammage of 350 g/m? were double-coated with a regular bent-
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blade in a pilot coater (DT Paper Sciences, Finland) at a speed of 10 m/min. The targeted coat
weight was 8 g/m? (4 g/m?/layer). Coated samples were dried with an infrared dryer with a
heating power of 6 kW. The distance between the dryer and the coated substrate was approx. 8
cm. The drying time was 9-12 seconds, depending on the proportion of pigment in the coating
dispersion. In Paper VI, the same paperboard was double-coated in a web mode with a carbide-
tipped bent-blade. The targeted coat weight was 5 g/m?/layer. An additional infrared-dryer (2
kW) was positioned after an air dryer in order to increase the drying capacity. The effect of an

additional pre-coating layer (2 g/m?) was also studied in Paper V1.

6.2  Coating dispersions

In Papers I-1l and IV=V, dispersion barrier coatings containing pigments were prepared using
barrier-grade talc (Finntalc C15B, Mondo Minerals B. V., Finland) with a mean aspect ratio of
0.6 and an average particle size of 11 um (bimodal particle size distribution), low-viscous
potato-based hydroxypropylated starch (Solcoat P55, Solam GmbH, Germany) and styrene-
butadiene latex (SBi; Styron HPW-184, Styron Europe GmbH). The glass transition
temperature of the latex was -9°C, and the mean particle size was 160 nm. The dispersions
contained 0-30 pph of talc and 0-10 pph of latex. The latex amount was calculated in relation
to the total dry mass of the other components, talc and starch. All the dispersions were prepared
using a Diaf mixer (Pilvad Diaf, Denmark), and the dry solids content was adjusted to 16.5 wt%
with tap water. The dispersions used in Paper VI were prepared in the same way, but the
hydroxypropylated starch was replaced with hydroxypropyl cellulose (Klucel J-Ind, Ashland),
the SB-latex used was Styronal D517 (SB2; BASF GmbH), and the dry solids content of the
dispersion was 12%. In addition, 0-5 pph of gelatin (Meira, Finland) was added to the
dispersion in order to reduce the brittleness of the coating layer. The effect of a CMC-based
(Finnfix 30, CP Kelco Oy, Finland) pre-coating layer (2 g/m?) was also studied. The dispersion

recipes are shown in Table 6.2.

Table 6.2 Barrier dispersion recipes.
Biopolymer Synthetic polymer Pigment
Paper | HPS (70-100 pph) SB1 (0-10 pph) Talc (0-30 pph)
Paper Il HPS (70-100 pph) SBs (0-10 pph) Talc (0-30 pph)
Paper I11 Dispersion coating was not studied
Paper IV HPS (70-100 pph) SB1 (0-10 pph) Talc (0-30 pph)
Paper V HPS (70-100 pph) SB1 (0-10 pph) Talc (0-30 pph)

Paper VI HPC (70-100 pph) SB; (0-10 pph) Talc (0-30 pph)
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6.3  Corona treatment and chemical composition of coated surfaces
6.3.1 Design of the corona treatment apparatus

The objective of Paper 111 was to develop a laboratory-scale apparatus for treating substrates
with corona in a controllable manner and to apply ink at velocities relevant to desktop printing.
A Bristow Absorption Apparatus was equipped with a corona charger as shown in Figure 6.1.
The unit allows both direct current and alternating current (plasma) treatments, although only
direct current corona was used in this work. In Papers IV-V, direct current corona was used
with positive and negative voltage polarities. The treatment was carried out in a manner similar
to the regular Bristow method (Bristow 1967), except that no test liquid was used in the
experiments in Papers IV=V. The treatment level, which depends on the corona voltage,
distance and wheel rotation rate, was evaluated as the corona current energy flow through the
paper in W*min/m?, and ranged from -400 to +400 W*min/m?. Both coated and uncoated sides
were treated. Unusually high treatment levels were chosen, since preliminary trials showed only
a very minor effect on surface energy with a treatment efficiency typical of industrial converting

processes (approx. 50 W*min/m?, Tuominen et al. 2010).

MEASUREMENT PRINCIPLE
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Figure 6.1 Schematic illustration of measurement principle using the modified Bristow
wheel. Reprinted with permission of IS&T: The Society for Imaging Science
and Technology sole copyright owners of NIP30: International Conference on
Digital Printing Technologies and Digital Fabrication 2014.

6.3.2 Chemical analysis of the surfaces

In order to study the effects of heat treatment (two minutes at 100°C; for details, see Paper 1)
and corona treatment (for details, see Papers IV-V) on the chemical composition of the
surfaces, the samples were analyzed using X-ray photoelectron spectroscopy (XPS, Axis
ULTRA, Kratos Analytical) with low-power monochromated Al Ko irradiation (at 100W)
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under neutralization. Low-resolution survey scans (80 eV pass energy, 1 eV step) were used to
determine the elemental surface composition, and high-resolution C 1s regions were recorded
to obtain more detailed chemical information, especially with regard to the carbon compounds
observed. The area of analysis was 400 um x 800 um and each sample was analyzed at 3-5

locations.

6.4  Preparation of oil blends and their characterization

The objective of Paper 11 was to clarify the effect of oil fatty acid composition on the penetration
of the oil into dispersion-coated boards using mixtures of saturated (coconut oil) and
unsaturated (rapeseed oil) oils. Both rapeseed and coconut oil were preheated in an oven at
60°C before being carefully mixed. To avoid solidification of the coconut oil, the oil mixtures

were stored at 60°C. The compositions of the oil mixtures are shown in Table 6.3.

Table 6.3 Ratios of saturated and unsaturated fats in coconut and rapeseed oil, and the
compositions (pph) of the oil blends.
Qil No.
1 2 3 4 5 6
Coconut oil, [pph] 00 146 384 622 86.0 100.0

Rapeseed oil, [pph] 1000 854 615 378 140 00
Saturated fat, [pph] 7.5 20 40 60 80 91.8
Unsaturated fat, [pph] 92.5 80 60 40 20 8.2

The surface tensions of the oils were determined with a Theta optical tensiometer (Biolin
Scientific AB) at 25°C using a needle with a gauge of 30, the drop size being 6.70 pl, and an
average value of five independent measurements was reported. The dynamic viscosities of the
vegetable oil blends were measured with a Rheometer (Anton Paar Modular Compact
Rheometer, MCR 302). In the measurements, a standardized double gap DG 26.7/T200
measurement cylinder was used. The viscosities were measured using shear rates in the range
of 10-1000 s the temperature being 60°C, which was the same as the ambient temperature in

the grease resistance determinations.

6.5  Contact angle and surface free energy determinations

Apparent contact angles were determined with a Theta optical tensiometer (Biolin Scientific
AB) using deionised water, 99.8% ethylene glycol (EG, VWR S.A.S. International, France),
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99% diiodomethane (DIM, Alfa-Aesar GmbH & Co KG, Germany) and rapeseed oil (Bunge
Finland Oy) as test liquids. The droplet volumes were 3 pul for deionised water and EG, 1 pl for
DIM, and 5 pul for rapeseed oil. A needle of 22 gauge was used for all the liquids except the
rapeseed oil, which was dispensed with a 30-gauge needle. A 420 Hz camera (Basler A602F-2
with Navitar optics) was used to capture images of the drop dispensed on the substrate. Digital
images were analyzed with the OneAttension image tool. The baseline was set manually in all
cases. The surface energies were calculated from the contact angle data of DIM, EG, and water
using the Lewis acid-base approach. The average values of three independent measurements

were reported.

6.6 Imaging methods

6.6.1 Coating coverage and study of sealing surfaces

Scanning electron microscopy (SEM) was used to study coating coverage and the possible
occurrence of pinholes or blisters in the coatings. In Paper I, SEM images were taken using the
composition mode (COMPO) at an acceleration voltage of 10 kV with a working distance of
10.7-14 mm. In Paper VI, the surfaces of the samples were imaged with a Jeiotech JEOLISM-
5800 SEM using a secondary SEI-detector with an acceleration voltage of 15 kV. In addition,
the sealing surfaces of the trays (for details, see Leminen et al. 2015) were investigated with a
stereomicroscope in order to compare the creases on the commercial PET-coated reference

sample with those on the experimental paperboard.

The smoothness of the coated surface was also evaluated with an optical profilometer
(Rodenstock RM-600-S) in accordance with 1ISO 25178.

6.6.2 Physico-chemical analyses with an atomic force microscope

In Paper I, atomic force microscopy (AFM) measurements were made in the PeakForce QNM
scanning probe mode (Bruker Multimode 8, Bruker Corp.). The samples were tested in-situ
before, during and after heat treatment at 95°C. Stiff probes with a spring constant of 42 N/m
and a tip radius of 10 nm were used. The sample was heated in 1.5°C steps with a temperature
equilibration time of 5 min. The measurement area was 8 x 8 um and topography, DMT

modulus, and adhesion images were taken. In Paper IV, the Sneddon modulus was also
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investigated under ambient conditions (25 + 3°C; 40 + 10% RH). The roughness parameters

used for correcting the contact angles were calculated from three independent measurements.

6.6.3 Oil penetration studies with a confocal laser scanning microscope

The objective of Paper Il was to study the differences in penetration between saturated and
unsaturated fatty acids. Confocal laser scanning microscope (CLSM, Leica TCS SP5 AOBS,
Germany) images were used to characterize the microstructure of the coated paperboards and
to study the oil penetration as a function of time (imaging interval 10 s). A PL APO objective
with a magnification of 10x and a numerical aperture of 0.40 was used throughout the study.
The light source was an argon laser with an emission maximum at 488 nm. The emitted signals
were recorded in the wavelength interval of 500-650 nm. The microstructure of the coated
samples was recorded by utilizing the autofluorescent signal of the fibers. The oil penetration
was made visible by mixing 200 ppm fatty acid BODIPY FL C16 (Invitrogen Molecular Probes,

Eugene, Oregon, USA), into the rapeseed and coconut oils.

In the measurement, a 10 mm wide sample was attached to a cover glass slide with an adhesive
so that the cross-section of the coated paperboard was facing the objective. Oil was added to
one side of the coated paperboard, which made it possible to record the oil penetration through
the coated sample. Fluorescence recovery after photobleaching (FRAP) measurements were
carried out and analyzed as described elsewhere (Schuster et al. 2014). The imaging allowed

the determination of the mass transport (diffusion coefficients for oils) at high spatial resolution.

6.7  Oil and grease resistance

In Papers I-11 and IV-VI, the oil and grease resistance were determined using dyed palm kernel
oil in accordance with 1SO 16532-1 at 60°C. The volume of pipetted oil was approx. 200 pl
and only the coated sides of the samples were tested. In order to investigate how temperature
affects the grease resistance, the test was carried out at both room temperature (23 + 1°C) and
an elevated temperature (100°C) (Paper I). The chosen temperatures simulated dry food storage
at room temperature and end-use applications in which the packaging material is used for
serving hot food or as a tray in a microwave oven. In Paper 11, the determination was carried

out at 60°C using the oil mixtures presented in Table 6.3.
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In Paper VI, the effect of the press-forming process on the barrier properties was investigated
by determining the oil resistance at the tray corners at 60°C (Figure 6.2). The corner area was
considered the most demanding region in the tray from the viewpoint of grease barrier due to
its curved shape and large number of creases. In the experiment, the tray was positioned at an
angle of 45°, and 200 ul of dyed palm kernel oil was injected into the corner. The shape of the
area to be measured prevented the use of the standard weight. Additional data of the oil and
grease resistance on manually creased areas (convergence of machine- and cross-directional
creases, made by a Fastbind C400 creaser, Fastbind International, Finland) is reported in
Chapter 7.4.1.

Figure 6.2 Positioning of trays in OGR testing (left) and a close-up of an oil stain at a tray
corner.
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7 RESULTS AND DISCUSSION

7.1  Oil and grease resistance of non-converted boards (Papers I-11)

The roles of viscosity and fatty acid composition on the penetration time of oils were studied
in accordance with ISO 16532-1 at different temperatures using substrates with HPS-based
coatings. The measurement was carried out using palm kernel oil dyed with Sudan red, rapeseed
oil and coconut oil. Palm kernel oil and coconut oil consist mainly of saturated fatty acids,
whereas the fatty acids present in rapeseed oil are mostly unsaturated. In addition, the diffusion

characteristics of rapeseed and coconut oils were compared by CLSM imaging.

7.1.1 Effect of ambient temperature on oil penetration time

Table 7.1 shows the penetration times of dyed palm kernel oil through the hydroxypropylated-
starch-based samples. The OGR was highly dependent on both the temperature and the
proportion of talc in the coating. The combination of HPS and SB-latex without talc did not
provide an appreciable oil barrier, but the presence of latex improved the grease barrier if talc
was present, particularly at room temperature. At higher temperatures, the difference between
latex-containing and latex-free coatings was smaller, which was ascribed to the melting of the
latex. The positive effect of adding a small amount of synthetic polymer to a dispersion coating
has earlier been found by Tanninen et al. (2014), who showed that the convertability and barrier
properties (Kit-test) of HPS-based composite coatings could be improved by adding a

polyolefin.

At 100°C, the oil penetration time was drastically shortened in all cases, which suggests that
the use of HPS-coatings at high temperatures in food-related applications is limited. Together
with a decrease in oil viscosity, the poor thermal stability of dual-polymer dispersion coatings
(see Chapter 7.3.1) seems to be a factor leading to a poorer oil and grease barrier at high
temperatures. However, the heat-induced movement of the coating components does not
explain why the OGR values of a pure HPS coating are also lower at higher temperatures. This
implies either that the diffusion characteristics depend on the viscosity of the oil or that the
increase in temperature affects both the oil viscosity and the structure of the coating. The

moisture content of mostly bio-based coatings is probably relatively high, and the evaporation
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of bound water may create channels in the coating layer, along which the oil can easily

penetrate.

Table 7.1 Penetration time of dyed palm kernel oil at 23°C, 60°C and 100°C through
samples with HPS-based coatings. S denotes starch, T talc and L latex.
Penetration time, [min]

Coating to3ec S.d.o3°c teo°c s.d.s0°c tioo°c S.d.100°c
S100 210 +42 180 +0 1 0
S100:L10 15 0 3 +1 1 0
S85:T15 210 +42 45 +26 3 +1
S85:T15:L10 240 0 200 +69 23 +11
S70:T30 60 h 0 >24 h +0 210 42
S70:T30:L10 >120 h 0 >24 h +0 270 +42

Figure 7.1 shows that the OGR was highly dependent on the oil viscosity. The viscosity of palm
kernel oil at different temperatures has earlier been reported by Latinwo et al. (2010), and their
results were utilized in this comparison. At room temperature, the viscosity of palm kernel oil
was approx. 105 mPas, but at 100°C, it was only approx. 10 mPas. The samples with 30 pph of
talc showed a particularly good linear correlation between OGR and viscosity, but in the cases
of S100 and S85:T15:L10 coatings, the correlation was weaker compared to other materials. It
thus seems that the correlation is greater if the initial grease resistance is good and the
proportion of talc of the coating is high, which suggests that the reduced solubility of the coating

layer may also assist the coating in resist the oil penetration.
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Figure 7.1 Oil and grease resistance of HPS-based coatings as a function of palm kernel oil
viscosity. Note logarithmic scale on y-axis.
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To investigate the differences between different types of edible oils and their blends, dynamic
viscosities of rapeseed and coconut oils were determined at 60°C in the shear rate range
10-1000 s. Figure 7.2 shows the viscosities of the oils as a function of saturated fatty acid
content with a shear rate of 100 s™%. Pure rapeseed oil had a slightly higher viscosity than coconut
oil but the shear rate affected the viscosity only a little. The viscosity of the rapeseed oil at a
shear rate of 100 s was 16.4 mPas and that of coconut oil was 13.2 mPas. The measured value
for coconut oil agrees well with previous results (13.3 mPas; Noureddini et al. 1992), but the
viscosity of rapeseed oil differed from the previously reported value (21.4 mPas; Noureddini et
al. 1992). However, the viscosity of rapeseed oil agrees well with the work of Esteban et al.
(2012) if their reported kinematic viscosity value is transformed to dynamic viscosity (16.6
mPas). As expected, the viscosity of the oil blends decreased when the proportion of coconut

oil was increased.
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Figure 7.2 Effect of oil composition on the viscosity (shear rate 100 s, temperature 60°C)
of the oil.

7.1.2 Effect of oil fatty acid composition on oil penetration time and behavior

The penetration time of the oil blends was highly dependent on the pigmentation level (0—30
pph) of the coating and on the proportion of saturated fatty acids in the oil (Figure 7.3). The
penetration time of rapeseed oil and oil blends with an unsaturated fatty acid content of 40—80
pph increased with increasing talc content, whereas oils with high content of saturated fatty
acids behaved differently. Pure rapeseed oil penetrated more slowly than the coconut oil

through the coating with a talc proportion of 30 pph, which was attributed to a preferential oil
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absorption mechanism, possibly due to the smaller molecular size of coconut oil. The results of
the samples with 30 pph of talc agree well with the earlier literature, since (i.) the penetration
of mostly saturated coconut oil was faster than that of mostly unsaturated rapeseed oil (Olafsson
and Hildingsson 1995), (ii.) the oil heterogeneity increased the penetration time (Ovaska and
Backfolk 2013), and (iii.) an increase in the degree of unsaturation resulted in slower

penetration (Olafsson and Hildingsson 1995).

The earlier literature does not, however, explain why the oil blends penetrated faster than pure
oils with pigmentations of 0-20 pph, although similar results have been reported by Lange et
al. (2002). A comparison between OGR and oil viscosity with talc contents of 0-20 pph did not
reveal obvious trends, although with 30 pph of talc a correlation can be seen (Figure 7.2). This

finding was attributed to a joint effect of

o high content of oleophilic matter, i.e. talc,
o faster penetration capability of saturated fatty acids due to smaller molecule size, which
may also affect the oil-binding capacity of talc and starch, and

o higher grease resistance of the material with 30 pph of talc compared to other coatings.
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Figure 7.3 Penetration times of rapeseed oil, coconut oil and their blends as a function of
the proportion of talc in the coating. The temperature was 60°C.
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7.1.3 Cross-sectional analysis of oil diffusion into dispersion-coated board

The penetration of coconut and rapeseed oils into the substrate with a S70:T30:L10 coating was
investigated with a CLSM. Figure 7.4 shows the cross-section images of paperboard after
penetration of coconut oil and rapeseed oil. Since the imaging was conducted at room
temperature, crystallization of coconut oil was expected, and the crystals formed are clearly
visible in Figure 7.4A. Interestingly, coconut oil also crystallized inside the coating layer, not
only on the coated surface. Crystallized oil was not detected inside the substrate. Bearing in
mind that the food industry is striving to replace saturated fats with unsaturated fats, this finding
may also have some practical importance. For instance, the melting and crystallization behavior
of lard can be adjusted by the addition of rapeseed oil (Cheong et al. 2009). The accumulation
of coconut oil inside the coating layer may also explain why the grease penetration times were
shorter with highly saturated fats than with mostly unsaturated oil blends (Figure 7.3), since it
might be possible that accumulated oil induces swelling of the coating layer. The swollen
coating layer may increase the solubility of oil-based components in the coating, resulting in a
loss of food aroma (Hernandez-Mufioz et al. 1999). Since this phenomenon was only observed
with coatings containing 30 pph of talc, it seems that the component responsible for oil
accumulation is the oleophilic talc. In turn, this leads to the conclusion that the ability of talc to
bind rapeseed oil is poorer, maybe because of differences in molecular size. In addition, it must
be remembered that other components present in food may also affect the crystallization
behavior of vegetable fats (Svanberg et al. 2011), which emphasizes the importance of studying

the diffusion behavior of different types of oils.

Figure 7.4 Cross-sectional CLSM images of A) coconut oil on board surface and B)
rapeseed oil on board surface.
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Since the crystallization of coconut oil probably had an effect on the oil diffusion
characteristics, only rapeseed oil was chosen for further inspection. The same coating,
S70:T30:L10, was again used. Figure 7.5 illustrates the penetration of rapeseed oil in the time
range of 0—40 min. The stained oil reached the middle region of the coating already after approx.
two minutes. In addition, the fluorescence of the fiber matrix increased throughout the test
period, which made it possible to follow the oil penetration. However, all the oil did not
penetrate through the coated sample since (i.) starch has a tendency to bind oil to a certain extent
(Seguchi 1984) and (ii.) talc is an oleophilic mineral. The ability of the coating to absorb the oil
can be seen as an increase in the intensity of the red color of the coating layer (cf. 0 s and 40

min).

Figure 7.5 Cross-sectional CLSM images illustrating the penetration of rapeseed oil at
different points in time. The oil was placed on the coated side of the sample.

To clarify the differences in diffusion characteristics of rapeseed and coconut oils, their
diffusion coefficients were determined by exploiting the FRAP mode of CLSM. The results are
shown in Figure 7.6. In general, minor differences in the diffusion of coconut and rapeseed oil
were revealed, particularly in the bulk matrix (paperboard). The first region of interest (position
1) was located in the middle of the coating layer, relatively close to the outer surface. The
second position was in the region close to the coating-paperboard interface. The diffusion
coefficient of stained rapeseed oil at these regions was slightly higher than that of coconut oil,
although all the differences were within the standard deviations. The third position was the
middle region of the paperboard substrate. In this bulk region, the diffusion of rapeseed oil was
faster, indicating that the fiber matrix let the rapeseed oil penetrate more rapidly than the
coconut oil, which was ascribed to the tendency of coconut oil to solidify at low ambient
temperature, 23°C. No major differences in the diffusion were observed in the fourth region,

located close to the reverse side of the paperboard.
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Figure 7.6 Diffusion coefficients at different positions in the board of coconut oil (left) and
rapeseed oil obtained with the FRAP mode of CLSM for dispersion-coated
board with 30 pph of talc in the coating.

7.2  Effect of electrical treatment on oil-substrate interactions (Papers 111-V)

The aim of this chapter is to present the effects of direct-current corona treatment on HPS-based
barrier coatings. In Paper 111, a controllable laboratory-scale apparatus for corona treatment was
developed (see Chapter 6.3.1). In Paper IV, the oil-substrate interactions were studied with
contact angle and OGR determinations. Chemical alterations induced by the polarity of the
corona discharge were studied with XPS and surface free energy determinations. Physical
changes in the coatings as a result of the corona treatment were investigated by imaging the
coated surfaces with AFM before and after corona treatment. Paper V deals with the reverse-
side effects of corona discharge (sometimes also referred to as backside treatment). In all cases,
the differences between a positive and a negative voltage polarity were discussed. Finally, the
findings are summarized to evaluate the suitability of the experimental barrier coatings

developed for corona-based finishing and converting processes.

7.2.1 Corona-treated dispersion barrier coatings

Before discussing oil-substrate interactions on corona-treated HPS-based coatings, it is useful
to consider the behavior of oils on untreated surfaces. Selected key figures are presented in
Table 7.2. Firstly, it can be seen that the experimental coatings provided good grease resistance,
although the coat weight was significantly less than that of commercial PET-coated sample. On

the other hand, an increase in the proportion of talc in the coating and the introduction of latex
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improved the OGR of the coated board. The contact angle of water was smaller on all the
coatings than on the uncoated surface. A high proportion of HPS increased the hydrophilicity
of the surface, illustrating well the common problem related to the water-sensitivity of bio-
based coatings. However, the difference between the PET coating and the experimental
S70:T30:L10 coating was small, suggesting that latex and talc can both be used to reduce the
water-sensitivity of the HPS-based coatings. All the substrates were oleophilic; the contact
angle of rapeseed oil increased only slightly regardless of the coating. The coatings had a lower
surface free energy (SFE) than the uncoated board. A simple test of the appearance of an oil
drop on the substrate after 24 hours revealed significant differences in oil behavior on these
surfaces: the uncoated sample absorbed the dyed palm kernel oil completely, whereas uniform
solidification was observed on the S95:T5 coating, which had a higher SFE than the
S70:T30:L10 and PET coatings. With lower surface free energies and higher initial grease
resistance (S70:T30:L10 and PET), the solidification behavior of the oil was completely
different. The coating was evidently capable of repelling the oil, which resulted in a pattern that

resembled a doughnut.

Table 7.2 Summary of the oil-substrate interactions at starting point. S denotes starch, T
talc and L latex.
Uncoated ST S:T:L PET-coated
reference 95:5 70:30:10 reference

Coat weight, g/m? - 8 8 40
OGR (60°C), min 0 90 >1440 >1440
CA (water), ° 98 38 68 78
CA (rapeseed oil), ° 18 21 23 28
SFE, mN/m 47 45 39 41

Even grease Uniform Uneven Uneven

absorption  solidification solidification solidification

Oil on surface
(23°C, after 24 h)

To investigate the influence of corona treatment on the physical properties of HPS-based barrier
dispersion coatings, a sample with a S70:T30:L10 coating was measured with AFM. The
topography maps (Figure 7.7A-C) revealed that a positive voltage polarity increased the surface
roughness more than negative voltage polarity (initial RMS was 48 nm; after treatment with

positive or negative voltage polarity the values were 61+18 nm and 68+10 nm, respectively),
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although the roughening was overall only moderate. This partly contradicts the results of other
studies, which have reported that corona treatment does not cause roughening of a plastic film
(Mesic et al. 2005). In the case of negative voltage polarity, the topographical changes were
point-form. This observation appears to be linked to the latex particles, since the size of the
round objects corresponds to the mean particle size of latex, 160 nm. The latex particles were
still in spherical form and obviously not coalesced during drying. This finding might be related
to the fact that latex spheres were bound onto talc particles. The adhesion images (Figures
7.7D-F) revealed an increase in tip-substrate interaction (adhesion) after corona treatment. This
change was greater in the regions containing talc flakes covered with latex particles. The
adhesive properties of the matrix around the talc flakes, which was interpreted to consist of
HPS, remained unchanged after corona treatment. The increase in adhesion was ascribed to a
minor corona-induced roughening, which partly brought the latex-covered talc particles out of
the coating structure. This was also confirmed by XPS analysis that showed increased talc

content after corona treatment (see Figure 7.8).

The elasticity and stiffness of the coating were determined by measuring the DMT modulus
(Figures 7.7G-I) and the Sneddon modulus (Figures 7.7J-L). Regardless of the voltage polarity,
the investigation revealed significant changes in both properties after corona treatment,
indicating that the corona treatment makes the surface harder. This observation is also supported
by the earlier literature (Goring 1967), which suggests that corona treatment may decrease the
tensile properties of wood-based materials, which can be seen as an indication of material
hardening. However, the effect of roughening on the elasticity and stiffness cannot be ruled out
completely, since it is probable that the observed differences were partly linked to talc particles

that the corona treatment brought out from the coating.
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Figure 7.7 AFM images of untreated S70:T30:L10 coating (left), same coating treated with
negative voltage polarity (middle) and same coating treated with positive
voltage polarity (right). (A-C height; D—F adhesion; G-I DMT modulus; J-L
Sneddon modulus)

In order to clarify further the effects of corona-induced surface roughening, the S70:T30 and
S70:T30:L10 coatings were analyzed with XPS before and after the corona treatment (Figure
7.8). An increase in the atomic concentrations of silicon and magnesium after corona treatment
was registered, which clearly confirms that there was an increase in the content of talc on the
surface. Another interesting observation was that the proportion of talc on the coated surface
increased regardless of which side of the substrate was treated with corona, which demonstrates

the occurrence of reverse-side effects (see Chapter 7.2.2). It was also found that the proportion
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of silicon on the surface of the S70:T30 coating increased by approx. 50% after negative corona
treatment, but that an even higher concentration of silicon was measured on the latex-containing
sample. With positive voltage polarity, the increase in silicon content was higher if latex was

present, but no increase was observed on a latex-free surface.
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Figure 7.8 XPS survey spectra of the S70:T30:L10 coating before (red line) and after (blue
line) negative corona treatment.

Corona treatment increased the oxygen/carbon ratio of the coatings when latex was present,
regardless of the voltage polarity (Table 7.3). Without latex, the result was the opposite, but the
standard deviation prevents making reliable conclusions about the influence of corona treatment
on latex-free surfaces. However, the magnitude of the change corresponded with that reported
in earlier literature (Pykdnen et al. 2010). The finding that the O/C ratio increases if latex is
present demonstrates the high oxidation potential of the latex compared to e.g. pigments. At the
same time, the results suggest that the presence of talc in the coating reduces the corona-induced
chemical changes. This conclusion is supported by Sidaravicius et al. (2013), who showed that
the polarizability of talc is relatively poor compared to that of other typical inorganic minerals

used by the paper industry.

Another approach to study the effect of corona treatment on coated surfaces is the determination

of their surface free energy (Table 7.3). The surface energy of the non-treated samples
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decreased with increasing proportion of talc and with the addition of latex. Both positive and
negative corona treatment reduced the surface energy in most cases. The surface energy of the
S70:T30 coating remained unchanged after CT, which demonstrates the ability of talc to make
the coating more inert. This finding agrees well with the earlier literature, which shows that
smaller changes can be expected after corona treatment if the coating contains talc instead of

kaolin or a high proportion of latex (Bollstrom et al. 2011).

Table 7.3 Oxygen to carbon ratios and total surface free energies of HPS-based coatings
before and after corona treatment (-400 and +400 W*min/m?).

S100 S100:L10 S90:T10 S90:T10:L10 S70:T30 S70:T30:L10

O/C ratio

-400 n.m. n.m. n.m. n.m. 0.51+0.02 0.24+0.02
0 n.m. n.m. n.m. n.m. 0.58+0.02 0.17+0.01
+400 n.m. n.m. n.m. n.m. 0.55+0.02 0.23+0.03
Surface energy, [mN/m]

-400 46.4 39.3 42.2 41.9 44.6 41.9

0 48.4 45.6 43.1 45.4 44.4 43.2
+400 37.7 45.4 42.3 41.1 44.6 40.4

The contact angle data for rapeseed oil was very similar regardless of the composition of the
coating. The effect of corona treatment on the wetting Kinetics of rapeseed oil on the
S70:T30:L10 coating can be seen in Figure 7.9, which shows that the corona treatment made
the coating more oleophobic. Both positive and negative voltage polarities resulted in a similar
increase in contact angle, although immediately after the drop had been dispensed, the contact
angles were very similar. The influence of corona treatment on the wetting behavior of the oil
was revealed after 0.1 s, when the angle reached a plateau on the corona-treated surface. On the
non-treated surface, the angle decreased steadily throughout the measurement period. A similar
behavior was observed with the other polar probe liquids, water and ethylene glycol. No major

differences were observed with the non-polar diiodomethane.

These findings contradict the results of an earlier study, which reported that plasma treatment
reduced the contact angle of linseed oil, which is a slightly polar vegetable oil (Pykdnen et al.
2010). Possible causes of this difference may be (i.) an oxidation mechanism different from that
of direct current corona, (ii.) differences in coating composition, or (iii.) the overemphasized
influence of latex, since the distortion caused by changed roughness was ruled out by inspecting
the contact angle values after applying a Wenzel roughness correction (for details, see Paper
V).
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Figure 7.9 Contact angle of rapeseed oil on the S70:T30:L10 coating as a function of time.

The oil and grease resistance of all the studied HPS-based coatings at 60°C was greatly reduced
by the corona treatment, regardless of voltage polarity (Figure 7.10). The results suggest that
positive treatment is more detrimental to the grease resistance if the coating contains latex, talc
or a mixture thereof. The pure HPS coating (S100) suffered more from the negative discharge,
but the difference was not significant from the viewpoint of the end-use. The presence of latex
in the coating seemed to provide a slight shield against corona treatment with a negative voltage
polarity. The samples with 30 pph of talc had an initial grease resistance greater than 24 h, but
exposure to corona resulted in a drastic decrease in the grease penetration time. The samples
with a lower talc content showed a smaller decrease, but their initial grease resistance was much
poorer than that of the coatings containing 30 pph of talc. In many cases, the penetration was
limited to very small regions and it seemed to occur through dot-like punctuations. This is a
clear indication of strike through and it appears that the deterioration in barrier properties was

not linked to any change in chemical composition or physical properties.
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Figure 7.10  Oil and grease resistance of the paperboard samples with different coatings after
different corona treatments.

7.2.2 Reverse-side phenomena

Surface energy determinations confirmed that the coated surface was affected when the
uncoated side was treated with direct current corona (Table 7.4). Significant differences in the
occurrence of reverse-side effects were observed between the coatings, and the voltage polarity
also affected the results. The initial surface energy of the uncoated surface was lower than that
of the coated samples, which was attributed to the presence of hydrophobic sizing agents. Both
talc and particularly starch increased the surface energy but, as expected, latex had the opposite
effect.

Reverse-side effects of corona treatment decreased the total surface energy of all the coatings
with the exception of S70:T30:L10, whose surface energy slightly increased. This behavior was
assumed to be a joint effect of the high content of highly inert material (talc) and the presence

of latex that has a high polarization potential.

The presence of latex in the coating reduced the basic component of the surface free energy,
whereas the presence of talc without latex had the opposite effect. The acidic component
remained practically unchanged regardless of the coating composition. Both talc and latex
inhibited the reverse-side effects of corona on the dispersive component, although a slight

decrease was observed in the case of the S100 coating. A minor alteration in the acid-base polar
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component was also observed, but the value was dominated by the presence of latex. This
behavior was assumed to be due to the high initial concentration of oxygen molecules in the

coating, and this can easily be controlled by adjusting the content of more inert talc in the recipe.

Table 7.4 Surface free energy of the coated side of the substrate after treating the uncoated
side with direct current corona.
Dispersion  Acid- Acid Base Total,
base [mMN/m]
S100
Untreated 40.0 9.4 0.9 24.6 49.4
+400 W*min/m? 35.7 10.6 0.8 36.6 46.3
-400 W*min/m? 32.2 14.2 1.6 314 46.4
S100:L.10
Untreated 39.2 6.4 0.8 11.9 45.6
+400 W*min/m? 39.6 4.0 1.7 2.4 43.6
-400 W*min/m? 40.3 3.6 1.2 2.8 43.9
S90:T10
Untreated 39.5 8.6 0.4 46.5 48.1
+400 W*min/m? 36.9 10.6 0.8 35.8 475
-400 W*min/m? 38.3 4.8 1.1 5.4 43.1
S90:T10:L10
Untreated 43.2 2.2 0.4 2.7 45.4
+400 W*min/m? 41.3 0.6 0.4 0.1 41.9
-400 W*min/m? 41.7 2.0 1.0 -1.0 43.7
S70:T30
Untreated 38.3 10.0 0.6 42.6 48.3
+400 W*min/m? 38.7 7.8 0.4 425 46.5
-400 W*min/m? 37.3 6.6 0.5 23.2 43.9
S§70:T30:L10
Untreated 38.3 1.2 0.1 2.1 39.5
+400 W*min/m? 41.4 1.4 0.6 -0.9 42.8
-400 W*min/m? 40.6 2.2 0.9 -1.4 42.8
Reference (uncoated)
Untreated 37.0 1.2 0.4 -0.9 38.2

Since the reverse-side effects of the corona treatment were surprisingly large, it was reasonable
to expect significant changes in the oil-substrate interactions. The contact angles of rapeseed
oil on the coated surface after treating the reverse side with corona are shown in Figure 7.11A.
The initial contact angle of rapeseed oil on an uncoated and untreated substrate was 24.7+2.7°,
which was very similar to that on the coated surfaces. The presence of oleophobic latex in the
untreated samples had a negligible influence on the contact angle but, after the uncoated side
had been corona-treated, the angle increased if the voltage was negative. With positive voltage

polarity, the change was negligible when latex was present in the coating. However, without
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latex, the positive voltage increased the contact angle even more than negative voltage. The
oleophilicity of the S100 and S70:T30 coatings decreased especially after the reverse side was
treated with corona. The presence of talc in the latex-free coatings intensified the effect of
positive corona treatment on the coated side, suggesting that talc is not able to effectively limit
the magnitude of the reverse-side effects.

It can thus be claimed that the reverse-side effects of corona treatment result in larger contact
angles of rapeseed oil on HPS-based coatings, although this does not agree with the earlier
literature (Pykonen et al. 2010), which states that corona treatment should decrease the contact
angle of vegetable oils. However, the contact angle was measured on the treated side of the
substrate and the main component of the coating was not starch but an inorganic mineral, both
of which make it impossible to make a direct comparison between the present and the earlier
results.

Figure 7.11B shows the contact angles on the uncoated side after corona treatment on the coated
side. In this case, the results agree with the work of Pykdnen et al. (2010). Regardless of the
coating composition on the coated side, smaller contact angles were recorded on the uncoated
reverse side. The voltage polarity had a negligible influence on the contact angle, although it is
possible that a negative voltage polarity leads to a slightly greater reduction if the coated side
is free of latex. However, the standard deviation of the measurements makes it impossible to
draw reliable conclusions.
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Figure 7.11  Rapeseed oil contact angles (A) on the coated side after treating the uncoated
side with corona and (B) on the uncoated side after treating the coated side.

The findings do not exclude the possibility that factor leading to the occurrence of reverse side
effects is high surface roughness (Wolf 2007). Figure 7.11B shows clearly that the coating had
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no effect on the rapeseed oil contact angles on the uncoated side after treatment of the coated
side with corona. Since the roughness of the uncoated side was constant between the samples,
it is evident that the chemical composition or topography of the coated side does not affect the
reverse-side effects on the uncoated side. Examination of Figure 7.11A shows that differences
can arise if the composition of the coating, or its roughness (the PPS roughness of the coatings

varied between 7.8-8.9 um), is changed.

To clarify the role of reverse-side effects on barrier properties, the oil penetration times through
samples whose uncoated side was treated with corona were determined (Figure 7.12). Corona
treatment impaired the barrier properties of all the samples except for the S100:L10 coating,
whose grease resistance was initially poor. The problem was severe with samples containing
latex, but a small addition of talc seemed to prevent the total loss of oil and grease resistance.
Since the contact angle data showed a slight increase in oil repellence on the coated side after
the reverse side had been corona-treated, it seems that the mechanism behind the impaired
barrier properties was related to pinholes created by the corona discharge. In addition, the
results suggest that the talc in the coating is not able to resist the negative effect of corona if the
uncoated side is treated. This indicates that the discharge travels more easily from the uncoated
cellulosic surface to the coated side than from the coated to the reverse side. This finding
confirms that the porous surface allows the leakage of corona discharge inside the bulk matrix
(\VVéananen et al. 2010), whereas a denser coating is partly capable to maintain the discharge on

the side which it is intended to treat.
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Figure 7.12  Oil and grease resistance of the HPS-based coatings. The uncoated reverse side
of the sample had been treated with corona. Note logarithmic scale on y-axis.
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7.2.3 Conclusions of the oil and grease resistance of corona-treated substrates

The results presented in Chapters 7.2.1-7.2.2 illustrate the difficulties related to the corona
treatment of HPS-based coatings. Treating the coating layer with a corona discharge
significantly impaired its ability to prevent palm kernel oil from penetrating, and the finding
was similar when the uncoated side was exposed to a corona discharge. The results agree with
an earlier study of corona-treated latex-based dispersion coatings, whose ability to resist the
transmission of water vapor decreased after corona treatment (Schumann et al. 2005a). The data
thus support the hypothesis that increasing the number of corona treatments that the coated
substrate experiences during its converting and finishing processes probably leads to the loss
of barrier properties and further to a severely impaired performance in the material’s end-use

applications.

The experimental substrates should not be judged to be poor substrates without a closer
inspection of the reasons behind the loss of barrier properties after corona treatment. All the
experimental coatings were relatively thin, which partly explains why they were so sensitive to
the corona discharge (Bollstrom et al. 2011). It must be stressed that the loss of barrier
properties was induced by small dot-like pinholes (Figure 7.13) found in the samples regardless
of the side of the substrate treated with corona. This finding indicates that optimization of the
treatment level may assist in limiting the amount of strike through. However, this is not
necessarily the most suitable strategy, since XPS measurements revealed comparatively small
differences in the O/C ratios of the coatings, even though the treatment level was quite high.
Moreover, the occurrence of reverse-side effects was apparent, which further decreases the
effect of corona treatment on the treated side. Another approach is to optimize the composition
of the coating so that the detrimental influence of strike through is minimized, which means at
least that the pigment content of HPS-based coatings should be high and that the proportion of
latex should be carefully optimized. The results also clearly encourage the use of negative
voltage polarity, which impaired the OGR less and affected the O/C ratio of the coatings more.
In addition, the present study does not exclude the possibility of the wetting phenomena inside

the substrate being altered (VVaanénen et al. 2010).
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Figure 7.13  Photographs of uncoated sides of samples demonstrating (A) material with poor
initial grease resistance, (B) grease penetration through strike through in a
material with good initial grease resistance, and (C) perforated material with
moderate initial grease resistance.

7.3  Effect of heat exposure and high ambient temperature on coating properties and

on oil-substrate interactions (Papers | and VI)

The aim of this chapter is to demonstrate the applicability of barrier coatings in converting
processes from the viewpoint of heat exposure. The effect on oil-substrate interaction of
converting-related heat exposure of dispersion-coated paperboard is discussed in Paper | (HPS-
based coatings) and in Paper VI (HPC-based coatings). The heat-induced changes were studied
by microscopy and XPS, and by the determination of rapeseed oil contact angles on heat-treated

coatings. The effects of mechanical forces on the OGR are discussed separately in Chapter 7.4.

7.3.1 Effect of heat on the chemical composition of coated surfaces

HPS-based dispersion barrier coatings with different proportions of talc (0, 15, and 30 pph) and
SB-latex (0 and 10 pph) were used to study the heat-induced changes in the coating layer. SEM
images of the cross-sections of coated samples before and after two consecutive heat treatments
at 100°C indicated the movement of talc towards the base board, and this was confirmed by
XPS analysis on the S70:T30:L10 coating (Figures 7.14—7.15). The atomic concentrations of
magnesium and silicate were reduced on the surface after heat exposure, showing that less talc
was then present in the uppermost part of the coating. The proportion of carbon increased
simultaneously, which indicated an increase in the content of organic compounds. Interestingly,
the high-resolution carbon spectra revealed that only the proportion of carbon atoms without
oxygen neighbors (C1) increased, whereas the C2 and C3 peaks decreased as a result of of heat
exposure. It was also found that the signal of the plasmone structure after C1s increased, which
confirmed that the increase in C1 was due to aromatic species originating in the latex. However,

the proportion of HPS on the surface decreased by only 40% after heating, whereas the
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concentration of talc was reduced by approximately 60%. This result agrees with the earlier

findings of Dappen (1950), who studied the effect of drying method on the migration of starch

binder in pigment coatings. Drying-induced latex migration towards the base paper has also
been reported (Kentta et al. 2006; Sababi et al. 2012).

Figure 7.14

Figure 7.15
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XPS carbon C 1s high-resolution spectra of untreated and heat-treated samples.
The intensity of the aromatic plasmone agrees with the CC component intensity,
confirming that the increase in CC originates mostly from the latex.

7.3.2  Physico-chemical properties of dispersion coatings

The smoothness of dispersion-coated layers was first studied with an optical profilometer.

Figure 7.16 shows topographical maps of (A) uncoated substrate, (B) a double-coated plain

HPS coating and (C) a double-coated HPS-based composite coating with 30 pph of talc.
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Relatively large variations in surface topography were detected, which was attributed to the
large thickness variations in the substrate and the coating method used. The roughness of an
uncoated sample was in the typical range of SBS boards (14 pum), but coating with a HPS-based
dispersion made the surface smoother. The smoothness of a plain HPS coating (10 um) was,
however, very similar to that of talc-containing coatings (8-10 um), indicating that a more
accurate, ideally in-situ, characterization method is needed to distinguish minor differences on
coated surfaces, particularly after e.g. heat exposure, as the AFM imaging presented in the next

section demonstrated.

Figure 7.16  Topography images (10 x 10 mm) for (A) uncoated base board, (B) a double-
coated board with plain HPS, and (C) a double-coated board with HPS and talc
in the ratio of 70:30.

Figure 7.17 shows the aspect ratio distribution of the talc, which indicates moderate flakiness.
In addition, the particle size distribution of the talc was bimodal — flakes large in diameter (>
10 pm) being present among smaller particles (Fig. 7.18). It was found that the smallest
particles were needle-like, whereas the largest flakes had a plate-like shape.

Aspect Ratio smoothed over 31 points
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Figure 7.17  Aspect ratio distribution of Finntalc C15B determined with a Malvern
Morphologi particle characterization system.
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Figure 7.18  Examples of large, plate-like talc particles and smaller, needle-like particles
imaged with a Malvern Morphologi particle characterization system.

The suitability of using AFM for imaging composite-type dispersion coatings has earlier been
criticized by Vaha-Nissi (1998b), since the area to be measured is often small with respect to
the size of pigment particles and the system is thus better suited for nanoscale characterization.
To overcome the practical obstacles caused by the dimensions of the pigment particles,
relatively large areas (8 x 8 um) were characterized with AFM in the present study, and
particular attention was paid to avoid scanning only the surfaces of the largest pigment particles.
The heat-induced morphological changes in the coatings were investigated in the scanning
mode (PeakForce QNM mode). The sample was scanned in-situ before, during and after heat

treatment at 95°C and both reversible and irreversible changes were observed.

The images A—C in Figure 7.19 show the effect of heat on the topography of the dispersion
coating (S70:T30:L10). The local RMS roughness increased from 48 nm to 52 nm during the
heating, which was attributed to the formation of small craters on the coated surface. The final
roughness after cooling was 53 nm, which indicates that the heat-induced topographical
changes in composite dispersion coatings are more or less irreversible and implies that there is
a movement of coating components. On the other hand, the changes in adhesion (Figure
7.19D-F) were mostly reversible and largely dependent on the location. The adhesion of the
surface generally increased as a result of the heat treatment. These areas were interpreted as
consisting of flocculated latex particles. Minor changes in adhesion were observed at 95°C in
the darker areas, which was interpreted as being starch. The adhesion of the surface was also
reduced in specific locations after cooling, which was assumed to be due to the movement of

coating components.
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Small changes were found in the DMT modulus of the surface after cooling compared with the
initial state (Figure 7.19G-1). The DMT modulus decreased significantly during the heat
exposure, which indicates that the surface became more elastic, presumably due to a change in
the starch-to-latex ratio on the surface. A similar behavior has earlier been reported in wax-
latex systems, although the wax covered the latex particles (Vaha-Nissi 1998b). The elasticity
of the background area, which consisted of HPS, remained almost unchanged. The white areas
in the middle of images 7.19G and 7.19H were significantly less elastic regions, and probably
consisted of talc. These areas were absent after cooling, which suggests that the talc particles
were fully covered with polymer after the heat exposure. This interpretation is also supported
by XPS results, which showed that the proportion of latex on the surface increased substantially
as a result of the heat treatment. The heat-induced changes in DMT modulus were reversible

and mainly limited to latex particles.

Figure 7.19 3D topography (A-C), 2D adhesion (D—F), and 2D DMT images (G-I) of
coating S70:T30:L10 at 25°C before heating (left), after heating at 95°C
(middle), and at 25°C after heating and subsequent cooling (right).
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SEM images revealed severe coating defects caused by blistering and pinhole formation in both
HPS- and HPC-based coatings. In order to obtain barrier properties with dispersion coatings, it
is often necessary to apply additional coating layers to cover the defects in the first layer.
However, other ways of minimizing the prevalence of coating defects have been considered.
For instance, HPC-based coatings had a high tendency to form blisters during drying. The
problem was serious with a low pigment content (Figure 7.20A), but an increase in the
proportion of talc improved the quality of the coatings substantially (Figure 7.20B). Higher
filler proportions also reduced the stickiness of the HPC-based coatings, which, in turn,
improved the convertability of the material in press-molding. In addition, the findings highlight
the importance of optimizing the drying parameters for dispersions whose dry solids content is

low.

Figure 7.20  SEM images (400x magnification) of HPC-based coatings with (A) low and (B)
high pigment proportions. A blister with a diameter of 55 um can be seen in the
lower right-hand corner of Fig. A. The bar size in the figures is 50 pm.

Exposing the dispersion-coated samples to heat revealed the continuation of film formation. In
general, HPS-based coatings were smoother than HPC-based coatings, but small pinholes or
uneven areas were still visible. A small addition of latex impaired the oil and grease resistance
of HPS coatings without a filler (Chapter 7.1.1), which was attributed to impaired film
formation due to poor miscibility. The presence of latex, however, induced self-healing of the
film on exposure to heat. Similar observation has earlier been reported with waxes by Vaha-
Nissi (1998b), who studied the effect of heat treatment on the topography of dispersion coatings
consisting of paraffin wax and SB-latex. Figure 7.21A presents a SEM image of the surface of
the S70:T30:L10 coating before heat treatment and arrows indicate the observed defects in the
coating. After treating the coated sample two minutes at 100°C (Figure 7.21B), no defects were

detected and simultaneously the talc particles became less visible, which is another indication
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of the movement of latex towards the surface. This alteration in the chemical composition of

the surface was earlier indicated by XPS analysis (Chapter 7.3.1).

Fig 7.21 Superficial SEM images with a magnification of 250x of coating S70:T30:L10
(A) before and (B) after heat treatment. Defects in the coating are indicated with
arrows.

7.3.3 Interactions between substrate and rapeseed oil at elevated temperatures

The heat-induced changes described above, particularly those in the chemical composition of
the coated surface, alter the liquid-substrate interactions. To clarify the effect of heat on oil-
substrate interactions, the contact angle of rapeseed oil (initial temperature of the oil held at
approx. 23°C) was measured at substrate temperatures of 25°C, 50°C, 75°C and 100°C (Figures
7.22—7.23). The heating was carried out by using an electrically heated chamber assembled to
the tensiometer. At 25°C, all the contact angles were approximately 22° but the angle increased
rapidly with temperature, which suggested an increase in oleophobicity. Based on the results of
the XPS measurements (Chapter 7.3.1), it was concluded that this behaviour was induced by
the movement of oleophilic talc towards the baseboard and the migration of latex to the outer
surface. The typical percentage increase in rapeseed oil contact angle was approx. 20% between
25°C and 100°C. At the most, an increase of 38% was registered on the S70:T30:L10 coating.
With talc proportions of 0 and 15 pph, however, the presence of latex led to a smaller increase
in contact angle than in the latex-free material, which emphasizes the role of talc for the

oleophilic nature of HPS-based composite coatings.
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Figure 7.22  Contact angles of rapeseed oil (1 s after dispensing) at different temperatures on

latex-free HPS-based coatings. The initial temperature of the oil was constant
(23°C) during the experiments.
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Figure 7.23  Contact angles of rapeseed oil (1 s after dispensing) at different temperatures on
latex-containing HPS-based coatings. The initial temperature of oil was constant
(23°C) during the experiments.

To study whether the changes occurring in the coating layer were reversible or irreversible,
contact angles were measured at 25°C after one and two heat treatments at 100°C (Figure 7.24).
When talc was present in the coating, higher contact angles were registered after exposure to
heat regardless of whether or not the sample contained latex. When talc was present, the
apparent contact angle increased after each heat exposure, which indicates that the coating

experienced an irreversible change during the heat treatment. These changes cannot be a
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consequence of a change in moisture content, since the samples were conditioned before the
contact angle determinations. Taking into account that the oil viscosity was the same in all
cases, it is evident that the observed differences are somehow linked to a change in surface
composition. Furthermore, a comparison between coatings S100 and S100:L10 revealed that
the contact angle of rapeseed oil decreased slightly after thermal treatments. A movement of
latex explains the observation in the case of the S100:L10 coating, but the fact that the contact
angle also changed on a pure HPS coating indicates that there must have been some other

transformation, such as a topographical change or a migration of e.g. AKD from the base board.
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Figure 7.24  Effect of heat treatment on rapeseed oil contact angles on HPS-based coatings.
S denotes starch, L latex, and T talc.

7.4  Oil and grease resistance after mechanical processing of paperboard (Paper VI)

The objective of the work presented in Paper VI was to improve the grease-barrier properties
of HPC-based coatings by adding talc and simultaneously to maximize the formability of the
coated substrate in a press-molding process. The effect of the press-molding process on the
grease resistance was evaluated by determining the oil penetration times at corner areas of trays,
which were considered to be the most challenging regions, due to the complex shape and large
number of creases. The quality of the sealing surface and its effect on barrier properties are also
discussed.

HPC is the only film-forming cellulose derivative that provides moderate barrier properties,
and is also thermoplastic, biodegradable and recognized to be safe for direct contact with
foodstuffs (Krochta and De Mulder-Johnston, 1998). All these properties together make HPC
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a fascinating alternative for plastics in packaging applications. However, the mechanical
durability of coatings based on cellulose derivatives in creasing and folding processes is poor
(Gogoleva 2013), and additives are required to make the coating more flexible (Annushko
2013). In addition, starch films require a large content of a plasticizing agent such as glycerol

in order to attain better mechanical properties (Jansson 2003).

7.4.1 Effect of gelatin on the post-creasing OGR of HPS- and HPC-based coatings

The results presented in Figure 7.25 show that the grease resistance of a paperboard with one
HPC-based coating layer did not differ significantly from that of a HPS-coated sample and that
the penetration time increased with increasing gelatin content. After the samples had been
creased with a manual creasing machine, the grease resistance deteriorated drastically, although
the data suggest that the decrease could partly be compensated for by the addition of a small
amount of gelatin. Even though the grease resistance of single-coated paperboards was poor,
regardless of whether or not the sample was creased, the results are in line with earlier reports
in the literature. For instance, Billmers et al. (2004) stated that gelatin could be used not only

to enhance the grease resistance of starch-based coatings, but also to reduce their brittleness.
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Figure 7.25  Oil and grease resistance of single HPS/gelatin and HPC/gelatin coating layers
(coat weight 8-10 g/m?) as a function of gelatin content.

7.4.2 OGR of press-formed trays

OGR values after a creasing process do not provide sufficient information, since the paperboard

also experiences mechanical forces in the molding process. To study the grease resistance
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properties of ready-made trays, double-coated boards with HPC-based barrier layers were
converted into trays and the grease resistance of the corner regions were determined. The oil
penetration times through unconverted materials varied between 2 and 25 minutes (Figure
7.26), which was considerably shorter than that of the HPS-based coatings. The oil and grease
resistance of the HPC-based coatings was not greatly affected by the coat weight, but the
introduction of 20—30 pph of talc resulted in a substantial increase in the penetration time of
palm kernel oil. Again, it was found that adding gelatin to HPC improved both the grease
resistance of both unconverted and converted material at the corner areas. The compatibility of
talc and gelatin in terms of oil-barrier properties remained unclear, since the OGR value of
sample with 10 pph of talc was shorter than that of the H100:G5 coating. It is also worth
mentioning that synthetic polymers may also improve the barrier properties and convertability

of bio-based coatings (Tanninen et al. 2014).
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Figure 7.26  Coat weight (g/m?) and penetration times of palm kernel oil through non-
converted and converted samples. H denotes HPC, G gelatin, T talc and L latex.

The barrier properties of the tray can also be examined from other perspectives. The creases
and wrinkles in the rim area of press-formed trays can be 400 um deep (Leminen et al. 2015),
although attempts are usually made to achieve high smoothness of the sealing surface and
creases with a depth of up to 150 um are not considered detrimental. Indeed, the flatness of the
tray flange is an important property for achieving an effective and protective lid, and it improves

the visual appearance of the package. Figure 7.27A shows a cross-sectional micrograph of a
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poorly formed crease in the sealing surface of a PET-coated tray (commercial reference), which
increases the risk of leakages if the tray has a lid. However, the creases were difficult to locate
even with a microscope in the trays manufactured from board having experimental HPC-based
coatings (Fig. 7.27B). The difference in coat weight and the stickier nature of the HPC explain
the observed differences at least partly but, most importantly, the findings demonstrate that the
convertability of HPC-based barrier dispersion coatings is not necessarily a major problem, but
that more attention should be paid to the maximization of the barrier properties. The barrier
properties of HPC-based coatings might be adequate only for short-term end-use applications

such as fast food packages.

Cross-sectional micrographs of a 6reasé forméd ih (A) éomm
paperboard and in (B) experimental material with H70:T30:L10 coating.

Figure 7.27
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8 CONCLUDING REMARKS

The purpose of this work was to clarify the effects of converting and finishing processes on the
interactions between edible oils and dispersion-coated paperboard. Particular attention was paid
to the determination of the roles of the pigment content and the content of synthetic polymer,
including the influence of oil properties on the oil penetration behavior. When the oil repellence
of dispersion-coated surfaces and the oil resistance of the packaging material were compared,
it became evident that these two properties are completely unconnected, since a higher contact
angle of the oil did not lead to a longer penetration time. This suggests that the tortuosity
probably dominated the oil barrier properties of the material. Consequently, preventing damage
of the coating layer in finishing and converting processes is essential and process optimization

is required when plastic-coated materials are replaced with highly bio-based substrates.

Coatings were characterized by e.g. microscopic analyses, oil and grease resistance experiments
and contact angle determinations. It was shown that both corona treatment and heat exposure
lead to alterations in the chemical composition of the surface and in physical properties such as
its topography. Treating the coated substrates with corona resulted in strike through and
unintentional reverse-side effects, but heat-induced changes are not necessarily detrimental to
barrier properties, since the migration of the synthetic polymer towards the outer surface may
reduce the number of pinholes and increase the oil contact angles. On the other hand, this
indicates that the feasibility of using completely bio-based coatings is limited, since defects
such as blistering were observed in coatings consisting solely of biopolymers. The results also
support the use of pigments such as talc in the coating, not only because it gives better barrier

properties, but also due to their stabilizing effect on corona treatment and reduced stickiness.

The penetration characteristics of vegetable oils were studied by CLSM. Coconut oil showed
solidification behavior and accumulation inside the coating layer, whereas rapeseed oil spread
more evenly inside the packaging material. It was also shown that the penetration time of pure
oils through the paperboard was longer than that of the oil blends, and that an increase in the
pigmentation level prolonged the penetration time of oils whose saturated fat content was high.
The results thus suggest that there are differences in the diffusion mechanisms of unsaturated
and saturated fats. These findings confirm that the transition from unsaturated fats to vegetable

oils in the food industry sets new requirements for barrier materials.
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The results obtained have increased the knowledge of the feasibility of using highly bio-based
barrier dispersion coatings in food packaging applications. Interlinking the initial grease
resistance and post-converting barrier properties makes it possible not only to evaluate the
applicability of the packaging material for end-use purposes but also to optimize the suitability
for converting and finishing processes of novel packaging materials. The coating formulations
developed may have a potential in many commercial sustainable packaging applications where
moderate oil and grease resistance is needed together with coating simplicity. This study,
however, leaves a topic for wider characterization of oil-induced swelling and solubility
behavior of bio-based dispersion barrier coatings. In addition, there are still few technical
challenges such as blistering and blocking to be solved. As a whole, the potential for
implementing these coating formulations in industrial production can still be considered
promising, since the coating components studied are commercial products, their price in most

cases is attractive and their presence in food packages has mostly been approved.
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