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Abstract

Traditional barrier coatings for paperboard food packaging are made of fossil fuel-based compo-
nents. This decreases the sustainability and recyclability of the packaging. Cellulose is a renewable
element of plants which has been studied for its coatability and barrier properties. When mechani-
cally and/or chemically broken down into microfibrillated cellulose (MFC), nanofibrillated cellulose
(NFC), or cellulose nanocrystals (CNC), the material can be made into a water-based barrier coating
with strong oxygen and grease resistant properties due to its high density and hydrogen bonding
network. These cellulose products are safe for food contact, sustainable, recyclable, and can meet
some of the requirements of food packaging barriers.

Six cellulose products, three MFCs, two NFCs, and a CNC product, were studied through experi-
ments designed to characterize the cellulose products and evaluate their properties as barrier coat-
ings on folding boxboard. The cellulose products were coated onto the folding boxboard substrate
with a laboratory rod coater with single and double layers. The coat weight, optical topography, wa-
ter vapor transmission rate, and oil and grease resistance were analyzed along with stereomicro-
scope and scanning electron microscope imaging of the surface and cross sections of the coated
samples. The target was to compare the cellulose products and determine which products are most
feasible as barrier coatings.

The cellulose products adhered well to the folding boxboard, however, coating defects such as cra-
ters and crazing were seen on the surface. The barrier results showed strong grease resistance among
most of the cellulose products. The water vapor transmission rate was too high to provide an ade-
quate barrier for food packaging; a common result seen with cellulose products due to their hydro-
philicity. The CNC product gave the best results overall and was recommended for continued stud-
ies.

Keywords barrier, cellulose, dispersion coating, food packaging, paperboard
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1 Introduction

Packaging encloses the majority of products bought on the market today [1]. Its
purpose is to protect and preserve, especially food products. From to-go fast food to
premade frozen meals, which can sit in a freezer for months, the packaging is
important to contain the contents without leaks, protect the food from outside
chemical, biological, and physical contaminants, and maintain the product for the
duration of its storage [2]. Several different materials can make up packaging
including paper, plastic, glass, and metal [1, 3]. Each material has its associated

advantages and disadvantages.

Paperboard packaging has become more common as people make eco-conscious
decisions to switch away from plastic packaging. According to Future Market Insights,
the global folding boxboard (FBB) market is worth 12.2 billion USD (2022) and is
expected to expand by a compound annual growth rate (CAGR) of 5.2 percent from
2022 to 2032 [4]. Paperboard is chosen as a packaging material because it is made
from renewable resources and is highly recyclable. Values from Eurostat report the
recycling rate of paper and paperboard packaging in Europe is 83 percent versus only
42 percent for plastic [5]. This gives high hopes for the future of the paperboard

industry in a world which has increased its focus on environmentalism.

However, most paperboard packaging is not fully plastic-free. The barrier coating on
the package often contains fossil fuel-based polymers such as polyethylene,
polypropylene, and ethylene vinyl alcohol [6]. These polymers are used as barrier
materials because they have high gas selectivity, are resistant to water, and/or
resistant to grease [7]. Increased use of fossil fuel resources in the past century has
led to resource availability challenges, climate change, and the presence of marine
microplastics and nondegradable waste [8]. This means the use of any fossil fuel-
based materials should be minimized to reduce further devastation, including plastics

in packaging barriers.



The motivation of this work was to reduce or remove the use of fossil fuel-based
polymers in barrier coatings on paperboard for food packaging. Because paperboard
is already produced by products of the forest industry, perhaps the barrier coatings
could be made up of renewable, bio-based forest products as well. This green
chemistry could lead to a better situation for the growth of the forest industry, a

cleaner environment, and less dependence on fossil fuels.

1.1 Objectives

This thesis aimed to examine the barrier properties of cellulose products as water-
based barrier coatings (WBBC) on FBB packaging. The target of this study was to
determine whether the use of cellulose products in barrier coatings would be feasible
in paperboard packaging. To meet this target, six cellulose products were coated onto
FBB with a laboratory-scale rod coater. It has been proposed in literature that these
cellulose products can provide some of the barrier properties needed to meet the
requirements of paperboard packaging [3, 9-11]. However, it is difficult to compare
the results of multiple studies due to the use of different substrates, cellulose product
manufacturers, preparation methods, and coating methods. This work intended to
compare multiple cellulose products under the same laboratory conditions and
preparation methods. The following objectives were applied to guide the work.
— Compare and contrast various types of cellulose products.
— Understand the gas, grease, and moisture barrier properties required by
paperboard food packaging.
— Understand the interaction between cellulose-based coatings and FBBs.
— Understand the air, grease, and moisture barrier properties of cellulose-based
WBBC coated FBB.
— Determine the feasibility of the use of cellulose products as barrier materials

on paperboard packaging.



1.2 Structure

The content of this thesis report consists of a literature review and experimental
work. The literature review breaks down the main concepts behind this work and the
demands required to meet the objectives. First, an overview of paperboard packaging
sets the basis of the work. Then, the required barrier properties are defined. The next
section explains cellulose and its derivatives, the main coating materials of this study.
The coating methods used in this work are then described in detail to ensure

understanding of the methods of the work.

The experimental chapter depicts the materials and methods used in the laboratory
work. The procedures were selected based on the data required to meet the
objectives of this work. The following chapter, Results and discussion, breaks down
the results of the experimental work. The characterization results of the cellulosic
materials are described, and their implications are explained. Then, the results of the
coatings are separated by test performed. In the end, the main conclusions are drawn
from the discussion, and the hypotheses and objectives are reanalyzed. Finally, the

implications of the work and possible future opportunities are disclosed.

2 Literature review

This chapter discusses the background concepts and recent research related to
cellulose products applied as WBBC on paperboard. The content of this chapter was

important to understand the notions of the work before experimentation.

2.1 Paperboard packaging

Paperboard is a porous bio-material that can provide stiffness, structure, and a
printing surface around a product. The material is renewable, biodegradable,

recyclable, and resource-efficient. Resources are used more efficiently in paperboard



than in plastic packaging materials. A study commissioned by Metsa Board found
cherry tomato packages made from recycled PET had a six times higher impact on the
climate through greenhouse gas emissions compared to an average paperboard
carton [12]. In addition to its sustainable properties, paperboard is also lightweight,
safe for food contact, and easily printable [13]. Unfortunately, paperboard alone does
not meet the requirements of protective food packaging. The capillary passages
within paper fibers result in no barrier to water, grease, or oil molecules. This issue
must be addressed before paper-based materials can be used for direct food contact

applications. [14]

2.1.1 Folding boxboard

In this study, FBB is used as the paperboard substrate for the coatings. FBB is a form
of carton board with three layers of wood pulp. The two outer layers are made of
bleached chemical pulp and the middle layer is made of chemi-thermomechanical
pulp (CTMP). The bleached chemical pulp layers provide flexibility, strength, and
dimensional stability to the substrate. This is the surface layer to which the coating is
applied, so its properties must be optimal. The CTMP layer provides bulk, bonding
strength, and formation. The top layer is usually double-coated with pigment coating
for printing, and the backside may be coated or uncoated. A barrier coating would
most often be coated onto the backside of the paperboard. The typical layers of FBB
are shown in Figure 1. FBB is used in various packaging applications including dried
foods, frozen and chilled foods, tea and coffee, confectionaries, cigarettes, and

pharmaceuticals. [13, 15]

FBB packaging is often recognized on market shelves folded into neat boxes
containing the product. These packages are known as folding cartons, and they can
take various shapes and styles to meet a variety of packaging needs. The first step to
make this package possible is printing on the topside of the FBB. Then, die cutting
and creasing creates carton blanks. The printed FBB sheets are fed into a machine

that cuts the outline of the blank and creases along the folding lines. The debris from



the cutting is then removed, and the carton blanks are stacked for delivery. During
creasing, tensile, compression, and shear stresses are applied to make a groove that
functions as a hinge for folding. The next step is to pre-fold the carton and glue the
sides before folding the carton flat again for delivery to the packer. This can be done
with a gluing machine. It is important the coatings do not crack during creasing and
folding. The barrier coating especially could fail under the stresses and lose the
barrier properties which block the transport of particles through the package. The
final step is packing, where the carton is either mechanically or manually erected,
loaded with the product, and closed. The package must from that point forward

perform its duties throughout the lifetime of the product. [13, 16]

Figure 1. Representation of the layers of folding boxboard from the top: pigment
coating, pigment coating, bleached chemical pulp, chemi-thermomechanical pulp,

bleached chemical pulp, pigment or barrier coating. [15]

2.1.2 Packaging demands

Packaging is defined by the European Union (EU) in Directive 94/62/EC on packaging
and packaging waste as, “all products made of any materials of any nature to be used
for the containment, protection, handling, delivery, and presentation of goods, from
raw materials to processed goods, from the producer to the user or the consumer,”

[17]. In this study, the focus is on consumer packaging, or primary packaging, which



is in direct contact with the product and is intended for the customer to gain product
knowledge. An ideal package would meet a variety of demands. Rigidity, temperature
resistance, barrier structure, and printability are important properties of a package
from a processing and usability perspective. Rigidity especially can provide
mechanical protection to the product. Cost-effectiveness and convenience are
important factors from an economic outlook. Safety, non-toxicity, and approval for
food contact are important aspects of a regulatory stance. Materials which are
lightweight, renewable, recyclable, and biodegradable are ideal from a sustainability

point of view. [13] Some properties of an ideal package are outlined in Figure 2.

Mechanical protection (7 +—* Carbon dioxide
.";

/
Chemical protecti {
emical protection -~
=
Microbial protection ¢ \ g Moisture
% /

\._\ Packaging /

Sustainability «— /L) Water
4 Grease

Figure 2. Desirable properties of packaging materials to meet packaging

A\
3 Aromatic compounds

requirements. On the left, important categories of the role of packaging are listed.
On the right, molecules which should be blocked by barriers for food packaging are

listed. [2]

Greenhouse gas emissions are a concern among all aspects of industry. A well-
developed package can address this issue head-on. A lightweight package reduces
carbon dioxide emissions throughout the entire lifecycle of the package from raw
materials and production to transportation and recycling simply by requiring less
material and less energy for transportation. This is why glass and metal packages have
become less common. Food waste is an urgent issue in the world as one-third of the
food meant for human consumption is wasted and accounts for nearly 10 percent of

global greenhouse gas emissions. Proper barrier properties can provide chemical and
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microbial protection to keep food fresh and safe for consumption longer, which, with
proper supply chains, could reduce food waste, and thus, reduce greenhouse gas
emissions. [12] Further details of the barrier properties will be described in section

2.2 Barrier properties.

Recently, officials have been pushing producers to switch away from plastics, which
has sparked a new drive to find safe and sustainable alternatives for barrier coatings.
One of these regulations comes from the EU single-use plastics (SUP) directive, which
demands consumption reduction and extended producer responsibility for single-use
cups and food containers that are even partly plastic, including the barrier [18]. This
directive has forced producers to race to find barrier solutions without unnatural
polymer contents. However, some challenges have prevented bio-based barriers
from reaching the market on a large scale. Cost, performance, and competition with

agricultural food products have set bio-based barriers back in their development [19].

2.2 Barrier properties

To find an alternative barrier coating, it is important to understand the physical and
chemical properties of a coating which properly provide barrier properties. According
to Regulation No. 10/2011 of the EU, a functional barrier is defined as, “a layer that
prevents substances from migrating from behind the barrier layer into the food,” [2].
A barrier must restrain the transport of certain molecules between the inside of the
package and the outside environment. A barrier is important to regulate the
atmosphere around the food to prolong the shelf life before spoilage. Some of the
main barriers of food packaging are a gas barrier, an oil and grease barrier, and a
water and moisture barrier shown in Figure 3. Other barrier properties include
aroma, migration, and UV radiation barriers. These properties would be tested once
the initial barrier needs are met. Each of these barrier properties provide some kind

of protection for the product within the package. [13]
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Figure 3. Important barrier properties investigated of nanocellulose films for food
packaging including an oxygen gas barrier, moisture barrier, water barrier, and an oil

and grease barrier. [9]

A barrier is formed when the tortuosity, or difficulty of the path, for the particles to
penetrate the thickness of the layer is improved to the point where it takes a long
time or becomes impossible for the particles to flow through [3]. Tortuosity is directly
related to permeability. The way in which the particles can permeate the surface are
through absorption to the surface, diffusion through the surface, and desorption
from the surface. Absorption and desorption at the surface take place according to
Henry’s law (equation 3). The rate of diffusion of gases such as oxygen or water vapor

can be defined by Fick’s first law of steady-state diffusion, seen in equation 1,

dc
__pZ 1
J=-D— (1)

where J is the steady-state diffusion (J/cm?), D is the diffusion coefficient or the speed
of the molecules passing through the film (cm?/s), c is the concentration of dissolved
gas (M), and x is the distance from the film’s surface (cm). [2] The diffusion coefficient
changes based on the permeating gas, permeated material, and temperature [20].

Figure 4 displays the mechanisms of permeation.
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Figure 4. Mechanism of permeation through a polymer film beginning with
absorption at the surface with a high concentration by Henry’s law, diffusion by Fick’s
law through the film, and desorption from the surface with a lower concentration by

Henry’s law. [20]

Factors that influence the rate of permeability include the temperature, size and
polarity of the permeating species, thickness of coating layer, glass transition
temperature, moisture content of the coating, coating density, crosslinking,
crystallinity, orientation, and functional groups [2, 13]. Temperature increases the
energy with which the particles can move, so they tend to permeate through a film
faster. The thickness of the coating layer should be as thin as possible while still
meeting the barrier needs of the end-use. Too thin and the coating will not provide a
sufficient barrier, and too thick of a layer will be a waste of material and energy. The
end-use should be checked for the recommended barrier needs when determining
the coating thickness for paperboard packaging. [13] Some examples of barrier needs

for different products are represented in Figure 5.
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Figure 5. Oxygen transmission rate and water vapor transmission rate requirements

for the barrier of various food products. [21]

The density of the coating also plays a factor in increasing the tortuosity. If the coating
is less dense, it is likely more porous and allows more space between the coating
particles for the permeating particles to pass through [22]. Liquids may pass through
open pores and gaps in the film easily by capillary action [23]. Porosity is the volume

of pores, or open spaces, per total volume of the solid (equation 2) [22].

Volume of the pores

-1 0, 2
Volume of the whole solid (pores included) 00% (2)

Porosity (%) =

Crosslinking closes gaps in the coating by forming covalent bonds between polymer
chains. This decreases the diffusion through the material by increasing the density.
Crystallinity also increases the tortuosity of the coating by blocking the permeable
paths of the barrier. A high crystallinity increases the tortuosity because the
molecular arrangement is packed perfectly without gaps, making permeation
impossible. Amorphous sections consist of defects in the molecular arrangement,

allowing more particles through. [2]
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Functional groups are an important factor in barrier properties but not directly
related to closing the path of the molecules physically. Instead, functional groups can
resist certain molecules chemically. An important principle to consider with barriers
is the “like dissolves like” solubility rule. When the barrier contains polar groups,
polar molecules will be soluble in the barrier, and when the barrier contains nonpolar
groups, nonpolar molecules will be soluble in the barrier. Soluble molecules can pass
through a barrier more easily than non-soluble molecules. [2, 24] The permeability

coefficient can be related to solubility through Henry’s law of solubility (equation 3),

P=D-S (3)

where P is the permeability coefficient (cm3-cm/cm?s-Pa), D is the diffusion
coefficient (cm?/s), and S is the solubility coefficient or the number of molecules
passing through the material (cm? (STP)/cm? polymer). The solubility coefficient is
equal to the concentration of dissolved species per volume of polymer divided by the
partial pressure of the gaseous component. The coefficients P, D, and S are effective
for ideal gas behavior under steady-state conditions. [20] To correct the coefficients

for non-ideal gases and vapors, the Arrhenius equation can be applied (equation 4),

—Eq
k=A-eRT (4)

where k is the rate constant, A is the pre-exponential factor, E, is the activation

energy (J/mol), R is the gas constant (J/mol-K), and T is the temperature (K). [2]

2.2.1 Substrate effects

In paperboard barriers, the majority of the barrier properties come from the
substrate without any coating. The coating can only improve the properties as much
as the substrate allows. Multiple studies have shown the selection of the base paper

impacted the uniformity of the coating and the barrier performance [25, 26].
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According to Tyagi, the porosity, roughness, and bulk of base paper play important
roles in barrier packaging coatings. A more effective coating layer can be produced
when the coating is distributed evenly across the surface. [26] This can only be done
when the paper substrate is smooth and uniform in the first place. The surface can
be made smoother prior to coating with calendaring to press the surface flat and/or
the application of a primer, such as starch, to fill the valleys of the surface. [13, 26]
Coating that penetrates the substrate is a waste of material and does not benefit the
barrier properties. Additionally, water absorbed by the paperboard from the coating
solution prolongs drying time and can cause swelling stresses and bond weakening in
the fibers of the paperboard, reducing the mechanical strength of the paperboard.
Therefore, a low porosity which does not allow for the coating solution or water to
easily penetrate the substrate would be ideal. Overall, the best substrates will have

low porosity and a smooth, even surface for barrier coating. [13]

2.2.2 Gas barrier

A gas barrier is a resistance to the passage of gas particles through the package
surface. Air consists of mostly nitrogen, oxygen, and carbon dioxide gas, all of which
are nonpolar permeant gases that should be considered in food packaging. The most
significant gas to be concerned with is oxygen because it is often harmful to food
products as it may lead to the oxidation of the food components including fats,
vitamins, and pigments, or allow aerobic microbes to grow around the food, leading
to food spoilage. Oxygen is often removed from packages, whereas carbon dioxide
and nitrogen are added to packages through a technique to make modified
atmosphere packaging (MAP). The required oxygen barrier varies depending on the
product to be preserved. Some products, like meat and cheese, require more flow
through the packaging to avoid a buildup of gas within the package. Oxygen barrier
properties are often determined by packing, crystallinity, and intermolecular bonding
which lead to higher density and decreased mobility for the small oxygen molecules
to navigate. Increased porosity in the coating will allow the particles to pass more

easily, decreasing the tortuosity, and weakening the barrier. Hydrogen bonding
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between polymer chains often leads to a strong oxygen barrier. The clustering of a
polymer matrix due to humidity may lead to the loss of oxygen barrier properties. A
barrier with suitable oxygen barrier properties often has strong barrier properties

against organic vapors as well. [13]

The air permeability can be tested by an air permeance testing device which
measures the amount of air that can pass through the film over time. Specific gases
can be tested as well, with the most common being the oxygen transmission rate
(OTR). Other gas permeation rates can be estimated to be six times the OTR for

carbon dioxide and one-third of the OTR for nitrogen. [2]

2.2.3 Oil and grease barrier

An oil and grease barrier is important to contain greasy elements of foods like frying
grease in fast food and salad dressings. Fats and oils are lipophilic, non-polar
compounds composed of triglycerides. According to the chemical rule “like dissolves
like”, oil and grease are more soluble in non-polar materials than in polar materials.
Therefore, the grease barrier should be polar, similar to the gas barrier. Often a
barrier with low air permeability will also present low grease permeability. The free
volume and crystallinity are important factors for a grease barrier. Coat weight and
the uniformity of the coating surface can also affect grease resistance. Sorption of oil
or grease into a barrier may result in a loss of other barrier properties and reduce

material properties, especially if swelling occurs. [13]

Test methods for oil and grease barrier properties include the Cobb-Unger method,
the ASTM F119 standard method for oil and grease resistance (OGR), and the Kit test
[2]. The first two methods measure the permeation of the grease over time. In the
Cobb-Unger method, the difference in weight of the sample after a set time of
exposure to oil on the barrier surface indicates the amount of oil absorbed. The ASTM
F119 standard method involves watching the sample over time once oil is placed on

top of the surface until the oil finally permeates through the surface at which failure
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is indicated. The Kit test is made up of a series of solutions numbered 1 through 12
which have increasing permeability. A lack of failure at a Kit value of 12 is the ideal
result with the strongest barrier property. [2] However, the Kit test, developed for
testing PFASs, can cause defects on polymer coating layers, so this test should be

avoided in this case [27].

2.2.4 Water and moisture barrier

Water molecules can permeate a surface through vapor and/or liquid form. Both
food and nonfood products can be sensitive to the presence of moisture, so an
adequate barrier against both states of water from the packaging is often required.
For example, moisture gain can cause dry foods to lose their crispiness, or moisture
loss can cause bread to go stale or frozen foods to get freezer burn. [13] Water vapor
can permeate a barrier film through Fickian diffusion, whereas liquid water
permeates a film through pores by capillary action [23]. These different mechanisms

are important to consider when analyzing the barrier properties.

A strong moisture barrier consists of high hydrophobic properties to reduce the
diffusion of water molecules. The surface should be non-polar to resist the highly
polar water molecules, which contradicts the properties of gas, oil, and grease
resistance. [28] A strong moisture barrier is typically not a strong oxygen barrier and
vice versa [1]. Hydrophobicity can be increased by decreasing the surface energy and
by presenting nano-roughness on the surface [28]. Humidity can affect the barrier
against moisture dramatically as an increased concentration of water vapor in the air
gives water a higher chance to leech into the package. Polymers with hydrogen
bonding groups tend to have increased water permeability when more water is
present due to swelling of the polymer matrix [13]. In Figure 6, nanocellulose, which
consists of a network of hydrogen bonds, is pictured swollen with water molecules
interrupting the bonding matrix. Other barrier properties are affected if the water
barrier fails. Plasticization due to the sorption of water molecules may increase the

rate at which other compounds permeate the barrier [13]. Thin coatings are
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especially sensitive to moisture and may contain defects which allow liquid water to

pass through more easily [23].
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Figure 6. Swelling of nanocellulose film due to water absorption. [9]

The differences in movement through the surface between vapor and liquid water
require separate testing methods. The most common test method for liquid water
permeability is the Cobb test, and the test method for water vapor permeability is to
find the water vapor transmission rate (WVTR). For the Cobb test, similar to the Cobb-
Unger method, the difference in the weight of the sample after a set time of exposure
to water on the barrier surface indicates the amount of water absorbed. WVTR is
measured by the mass of water per area of film which permeates through the barrier
over time at constant temperature and humidity. Wettability can be measured
through contact angle measurements, which can in turn be used to calculate the
surface energy. A drop of water is applied to the surface, and a camera captures an
image to be used to measure the angle of the droplet where it meets the surface. A

water contact angle over 90 degrees is considered hydrophobic. [2]
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2.3 Cellulose

Cellulose has been investigated as a sustainable alternative for barrier coatings in
numerous studies. Photosynthesized by plants with carbon dioxide, water, and
energy from the sun, cellulose is the most abundant renewable polymer produced in
the biosphere [8, 29]. It has an estimated production of over 7.5 x 10 tons per year
and has been used in materials for daily life as fibers or derivatives for nearly 150
years. Cellulose has been admired by industry because it is cheap, abundant,
renewable, lightweight, transparent, water-insoluble, tough, nanoscale, recyclable,
and naturally degradable. The chemical makeup of cellulose can be characterized as
a high molecular weight homopolymer of -1,4-linked anhydro-D-glucose units (AGU),
and the repeat segment is frequently taken to be a dimer of glucose, known as
cellobiose (Figure 7). The number of glucose units or the degree of polymerization

(DP) can be up to 20,000 units. [11, 29]
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Figure 7. Chemical structure of cellulose, a high molecular weight homopolymer of -

1,4-linked anhydro-D-glucose units (AGU). [24]

Cellulose fibers found in nature are made of assemblies of cellulose chains. Cellulose
is synthesized by spinning individual molecules at the biosynthesis site. Depending
on the assumed model, 18, 24, or 36 cellulose chains are assembled to form
elementary fibrils. Elementary fibrils can then assemble to form microfibrils, which
finally assemble to produce cellulose fibers as shown in Figure 8. A single plant

cellulose fiber is generally 30 um in width and 1-3 mm in length [8]. Highly organized
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sections of the fibrils form crystalline regions, whereas defects in the structure form

amorphous regions in the fibrils. [29]
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Figure 8. The hierarchical structure of plant-based cellulose fibers. [30]

Cellulose on its own is insoluble in water, however, it contains highly hydrophilic
hydroxyl groups. Due to the abundance of these primary and secondary hydroxyl
groups, intra- and intermolecular hydrogen bonds form a complex network stabilizing
the cellulose chains (Figure 9). [29, 31] These hydroxyl groups on the surface of
cellulose allow for fine tunability of the surface properties. Cellulose can be made
into barrier coatings in various forms, but some common challenges arise due to

brittleness, lack of heat sealability, hydrophilicity, and crystallization behavior. [11]
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Figure 9. Intrachain and interchain hydrogen bonding of cellulose. [24]

2.3.1 Highly fibrillated cellulose

Microfibrillated cellulose (MFC) is made of cellulose fibers that have been
mechanically processed. MFCs studied in research have mostly been produced from
bleached fibers, though unbleached fibers have been studied as well [6]. The
mechanical treatments include high-pressure homogenization, cryo-crushing,
grinding, and high-intensity ultrasonication. The main drawback of the procedure is
the high energy consumption and clogging of the equipment due to the viscous MFCs.
[11] Nanofibrillated cellulose (NFC) is produced similarly, however, the final size is in
the range of 3 to 20 nm in width and 500 to 2000 nm in length [32]. The difference
between MFCs and NFCs is in the relative width of the fibrils, however, strict
dimensions have not been defined [3]. The hydrogen bonds present between MFCs
make it impossible to achieve complete conversion to NFCs even with large energy
consumption, therefore, various pretreatments have been proposed for conversion
with reduced energy consumption [8]. Charged groups dissociated in water must be
introduced into the crystalline MFC surfaces during pretreatment. Carboxymethyl
etherification, C6-carboxylation, phosphorylation, phosphite esterification, xanthate
esterification, sulfate esterification, and C2/C3-dicarboxylation have been proposed
as chemical pretreatments. [1,8] Highly anionic charges are formed on the pretreated

MFC surfaces in water, and osmotic effects and electrostatic repulsions efficiently
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work between cellulose microfibrils. Therefore, the original plant cellulose fibers can
be broken apart with successive mechanical disintegration in water. The NFC/water
dispersions are transparent because the widths are significantly less than the
wavelength of light. The dispersions generally have dry solids contents of less than 2
percent by weight because of the high viscosity caused by the high aspect ratio of
NFCs. [8]

MFCs have appropriate film forming properties but can be too viscous for processing
in some machinery. Ultrasound-treated NFCs have shown decreased viscosity [33],
and fibrillated celluloses have shown shear thinning flow behavior which is the
behavior when the clusters of the fibrils are aligned by the shear forces, decreasing
the resistance to flow [33]. Figure 10 shows how NFCs can form a film over the surface
of paperboard fibers. MFCs alone have been found to lack barrier properties against
water. As humidity increases, the water vapor infiltrates the amorphous regions of
the fibrils and disassembles the hydrogen bonds maintaining the barrier, thus causing

the barrier properties to deteriorate [19, 25]. Mechanical fibrillation tends to

decrease crystallinity, which provides easier access for water to enter the barrier [2].

200 um

NL 200 um  TM-3000 NL x500

Figure 10. SEM micrograph of the surface of paperboard: a) base paper and b) paper

coated with 2% nanofibrillated cellulose [34]

To produce the best barrier properties, narrower fibrils improve the interfibrillar

bonding network and longer fibrils enhance crack resistance [35]. The larger the
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aspect ratio and the surface area of fibrils, the higher the fibril entanglement and the
higher the tortuosity through the barrier material [2]. Fibrils which have less charge
produce less porous films [35]. The dense network can form films with effective
resistance against oxygen, oil, and grease. Kit values of 12 were reached in multiple
studies including NFCs. [31] The exact properties of the fibrillated celluloses can vary
according to the origin of the plant matter, fiber maturity, defects in the fibers such
as pits and nodes, the environmental conditions in which the plant was grown, and

the processing methods used [36].

2.3.2 Cellulose nanocrystals

Cellulose nanocrystals (CNC) are the crystalline counterparts to NFCs. CNCs are made
of the highly ordered, rod-like crystalline region in cellulosic materials with lengths of
300-600 nm and diameters in the range of 5-10 nm. CNCs are produced by the acid
hydrolysis of bleached cellulose fibers. Acid hydrolysis targets the amorphous regions
of the cellulose by hydrolyzing them into water-soluble glucose, leaving behind the
water insoluble crystalline segments of the chain (Figure 11). The degree of
crystallinity depends on the isolation process and cellulose source and can reach

values as high as 95 percent. [23, 35]
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Figure 11. Visual representation of the breakdown of amorphous cellulose through

acid hydrolysis to produce cellulose nanocrystals. [37]
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Acids like H2504, HCI, HBr, H2C204, or H3PO4 or solid or gaseous acid or metal salt
catalysts are all reported to have been used in acid hydrolysis. Higher concentration
of acid, longer time, and higher temperature decrease the crystallinity, yield, and size
of the resulting CNC. [11] Yields decrease to approximately 40 percent in laboratory
experiments because most of the disordered regions and some of the crystalline

regions are removed as water-soluble and low-molar-mass compounds [8].

The CNCs form clear films, but these films are brittle due to high crystallinity. The
elastic amorphous regions which provide flexibility have been removed, so
reorientation of the chains during deformation is less possible [35]. Cracks could form
on the surface and break the barrier layer. The high crystallinity of CNCs results in less
sensitivity to moisture. CNCs have been shown to have barrier properties against
gases, water, and grease, however, pure CNC films are more permeable to gases than
pure NFC films. [23] The high surface area of these crystals with a small volume leads
to increased tortuosity though the barrier film [38]. When coated on the surface of
the paperboard, the CNCs form a transparent film over the paper fibers as shown in
Figure 12. The pores of the surface are covered with the CNCs to form a proper barrier

film over the paper fibers.

c) 4x CNC

Figure 12. Surface SEM images (x100 and x400) using a secondary electron detector
(SED) of base paper and CNC-coated samples: a) base paper, b) x1 CNC coating, c) x4
CNC coating, and d) x8 CNC coating. [39]

2.3.3 Cellulose modifications

Though MFCs, NFCs, and CNCs show some barrier ability, they have not been found

to fully fulfill the requirements of a food packaging barrier alone. Chemical
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modifications can be made to improve the barrier properties of the material. The
hydroxyl groups of cellulose provide abundant modification sites. Chemical reactions
such as etherification and esterification can easily attach new functional groups to
the cellulose chain, modifying the surface properties of the chain. Examples of

cellulose modifications are provided in Table 1.

Table 1. Examples of modified cellulose and the observed properties

Citation
[25]

Cellulose Form
Methyl nanocellulose

Properties
Improved grease resistance, increased
gloss, reduced air permeance
High oxygen barrier, modest water [2]
vapor barrier, thickener, emulsifier

Methyl cellulose

Ethyl (hydroxyethyl) High water contact angles, poor oil [25]
cellulose resistance
Carboxymethylated Improved barrier properties, reduced [2]
cellulose flocculation
Lignocellulosic nanofibrils | Increased mechanical properties, [19]
(LCNF) decreased OTR, decreased WVTR,
antioxidant properties, UV-blocking
behavior
LCNF Decreased WVTR and UV [40]

transmission, increased thermal
stability

Oxalic acid modification

Improved water and grease resistance

[7]

Butyl acrylate grafting

Improved water and grease resistance

[7]

Cellulase pre-treatment

Improved water and grease resistance

[7]

2.3.4 Safety

Personal safety is an important factor to consider when working with nanomaterials.
There are mixed messages about the safety of nanocellulose. On one hand, powdered
cellulose is used as a food additive. On the other hand, wood dust, containing micro-
and nanocelluloses, has been classified as Group 1 — carcinogenic to humans by the
International Agency for Research on Cancer (IARC). [41] Group 1 agents, the most
severe ranking by the IARC, are established with sufficient evidence for
carcinogenicity in humans. The safety data sheets for these materials suggest to avoid

drying the material into a powder, which would increase the chance of exposure if
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the particles became airborne. Personal protection equipment to protect oneself
while working with the nanocelluloses should include rubber gloves, protective
clothing, and safety goggles to avoid direct contact with the material inits liquid state.
Nanocelluloses have not been found to pose a significant threat to the environment,

however, uncontrolled release of the material should be avoided. [42]

Barriers must also be food-contact safe and approved by the proper authorities
according to regulations of the location of consumption. Within the EU, the European
Food Safety Authority (EFSA) publishes guidance for the use of nanomaterials in food
[28]. Per- and polyfluoroalkyl substances (PFAS) used to be considered excellent
hydrophobic and oleophobic materials for packaging materials, however, they have
been banned due to toxins leaching into food products from the barrier [43]. No
producer wants to be responsible for the poisoning of food products, so following
these regulations closely is crucial. Studies of CNC migration have shown no toxicity

when applied to food packaging materials [28].

2.4 Water-based barrier coating

Dispersion coatings are made of a system of distributed particles within a matrix
which can then be coated onto a substrate surface. WBBCs are dispersion coatings
made of dispersed polymer particles, fillers, and additives in water. The solid barrier
from a WBBC is formed by drying the water away from the surface. Dispersion coating
is an alternative to extrusion coating where polymers are melted together to form a
physical barrier. Dispersion coating has some advantages over extrusion coatings.
Dispersion-coated paperboards are more suitable for recycling because the coating
does not interfere with the repulped product as plastic pieces from a plastic extrusion
coating would. [13] This is important as more brand owners are pressured to switch
to 100 percent recyclable products [44]. Another advantage is the dispersion partially
absorbs into the substrate, so adhesion is typically excellent. The adhesion of the

coating is important to ensure the coating remains attached to the substrate. The
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barrier properties of a coating are affected by both the application technique and film

formation during drying. [13]

In this study, rod coating was the method used to apply the WBBCs to the substrate.
Rod coating consists of a stable surface with the substrate and a rod that drags the
coating solution across the substrate to deposit the coating solution at a select
thickness. The rod speed and rod height can be varied to change the coat weight
applied to the substrate. [11] Increased coating speed may induce shear thinning
behavior, or reduced viscosity at higher speeds, as seen in rheological studies of
MFCs, NFCs, and CNCs [33]. The viscosity and dry matter content (DMC) of the coating
affect the absorption of the coating into the substrate. In the case of rod coating, the
WABBC fills the valleys of a rough surface, but the tops of the hills will have less coating
as seen in Figure 13a. Ideally, a barrier coating would have an even thickness (Figure
13b) rather than an even surface to avoid any weak points in the barrier. [13] The rod
coating method can be performed easily and quickly with little cost. Other techniques
include spray coating, roller coating, dip coating, blade coating, curtain coating, and

foam coating, but these methods are outside the scope of the research. [11]

Blade coating - smooth surface Air knife coating - even coating layer

Figure 13. The application of a coating onto a base sheet with an a) even surface

versus b) even thickness. [45]

After coating the substrate with the WBBC, the surface should be dried to cure the
coating material onto the substrate. The formation of a film from the WBBC makes
the barrier properties possible. The film is formed as the coating is dried. When the
first water molecules are evaporated, the concentration of the coating particles
increases, and the particles are forced to pack densely at the surface. As drying

continues, the particles diffuse into one another through coalescence. Some particles
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pack more easily than others depending on elasticity, polymer modulus, particle size
and distribution, coating ingredients, and drying conditions. Eventually, a solid, dry
film of particles is left on the surface of the substrate. [46] This film-forming process
is illustrated in Figure 14. Ideal film formation produces a solid, uniform, and defect-
free barrier layer [13]. Pinholes are small holes partially or completely through a film
which are a common defect found in cellulose-based barrier coatings. This can be
particularly detrimental to the barrier properties because the flow of particles
through pinholes can be significantly higher than diffusion flow. [47] It has been
suggested that two thin layers of a WBBC give superior barrier properties than a
single layer with the same overall coat weight because the second layer can fill in the
defects of the first layer [13]. However, due to the hygroscopic nature of cellulose,
high energy and long drying times are needed to fully dry the cellulose-based WBBC
[9, 13]. Further drying through heat treatments, such as hot pressing, can further
change the properties of the coating. Heat treatments can increase the crystallinity
and reduce the porosity of NFC films, in turn significantly reducing both OTR and
WVTR [2].
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Figure 14. Film formation mechanism of WBBCs where the wet coating (left) dries to
the point of dense packing (Stage |) and eventually particle deformation reduces the
voids in the film (Stage Il) before finally forming a film through coalescence (Stage lll).

[46]

29



2.4.1 Coating additives

Additives are common in all types of coatings to adjust the properties of the base
coating material. The additives which bring upon the barrier properties may have
higher content in WBBC recipes. Additives can be used in several ways, but in the
case of cellulose-based coatings, hydrophobizing agents have been the most
common [11]. Lignin and montmorillonite (MMT) clay have had increased attention
in recent years for their natural origins. Lignin is hydrophobic due to the presence of
nonpolar hydrocarbon chains and aromaticity in the structure, giving a low surface
energy [48]. MMT is admired for its platy structure which can increase the tortuosity
as molecules are forced to navigate around the particles and block access to the

hydroxyl groups which attract water [11].

Other additives which can affect barrier properties include thickeners, plasticizers,
and cross-linkers (Table 2) [13]. Thickeners are used to increase the viscosity and to
improve water retention in WBBCs, though are not often used in cellulose-based
coatings as cellulose is often used as a thickener already in other industries [49].
Plasticizers decrease the glass transition temperature of a material by promoting
mobility of the amorphous sections which can improve processability and increase
flexibility in brittle materials [50]. Chemical cross-linking, or esterification, can

improve dimensional stability and increase hydrophobicity [23].

Unfortunately, there can be some drawbacks to the use of additives as they disrupt
the hydrogen-bonded matrix between cellulose chains. Studies have observed
decreased strength of the barrier film where nanoclay had been added due to the
clay’s interference with the hydrogen bonding between fibrils. In another case, the
addition of hydrophobizing agents was unfavorable to the adhesion of the coating to
the fibers of the paper substrate due to the incompatibility of the hydrophobic
additive with hydrophilic paper fibers. [51] The additives can also increase the
porosity of the barrier. Plasticizers increase the free volume of a polymer network,

so molecules can diffuse more easily [50]. Though in some cases, the correct balance
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of additives can have a net positive effect on the barrier properties. The addition of
polyethylene glycol (PEG) decreased the brittleness of CNCs while still maintaining its

barrier properties [11].

Table 2. Coating additive types, their purpose, and examples tested with cellulose

Ingredient Purpose Examples References
Plasticizer Improves flexibility and | Polyethyleneglycol, sorbitol, [16]
processability, xylitol, glycerol
increases free volume Sucrose [52]
Crosslinker Decreases solubility, Ammonium zirconium [16]
improves water carbonate, potassium
resistance zirconium carbonate, citric
acid
Succinic acid [23]
Calcium chloride [52]
Thickener Improves water Starch, carboxymethyl [16]
retention, increases cellulose, hydroxyethyl
viscosity cellulose, xanthan gum,
polyvinyl alcohol
Hydrophobizing | Improves water Sodium alginate, Propylene [52]
agent resistance glycol alginate
Lemon essential oil [53]
MMT, Nano alkaline lignin [51]

2.4.2 Multilayer coating

Multilayering, or layer-by-layer coating, involves applying varying coating recipes to
the surface to combine multiple functional properties to meet the complex
requirements of food packaging [10]. For example, an excellent water barrier coating
with CNCs was applied over an effective oil and grease barrier of NFCs to fabricate an
overall barrier with decreased air permeability, OTR, and WVTR by the order of
approximately 300, 260, and 30 percent, respectively [11]. The water barrier is placed
on top in the case of a WBBC to ensure the coating will bond to the grease-resistant
coating. If the water-resistant coating were placed first, the water component of the
WBBC would resist the surface and inadequate adhesion would take place. Various
methods have been suggested to layer the coatings. In addition to the simple bilayer

example stated, oppositely charged layers may be stacked in an alternating manner
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or a sandwich method could be used to surround a moisture sensitive barrier with
moisture resistant layers pictured in Figure 15 [9]. Adhesion of the coating layers is
important to avoid defects and voids between the layers. Gaps between coating
layers can lead to common defects including pinholes, blisters, and an overall
inaesthetic appeal. One must be wary there will be a significant difference in

properties depending on which layer is the last to be coated onto the multilayer film

[9].

Nanocellulose

Wax or polymer

Figure 15. Schematic representation of sandwiched thin film structures where
nanocellulose film with high resistance to oxygen permeation when dry is

sandwiched between water resistant layers. [36]

2.4.3 Corona treatment

One technique shown to improve the adhesion between coating layers is corona
treatment. Surface wetting is important to creating a coating layer free of pinholes
and other defects [13]. The corona treatment accelerates stray electrons with high
voltage to produce oxidants from oxygen in the air. These oxidants include ozone,
atomic oxygen, and oxygen-free radicals. When a surface is treated with corona, the
surface energy increases due to the polar groups introduced by the oxidation of the
surface by the oxidants. This added charge increases the wetting and adhesion
abilities of the surface with the next layer of coating applied. [13] One study

supported this idea stating when corona treatment was applied between two WBBC
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layers, there were fewer gaps between the layers than without the corona treatment,
indicating improved adhesion [53]. This improved adhesion can result in other
benefits as well. The increased surface energy caused by corona discharge has
resulted in reduced thickness when compared to samples with the same basis weight,
leading to higher density [54]. A higher density is ideal to improve barrier properties.
In the same study, it was shown that the tensile strength increased, and the OTR and
WVTR decreased with the use of corona treatment [54]. Other methods with a similar
effect include flame, plasma, and ozone treatments, which use modified procedures

to also oxidize the surface for increased surface energy [13].

Though the corona treatment has several advantages, there are some downsides to
consider. One issue to remember is this surface treatment tends to decay over time,
deteriorating the adhesion properties. Another consideration is overtreatment.
Overexposure to the corona can lead to damage to the fibers on the paperboard and
sliced polymer chains, decreasing their molecular weight. [13] Also, the oil and grease

barrier may be negatively affected by the treatment [53].

2.5 Summary

There is a need to replace plastics in the barrier coatings found on countless
paperboard food packages on the market. Barrier coatings are necessary to preserve
the food within the package to avoid spoilage due to gas, moisture, and/or grease
exposure, however, fossil fuel-based plastics and latexes are harmful to the
environment and unsustainable. Bio-based alternatives have been under research for

a few decades to combat the issues related to traditional barrier coatings.

The barrier properties desired are meant to keep the food contained in the package
edible and tasty for the entirety of the shelf life. The barriers require various
properties to block the passage of contaminants and contain the food within. High
crystallinity and density are important factors to slowing the diffusion of molecules.

Although, elasticity when assembling the package and safe contact with the food are
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also contributing factors to the selection of barrier materials. Strong adhesion of the
barrier coating to the substrate and additional coating layers is vital to the success of

the barrier.

The cellulose products studied were MFCs, NFCs, and CNCs. Based on the literature
search, these cellulose products can be used to meet the oxygen and grease barrier
needs of food packaging in a safe and sustainable manner. The moisture barrier
properties tend to be weak due to the chemical nature of cellulose’s hydroxyl groups.
These cellulose-based materials can be applied by rod coating as a WBBC on the
backside of the FBB to produce a barrier structure. Methods of layering, chemical

substitution, and formulation with additives can improve the barrier properties.

3 Experimental

The experimental work consists of the coating and measurement of various cellulose
products on paperboard. The coatings selected were intended to provide information
about the barrier properties of cellulose products with different characteristics. The
characterization of the cellulose products helped identify the similarities and
differences between the products on a quantitative level. The rod coating method
was chosen for its laboratory-scale efficiency and manipulability. The measurement
methods for the coated paperboards were chosen based on the desired barrier
properties of the cellulose products. Imaging allowed for the investigation of the
interaction of the coating with the paperboard surface and the surface morphology

of the coating.

3.1 Materials

Six cellulose products were tested in this study. Three MFCs, two NFCs, and one CNC

were selected for their varying properties. The cellulose products came from
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different sources and manufacturers. An unbleached MFC (UB-MFC1) coating was
selected because it contains lignin and hemicellulose from the source. The bleached
version of the same MFC (B-MFC1) was also selected as a comparison to the
unbleached MFC. A second bleached MFC (B-MFC2) was selected from a different
manufacturer to compare to the first bleached MFC. The two NFCs (NFC1 and NFC2)
had different chemical treatments during processing. The CNC coating was used as a
representative for CNC coatings. An additional non-cellulose-based hydrophobic (HP)
coating was also applied. All the coatings were used as received from the supplier.

The coatings were refrigerated at 4 °C when not in use.

The coating substrates for these experiments were size A4 FBB sheets provided by
Metsa Board. All paperboards used in the study were from the same batch to reduce
variability. The paperboard consisted of two pigment coatings on the topside and a
pre-coating on the backside. This paperboard type was selected because it was more

resistant to wrinkles while drying the cellulose coatings in a laboratory setting.

The laboratory rod coating device was a K Control Coater with controllable speed (RK
Print-Coat Instruments Ltd., UK) (Figure 16). The speed setting of 7 used while coating
correlated to a speed of 7 m/min. The rods available were close wound rods. In a
close wound rod, a stainless-steel wire of a specified diameter is wrapped around a
stainless-steel rod tightly to make a coil with a uniform thickness (Figure 16). The rod
numbers are assigned based on the wire diameter. The rod numbers used in this
experiment were 0 (0.05 mm), 2 (0.15 mm), and 5 (0.64 mm). Different rods result in
different coating thicknesses. [55] The drying device used directly after coating was
a Hall 1500 infrared dryer (MCS, Italy) positioned 20 cm above a heat-protected table

surface.
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Figure 16. K Control Coater prepared for coating cellulose products onto paperboard.
Diagram of a close wound rod with wire tightly coiled around a stainless steel rod.
Grooves formed between the wire and the surface (shaded black) spread the wet

coating with even thickness. [55]

3.2 Material characterization

Dry matter content

The dry matter content (DMC) was measured with a Precisa XM60 Moisture Analyzer
(Precisa, Switzerland) from 1 g of wet sample. The device dried the sample with a
halogen heater to remove the water and measured the change in mass of the sample

once stabilized. The DMC was displayed by the device as a percentage.

Viscosity
The viscosity was measured with a Brookfield RVDV-IIl Ultra rheometer at 25°C.
Spindles 2, 4, and 6 were used to measure the viscosity. The measurements were

taken in duplicates at spindle speeds of 50 rpm and 100 rpm. The viscosity was
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determined by the force resisting the spinning motion of the spindle. The average of

the viscosity measurements at each speed was recorded.

Conductivity and pH

The pH and conductivity were measured simultaneously with a Mettler Toledo
SevenMulti device (Mettler-Toledo, Switzerland). The pH meter was calibrated at 4
and 7. The conductivity device was calibrated to 1,413 uS/cm. The measurement was
made by fully submerging the probes in the coating suspension. The values were

displayed by the device and recorded.

Fiber analysis

The Valmet FS5 Fiber Image Analyzer (Valmet Automation Inc., Finland) was used to
analyze the length, width, and shape properties of the fibers in the cellulose products.
The MFC setting was selected for analysis. The minimum measurable dimension of
the device is 1 um. The sample was prepared by diluting a small amount of sample
(0.1 g- 0.2 g) into approximately 500 mL of deionized water. The solution was then
mixed with the QSONICA Sonicator 700W at an amplitude of 30 percent for 30

seconds.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) measurements were performed using
a Nicolet Summit Pro FTIR spectrometer with ATR (ThermoScientific) in the range of
400-4000 cm™. The samples were prepared by drying 2 mL of cellulose coating
suspension onto glass to create a thin film for analysis. The sample was removed from
the glass and tested directly on the testing surface of the device. The peaks were then
compared to a database to identify corresponding materials. The main product used

for comparison was birch cellulose.
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3.3 Methods

The coating suspensions were heated with a warm water bath to 25°C prior to mixing.
The suspensions were mixed with a Heidolph RZR 2041 mixer with a propeller mixing
head at speed 6 for 5 minutes. Care was taken not to create bubbles in the
suspension. Then, the cellulose suspensions were further mixed with a QSONICA

Sonicator 700W at an amplitude of 50 percent for 2 minutes.

The initial paperboard grammage was measured before coating. The paperboard was
attached to the clip at the back of the glass coating surface on the rod coater. The
four corners of the paperboard were secured to the glass surface with tape to keep
the surface flat. The rod was secured on top of the paperboard with clamps and 0.5
kg weights were added to either end of the rod to apply pressure. Approximately 4
ml of the coating suspension was applied evenly across the front of the rod with a
syringe. The speed of the rod was set to 7 m/min. The rod was then moved forward
by the machine to the bottom of the paperboard, pushing the rod to spread the
coating suspension across the surface. Then, the glass surface with the coated
paperboard was transferred to the drying device. The IR drying device heated the
surface of the coated paperboard for 100 seconds to dry the coating suspension.
When the coating was dry, the tape was removed from the corners. The paperboard
edges were cut to remove uncoated surfaces and defects. Ten replicate samples were
prepared for each sample type. The sample types and coating parameters are listed
in Table 3. Once all ten replicates were prepared, the sample coat weight was
measured. When the samples were complete, they were placed in a conditioned
room set to standard conditions of 23°C and 50+2% RH for at least 24 hours prior to

testing.
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Table 3. Laboratory rod coating parameters for each sample

Sample name Coating Coating Rod Rod
Temperature | layers number | speed
°C m/min
UB-MFC1 x1 23 1 5 7
UB-MFC1 x2 23 2 5 7
B-MFC1 x1 23 1 5 7
B-MFC1 x2 23 2 5 7
B-MFC2 x1 23 1 5 7
B-MFC2 x2 23 2 5 7
NFC1 x1 23 1 5 7
NFC1 x2 23 2 5 7
NFC2 x1 23 1 5 7
NFC2 x2 23 2 5 7
CNCx1L 40 1 0 7
CNCx1 23 1 2 7
CNC x2 23 2 2 7
B-MFC1 / 23 1 5 7
HP 23 1 0 7
B-MFC1 / 23 1 5 7
CNC 23 1 2 7

3.4 Measurements

Coat weight

The coat weight indicates the mass of coating per unit area of the substrate. The
length and width of the paperboard were measured with a calibrated ruler before
coating. The mass of the paperboard was weighed on a Mettler Toledo laboratory
balance under standard conditions. The estimated dry weight of the paperboard was
calculated based on identical paperboard samples which were dried and weighed.

The dry weight of the paperboard was assumed to be 92.8 percent of the weight
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under standard conditions. Then the initial grammage of the paperboard could be
calculated according to equation 5. The length and width of the coated paperboard
samples after cutting were measured with a calibrated ruler. The coated paperboards
were dried in a dryer of 105 °C with a fan for 30 minutes. The mass of the dried sample
was measured with a Mettler AT200 laboratory balance immediately after the
removal of the coated samples from the dryer. The grammage of the coated
paperboard was then calculated according to equation 5. The initial paperboard
grammage was subtracted from the coated paperboard grammage to find the coat

weight (gsm) according to equation 6.

mass (g)
length (m) - width(m)

(5)

Grammage (gsm) =

Coat weight (gsm) = grammage oqtea — grammageinitial (6)

Optical topography

The optical topography (OptiTopo) measurement method was developed to study
the roughness of the surface and predict printing performance. The surface of the
sample is analyzed from a digital height map developed from pictures under inclined
low angle lighting from both sides of the analyzed surface. Bandpass filters divide the
wavelengths of the surface by size. The wavelengths were separated into 3 categories
of fine-scale for roughness (less than 0.5 mm), mid-scale for waviness (0.5-2 mm),
and large scale for form (2-8 mm) of the surface. The differences between these
wavelengths are pictured in Figure 18. The OptiTopo surface deviation (OSD) is
calculated based on the standard deviation of the changes in the surface at the scale
measured. Craters and hills in the surface could also be measured as a percentage

within each wavelength category. [56]
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Figure 17. OptiTopo wavelength ranges as divided from the paper surface pictured

top to bottom: large-scale form, mid-scale waviness, and fine-scale roughness. [56]

Light Microscopy
Light microscopy was performed with an Olympus SZX9 Stereo microscope (Olympus,

Japan) to analyze the surface of single-coated paperboard samples.

Scanning electron microscopy

Scanning electron microscopy (SEM) analysis of the coated samples was performed
using a JCM-6000PLUS Benchtop SEM (Joel, Japan). Surface imaging was performed
under high vacuum with a secondary electron detector, standard probe current, and
an accelerating voltage of 10 kV. Cross-section images were prepared by forcibly
splitting the sample with a hammer over a razor blade. The samples were coated with
gold by sputter coating and the edges were painted with agar silver paint. The same

SEM settings as the surface imaging were used to analyze the cross-sections.

Contact angle measurement
The contact angle of the coated surface was measured with a Kruss Mobile Surface
Analyzer (Kruss, Germany). Drops of deionized water and diiodomethane were

measured for contact angle after 1 second with a built-in camera system illustrated
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in Figure 17. Contact angles greater than 90° are hydrophobic, and contact angles less
than 90° are hydrophilic. Once the contact angles were measured, the surface energy
of the coated surface could be calculated by the operating system. The surface energy
is the energy required to increase the size of the surface per unit area (mN/m). The
total surface energy was calculated along with the polar surface energy and disperse
surface energy components which add up to the total surface energy. Disperse
surface energy comes from solely the Van der Waals interactions, whereas the polar
surface energy comes from all other interactions including dipole-dipole interactions
and hydrogen bonding. These components come from the two-component surface

energy theory by Good. [57]

. Complete wetting
- _ __ A
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Increasing surface energy and/or
decreasing surface tension

Figure 18. Contact angle measurement illustration and trends [58]

Oil and grease resistance

The oil and grease resistance (OGR) measurement was performed according to the
standard ASTM F119 Standard Test Method for the Rate of Grease Penetration of
Flexible Barrier Materials (Rapid Method). The test conditions were 60°C and 10% RH.
For each coating sample, the OGR was tested on two replicates of flat and creased in
the machine direction (MD) samples with the tested barrier surface inside the crease.
Two 100% cotton pads of 18 mm diameter were placed over each testing surface.
Then, 200 pL of olive oil was pipetted onto the cotton pads, and a 50 g weight was
placed on top of the cotton pads. The samples were checked through a glass plate
until failure at time incrementsof 0 h, 0.25h, 0.5h, 0.75h,1h, 2 h, 4 h, 6 h, and then
3 times per day in the following working days. The minimum value of the OGR is the

last time the sample was checked prior to failure, and the maximum time is the time
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failure was noticed. Images were taken of the samples after 6 hours to show the

differences in the degree of failure of the creased samples.

Water vapor transmission rate

The water vapor transmission rate (WVTR) of the coated samples was measured
according to the standard ISO 2528 Determination of water vapor transmission rate
— Gravimetric method. The tests were performed under standard conditions of 23°C
and 50% RH, and tropical conditions of 38°C and 90% RH. Sample containers
containing anhydrous calcium chloride were sealed with the test material cut to a
diameter of 75.0 mm. The transmission area was 0.0032 m2. The water vapor
pressure inside the sample cup was assumed to be zero due to the presence of
anhydrous calcium chloride. The containers were stored under the test conditions
and periodically weighed until the weight stabilized. The WVTR was calculated

according to the increased mass of the sample container (equation 7).

Amass
WVIR = —8M8M (7)
area - time

4 Results and discussion

The characterizations, rod coatings, and measurements were performed according
to the experimental plan. In this section, the results of the characterization methods
are analyzed to understand the coating suspensions better. Then, the results of the
rod coating onto the FBB substrate are discussed. Finally, the barrier properties of
the materials are analyzed. This experiment was meant to compare the cellulose-
based coating materials to each other and to determine if they could be used as

barrier coatings in FBB packaging.
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4.1 Characterization results

The cellulose products studied had significantly different properties from one
another. At a first glance, it was clear these coating suspensions came from vastly
different processing methods. The UB-MFC1 stood out most due to its brown color
from the lignin which remained in the coating suspension due to the lack of bleaching.
The bleached MFCs were opaque and a creamy white color, and small pieces of fiber
could be seen in the pudding-like material. The NFCs were completely clear, jelly-like
materials. The small interstitial spacing of the densely packed fibers poorly scatters
light [36]. Some bubbles were trapped within the material, and it was clear that it
would not be easy to remove them. The CNC was much different from the rest of the
cellulose suspensions because it flowed more easily. It had an opaque, white color
which turned clear after drying. The graphs in Figure 19 display some of the

characterization results of the materials.

The DMC of each cellulose product, shown in Figure 19a, was dependent on the
viscosity of the material. The viscosity of the material had to remain in the range
which was coatable on the substrate. Typically, the viscosity of a dispersion coating
suspension is between 500 and 1000 mPas [13]. The DMC of the CNC coating solution
was the highest at 21 percent. The DMC could be higher for the CNC material than
for the fibrillated celluloses because there was less entanglement of the fibrils.
Smaller straight rods do not form floc structures as easily as long flexible fibrils which
can bend around each other creating tangles which cannot flow easily past one
another. The DMCs of the MFCs were 4.0 percent, 1.8 percent, and 1.3 percent for
UB-MFC1, B-MFC1, and B-MFC2, respectively. A dry matter content of 4.0 percent
was attempted with B-MFC1, but the viscosity became too high to coat the material.
The DMCs of the NFCs were the lowest with 0.3 percent and 0.8 percent for NFC1
and NFC2, respectively. The NFCs had a higher surface area, so more hydroxyl groups
from the surface of the cellulose chains could interact with the water and form a
tightly knit swelling matrix between the fibril network. This caused the viscosity to

increase dramatically with only a small amount of NFC material.
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Figure 19. Characterization results of the cellulose coating products including a) dry
matter content, b) Brookfield viscosity at spindle speeds of 50 rpom and 100 rpm at
25°C, c¢) pH, and d) conductivity. *CNC material was diluted with deionized water and
tested at 40°C.

The viscosity of all the cellulose materials decreased when the spindle speed
increased (Figure 19b). This phenomenon is shear thinning behavior, or
pseudoplasticity, when the viscosity is dependent on the shear rate or shear stress.

Shear thinning is a typical feature of nanocellulose coatings. [13, 33]

The pH was close to neutral, 7, for most of the materials. The UB-MFC1 sample had a
low pH value of 3.5. This was caused by the use of acids as a preservation agent in
the coating to avoid the growth of mold in the coating. The pH of the CNC coating

was also on the acidic side with a value of 4.5. This was likely due to the addition of
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preservation agents as well. Any acids used in acid hydrolysis during the production

of the CNCs should have been neutralized after the reaction was complete.

The conductivities of the samples were primarily between 200 and 400 uS/cm. The
increased conductivity seen in the UB-MFC1 and NFC1 samples was caused by the
addition of salts to the products. Electrolytes, including salts, dissociate into free ions
in water. The degree of ionization can be inferred from electrical conductivity. When
the concentration of salts increase, the conductivity of the coating material will

increase up to a maximum point. [59]

The Valmet FS5 fiber analysis device is typically used to measure the length, width,
and other dimensional properties of fibers. The use of this device is not typically used
to measure the dimensions of MFC, NFC, or CNC fibers because the minimum
measurable dimension is 1 um. NFCs and CNCs have widths below the wavelength of
light, so they are not visible with optical methods such as the use of a camera used in
this device. Though the device is not ideal for characterization methods of
nanocellulose products, it can be used to measure the purity of the samples. If larger
fibers which were not fully broken down or other impurities are detected by the
device, it indicates a lack of homogeneity in the material. The results can be seen, for
example, in the percentage of fines of the material. Ideally, the percentage of fines
should be 100 percent, indicating everything in the material is smaller than 2 mm.

The fines percentage of the studied cellulose materials can be seen in Figure 20.

The fines percentage was over 90 percent for all samples except NFC1. This sample
could contain some larger fibers or salt impurities. The NFC1 product is still under
development, so the processing methods have not been perfected for purity. Ideally,
the fines percentage would be higher for all of the samples, but impurities will almost

always be found in these kinds of samples due to their difficult processing methods.
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Figure 20. The percentage of fines with dimensions 0.0-0.2 mm as measured by the

Valmet FS5 Fiber Analyzer for each cellulose coating material.

The FTIR curves collected from each cellulose material were compared to birch
cellulose to check for a match indicating the material is solely made up of cellulose

and water. The FTIR curves can be seen in Appendix A.

4.2 Coating results

The materials were coated onto the FBB. The ideal barrier coating layer has an even
thickness with a homogenous surface without defects such as pores or holes [13].
However, these coatings did not perform in an ideal way. Some issues seen in the

coatings of these cellulose products are displayed in Figure 22.

Craters were seen with the CNC and NFC coating materials. Craters are circular,
crater-like openings that appear during or shortly after coating application. Craters
are caused by a lack of wettability of the surface, normally contaminated with oil,
wax, silicone, or grease. [60] There were some hydrophobic components in the FBB
substrate which could have repelled the coating materials in a way that would result
in craters. This defect could affect the barrier results because there is less barrier

material in these areas. This could affect the standard deviation of the results
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especially because molecules can travel more quickly through the areas with less
barrier material. Further experiments could investigate the coating parameters which
would minimize these defects. Perhaps a different rod speed or viscosity of the

coating could improve the smoothness of the coating.
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Figure 22. Coating defects recognized while coating the cellulose products, a) craters

and b) crazing. [60]

Crazing was a defect seen in the MFC coatings (Figure 22b), particularly B-MFC2.
Crazing is the folding of the coated surface, caused during application or drying. This
result is not desired due to the uneven distribution of the coating across the surface.
The cause of crazing could be an incompatibility between the substrate and the
coating, or the coating was applied in too thick or too wet amounts. [60] The DMCs
of the MFCs were quite low, with B-MFC2 being the lowest, so the coating could have
been too wet to spread evenly along the surface. Once again, changes in the coating

parameters could improve the aesthetic result of the coating.

Once dried onto the FBB surface, the cellulose materials had securely adhered to the
surface. No additional wetting methods, such as corona treatment, were necessary.
This ease of application of the cellulose materials is due to the similarities between

the nanocelluloses and the FBB fibers. Hydrogen bonds were able to form between
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the fibers of the paperboard and the nanocelluloses creating a secure connection

between the materials.

4.2.1 Coat weight

The coat weight of the MFC and NFC materials was 2-4 gsm per coating layer
displayed in Figure 23. The second coating layer tended to have less addition of
material compared to the first coating layer. The CNC material had a higher coat
weight compared to the fibrillated celluloses because the dry matter content was
significantly higher. This is why the dry matter content and viscosity were decreased
for the CNC x1L* sample to decrease the coat weight, so it would match the coat
weights of the MFCs and NFCs. The coat weight has been assumed to be uniform,
however, the defects in the coating and variability in the substrate can influence local

coat weights around the sample.
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Figure 23. Coat weight of the dried coated FBB samples. *CNC material was diluted

with deionized water and coated at 40°C.
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4.2.2 Optical topography

The OptiTopo results were a measure of the roughness of the material. The
roughness was measured at the fine-scale, mid-scale, and large scale shown in Figure
24. An additional sample was measured for the analysis of these results. An uncoated
substrate was coated with deionized water and dried under the same conditions of
the cellulose coatings. This test was intended to measure the effect of only water on
the surface of the paperboard. Because the DMCs of the cellulose coatings were so

low, the water in the coatings would have a significant effect on the surface

roughness.
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Figure 24. OSD of fine-scale, mid-scale, and large-scale surface roughness of the
coated FBB samples. *CNC material was diluted with deionized water and coated at

40°C.

In the fine-scale, the UB-MFC1 was noticeably rougher, and the CNC was smoother

than the substrate. The remaining cellulose coatings had similar fine-scale roughness

to the original substrate. Water does not typically have a large effect on the surface
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roughness at the fine scale as shown by the wet substrate sample. These same
findings can be studied further in Figure 25 which displays craters and hills in the fine

scale measurement on the surface.
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Figure 25. Craters and hills of the fine-scale surface analysis. *CNC material was

diluted with deionized water and coated at 40°C.

In the mid-scale, the effect of the water became apparent, and the waviness of most
of the coatings was higher than the substrate. CNC x1 and CNC x2 were the only
samples which remained less wavy than the substrate. This smoothness could be
caused by the higher dry matter content of the material, smaller particle sizes, and

higher coat weight.

In the large-scale, the water affected the surface to a greater degree. The double-
coated samples became rougher than the single coated samples in most cases. A
second coating layer with more water added to the substrate tended to increase the
deviation in the form of the final FBB. The results were more comparable to the wet
substrate than the untreated substrate. The samples which remained the most level
were from the CNC material. NFC1 which had the lowest DMC presented with the
highest deviation in form. The deviations in form of the FBB are undesirable because

they cause the material to look damaged compared to a pristine flat surface.
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4.2.3 Microscopy

The SEM surface images were taken of the double-coated FBB surfaces shown in
Table 4. The FBB substrate had a reasonably smooth-looking surface caused by the
precoating layer which filled the gaps between the fibers of the paperboard. The UB-
MFC1 product had vessel cells visible on the surface of the coating. Vessel cells are
used by plants for water transport. The vessel cells in this material were wider than
the fibers and contained pitted walls with spiral thickenings. [61] These cells could be
adding roughness to the surface. The B-MFC1 product looks quite similar on the
surface to UB-MFC1 with vessel cells visible. The B-MFC2 product was more fibrous
looking with large unbroken fibers dominating the look of the surface. The increased
fibrosity of the B-MFC2 material could have had an affect on the crazing of the
material while coating. NFC1 had a smooth and cohesive surface except for some
large salt crystals. It seems the salt did not remain dissolved within the coating but
developed crystals on the surface instead. Faster drying could reduce the crystal size
by allowing less time for the salts to rise to the surface and for the crystals to grow.
NFC2 also had some crystal formation on the surface. A frost-like crystal structure
was formed on the surface of the otherwise smooth NFC coating layers. The CNC-
coated FBB had matte and glossy areas visible. When analyzed with SEM, the glossy
areas showed an exceptionally smooth, even surface. However, the matte areas
displayed some uncommon worm-like structures. The true cause of these structures
has not been determined, but some theories have been discussed. Upon further
analysis of the CNC coated substrates, the single coated samples did not show the
same structure, so it is not believed to be a structure caused by the swelling of FBB
fibers. One theory is the material began to roll over itself during rod coating in some
areas, forming these structures with a uniform diameter. Another theory is uneven
shrinking and stretching of the surface during drying could have resulted in these
surface structures. Further study is necessary to determine the true cause of the

presence of these worm-like structures.
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Table 4. SEM surface images of substrate and double-coated cellulose FBB samples

Sample SEM Surface Images
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The SEM analyzed cross-sections of the coated substrates displayed the expected
results. The coating layers were only visible for the MFC and CNC-coated samples.
The layers laid close to the surface of the FBB, so strong adhesion was confirmed once
again. The NFCs created such thin coating layers they were not visible on the surface

of the cross-section with this device. The images can be found in Appendix B.

Analysis of the surfaces with a stereomicroscope did not show unique results. The
brown color in the UB-MFC1 was visible on the surface. Both the UB-MFC1 and B-
MFC1 samples had visible vessel cells. The remaining coatings did not look different
from the original FBB substrate except for additional gloss from the NFCs and CNC

coatings. The images can be studied in Appendix C.

4.2.4 Contact angle measurement

The water contact angle measurements shown in Figure 26a demonstrate the
hydrophilicity of cellulose products. The only hydrophobic coating layer with a water
contact angle over 90° is the HP layer, which was non-cellulose based. All the cellulose
products had water contact angles below 90°. The error seen in the contact angles
can mainly be attributed to the changes in roughness of the surface affecting the
angle at which the drop meets the surface of the coating. The total surface energy is

inversely correlated to the water contact angle shown in Figure 26b.
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Figure 26. a) Water contact angle and DIM contact angle of each coated FBB sample,
and b) the correlation between the water contact angle and the total surface energy.

*CNC material was diluted with deionized water and coated at 40°C.
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The total surface energy was broken down into the disperse surface energy and the

polar surface energy. The surface energy results are shown in Figure 27.
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Figure 27. Total surface energy broken down by disperse surface energy and polar
surface energy components for each coated FBB sample with the total surface energy
value stated at the top of the bar. *CNC material was diluted with deionized water

and coated at 40°C.

The lowest surface energies of the cellulose products were from the UB-MFC1 and
NFC2 coating layers. The highest surface energies were from NFC1 and CNC.
Something was dramatically different between the NFC1 and NFC2 products because
they had similar disperse surface energies, but their polar surface energies were on
completely different scales. The difference between these two products could be one

key to controlling the surface energy of these cellulose products.
The polar surface energy was more variable than the disperse surface energy.

The UB-MFC1 polar surface energies showed an interesting change in value between

the single-coated and double-coated samples. Differences are seen in other samples
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too, but when considering the error around the value, it is not a significant change.
There could be some organization of the cellulose chains such that the hydrophobic
sections are facing outward with a single coating layer, but the chains are arranged

differently with the second coating layer so the hydrophilic parts are facing outward.

4.2.5 Oil and grease barrier

The OGR was tested on flat and creased samples with results displayed in Figure 28.
The flat OGR results were significantly higher than the creased OGR results. Nine flat
samples lasted 168 hours or a full 7 days, including UB-MFC1, NFC1, NFC2 x2, and
CNC. Only minimum values were recorded because the samples were not tested to
failure to find the full oil and grease resistant potential of the samples. The samples
which did not show such strong grease resistances were the bleached MFCs. It is
possible some part of the bleaching process affected either the hydrogen bonding

network or density of the coating which forms a strong grease resistant barrier.
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Figure 28. OGR minimum to maximum for creased and flat sample. *CNC material

was diluted with deionized water and coated at 40°C.
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The creased OGR results were less impressive. With the substrate alone, the creased
OGR was already quite weak. The coat weight seemed to have some effect on the
behavior of the creased OGR. Looking at the CNC samples, the CNC x1L had a higher
creased OGR than when the coat weight was much higher in samples CNC x1 and CNC
x2. The brittle nature of the CNC material is more evident in these results. At the
higher coat weights, the material cracks under the creasing pressure more easily. The
material with the highest creased OGR was the HP coating. One factor which
contributes to the success of the HP coating layer is the elasticity of the material due
to plasticization within the coating. Elasticity allows the coating to stretch and bend
with the creasing forces to avoid cracking the barrier layer. Improving the elasticity
of the other coating materials could improve the creased grease resistance. However,
the formulation will have to be made carefully not to damage the hydrogen bonding
network which leads to higher grease resistances. Images of the grease resistance
samples after 6 hours are shown in Appendix C to compare the severity of failure due

to cracking.

4.2.6 Water and moisture barrier

The WVTR results were tested under standard and tropic conditions with results
shown in Figure 29. Under standard conditions, all the coatings improved the WVTR
compared to the uncoated substrate. Under tropic conditions, the results were
different in that not every coating was able to withstand the high vapor
concentration. As stated in section 2.3.1, the WVTR of cellulose materials tends to be
high due to the hygroscopic properties of the cellulose molecules. The coatings which
remained the strongest against the water vapor were the B-MFC1 and the CNC
coatings. The CNC coating had a slight advantage in this measurement due to its
increased thickness over the other materials. Generally, a thicker barrier will give
lower WVTR results. The bleaching of the MFC material must have had some effect
on the interaction with water vapor. If less swelling took place in the bleached fibers,
it would explain the lesser increase in WVTR in tropic conditions. A study on bleached

versus unbleached MFCs also found the WVTR of the bleached fibers was lower than
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unbleached fibers [62]. The same bleached fibers had poor OGR, so the opposing
requirements of the grease resistance and moisture resistance properties are coming
to light in this data. The success of the HP coating layer is difficult to ignore, but
because the material is not cellulose-based, it is not up for comparison in these

results.
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WVTR Tropic 38 °C, 50% RH (g/m?/24h)

Sample name g

Figure 29. WVTR in standard and tropic conditions. *CNC material was diluted with

deionized water and coated at 40°C.

4.2.7 Summary

The results of the coating measurements showed the strengths and weaknesses of
the different cellulose products. Table 5 summarizes the properties and implication

of the result for each cellulose product tested.

The B-MFC2 and CNC products received -1 for coatability due to their coating defects.

The rest of the products were coated successfully. The CNC received a +1 for highly
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adjustable coat weight whereas the MFCs and MFCs can only be coated at low coat
weights with high water contents which damage the FBB substrate. The OptiTopo-
fine rankings were based on the smoothness of the surface for printability. The
OptiTopo-large rankings were based on the degree of form compared to the wet
substrate sample where less form was better. The water contact angle ranking was
used to indicate hydrophobicity of the sample which can be used as a variable related
to the water barrier properties. All of the samples were given -1 for OGR-creased
because they cracked and failed in less than a day. The samples which reached 1 week
of OGR-flat received a +1 ranking. The WVTR-standard was based on the relative
WVTR value compared to the other samples, where lower WVTR received a +1.
Finally, the WVTR-tropic samples did not receive any +1 rankings because they did
not meet the barrier requirement needed for food packaging. However, some
samples showed poor WVTR under tropic conditions, so these samples were given a

-1 rating.

Table 5. Summary of results based on the measurements of the cellulose products
ranked -1 for poor results, O for results similar to the substrate, and +1 for beneficial

results for barrier and coating properties.

Sample UB-MFC1 | B-MFC1 | B-MFC2 | NFC1 | NFC2 | CNC
Coatability +1 +1 -1 +1 +1 -1
Coat weight 0 0 0 0 0 +1
OptiTopo-fine -1 0 0 0 0 +1
OptiTopo-large -1 0 0 -1 0 +1
Water contact angle +1 0 0 -1 +1 -1
OGR-creased -1 -1 -1 -1 -1 -1
OGR-flat +1 0 0 +1 +1 +1
WVTR-standard +1 0 0 0 0 +1
WVTR-tropic -1 0 -1 -1 -1 0
Total 0 0 -3 -2 +1 +2
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At the end, the values were totaled to understand which cellulose products provide
the most potential as a cellulose-based barrier coating on FBB for food packaging.
The CNC material was the best followed by the NFC2 material. The other materials

would require more development to reach the barrier coating applicability level.

5 Conclusions

This thesis was prepared to study the properties of six cellulose products and their
possible use as barrier materials on FBB packaging. Paperboard food packaging has
different requirements based on the food contained, however, the most common
barrier needs are against gas, water vapor, water, oil, and grease. The cellulose
products were characterized and coated onto FBB for analysis of their barrier
properties. All cellulose-based coatings adhered well to the FBB surface. Some crater
and crazing defects were witnessed during coating which were partly related to the

interactions between the coating and the substrate surface.

The cellulose products had similarities and differences among them. The CNC
material properties stood out the most compared to the MFCs and NFCs due to its
higher crystallinity and higher DMC compared to the other products. The WVTR
values were decreased by all coatings under standard conditions, however, under
tropic conditions, the CNC coating remained the best barrier. The best properties of
the cellulose-based coatings overall were in the OGR results which agreed with
previous studies. Though the WVTR results were not as successful, these cellulose
products could be applied as the grease resistant component in a layered barrier
structure. Only a thin layer of cellulose coating is required to provide ample grease
resistance if protected by a moisture barrier coating. The product with the most
potential based on the results was the CNC material. This barrier coating was smooth,
had high OGR, and showed the best WVTR out of the cellulose materials. The
downfall of the CNC coating was its brittleness during creasing. The next best coating

material was the NFC2 product with easy coatability, a smooth surface, a high water
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contact angle, and strong flat OGR. The downfall of the NFC2 product lies with the
poor WVTR in addition to the lack of elasticity. Therefore, further experimentation is
recommended with the CNC and NFC2 products to improve the product properties

to make the possibility of a bio-based barrier for food packaging reality.

Future experiments would be centered around further studying and improving the
barrier properties of the selected cellulose materials. Some immediate tests to
perform would be to find the OTR and full OGR without stopping after 1 week. Further
coating studies could be performed to test more layering techniques with the
materials to improve the WVTR. The cellulose material could also be modified to
improve the WVTR values to a point where layering techniques would not be
necessary. Formulation of the coating recipes with natural plasticizers could improve

the elasticity of the coatings during creasing.

61



References

[1]

(2]

3]

[4]

5]

(6]

[7]

(8]

[9]

J. Wang, D. J. Gardner, N. M. Stark, D. W. Bousfield, M. Tajvidi, and Z. Cai,
"Moisture and Oxygen Barrier Properties of Cellulose Nanomaterial-Based
Films," ACS Sustainable Chemistry & Engineering, vol. 6, no. 1, pp. 49-70,
2018, doi: 10.1021/acssuschemeng.7b03523.

K. Helanto, L. Matikainen, R. Talja, and O. J. Rojas, "Bio-based Polymers for
Sustainable Packaging and Biobarriers: A Critical Review," BioResources, vol.
14, no. 2, pp. 4902-4951, 2019.

P. Tyagi, "Nanocellulose-based sustainable barrier and antimicrobial
coatings," Doctor of Philosophy Doctoral Thesis, Forest Biomaterials, North
Carolina State University, Raleigh, North Carolina, 2019.

"Folding Boxboard Market Snapshot." Future Market Insights.
https://www.futuremarketinsights.com/reports/folding-boxboard-market
(accessed 8 March, 2022).

"Metsa Board's regional focus and demand drivers." Metsa Group.
https://www.metsaboard.com/Investors/Operating-
environment/Pages/default.aspx#Fresh-fibre-paperboard-as-a-packaging-
material (accessed 8 March, 2022).

S. Yook, H. Park, H. Park, S.-Y. Lee, J. Kwon, and H. J. Youn, "Barrier coatings
with various types of cellulose nanofibrils and their barrier properties,"
Cellulose, vol. 27, no. 8, pp. 4509-4523, 2020, doi: 10.1007/s10570-020-
03061-5.

F. Wu, M. Misra, and A. K. Mohanty, "Challenges and new opportunities on
barrier performance of biodegradable polymers for sustainable packaging,"
Progress in Polymer Science, vol. 117, 2021, doi:
10.1016/j.progpolymsci.2021.101395.

A. Isogai, "Emerging Nanocellulose Technologies: Recent Developments,"
Advanced Materials, vol. 33, no. 28, p. 2000630, 2021, doi:
10.1002/adma.202000630.

M. A. Hubbe et al., "Nanocellulose in Thin Films, Coatings, and Plies for
Packaging Applications: A Review," BioResources, vol. 12, no. 1, 2017, doi:
10.15376/biores.12.1.2143-2233.

62


https://www.futuremarketinsights.com/reports/folding-boxboard-market
https://www.metsaboard.com/Investors/Operating-environment/Pages/default.aspx#Fresh-fibre-paperboard-as-a-packaging-material
https://www.metsaboard.com/Investors/Operating-environment/Pages/default.aspx#Fresh-fibre-paperboard-as-a-packaging-material
https://www.metsaboard.com/Investors/Operating-environment/Pages/default.aspx#Fresh-fibre-paperboard-as-a-packaging-material

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

P. Tyagi, K. S. Salem, M. A. Hubbe, and L. Pal, "Advances in barrier coatings
and film technologies for achieving sustainable packaging of food products —
A review," Trends in Food Science & Technology, vol. 115, pp. 461-485, 2021,
doi: 10.1016/j.tifs.2021.06.036.

R. M. Cherian et al., "A review on the emerging applications of nano-
cellulose as advanced coatings," Carbohydrate Polymers, vol. 282, p. 119123,
2022, doi: 10.1016/j.carbpol.2022.119123.

"Why packaging matters." Metsa Board.
https://metsaboard.impact.page/metsa/TheMap (accessed 16 April, 2022).

J. Kuusipalo, Paper and Paperboard Converting (Papermaking Science and
Technology). Helsinki, Finland: Finnish Paper Engineers' Association, 2008.

A. H. Tayeb, M. Tajvidi, and D. Bousfield, "Paper-Based Qil Barrier Packaging
using Lignin-Containing Cellulose Nanofibrils," Molecules, vol. 25, no. 6, p.
1344, 2020, doi: 10.3390/molecules25061344.

"Folding boxboard." Metsa Board.
https://www.metsagroup.com/metsaboard/explore-
paperboard/paperboard-as-packaging-material/folding-boxboard/ (accessed
23 April, 2022).

K. Hukkanen, "Hemicellulose in barrier dispersion coatings," Master's Thesis,
School of Chemical Technology, Aalto University, Espoo, 2017.

European Parliament and Council Directive 94/62/EC of 20 December 1994
on packaging and packaging waste, 1994.

Directive (EU) 2019/904 of the European Parliament and of the Council of 5
June 2019 on the reduction of the impact of certain plastic products on the
environment, 2019.

J. Trifol and R. Moriana, "Barrier packaging solutions from residual biomass:
Synergetic properties of CNF and LCNF in films," Industrial Crops and
Products, vol. 177, p. 114493, 2022, doi: 10.1016/j.indcrop.2021.114493.

A. A. Gookhale and I. Lee, "Recent Advances in the Fabrication of
Nanostructures Barrier Films," Journal of Nanoscience and Nanotechnology,
vol. 14, pp. 2157-2177, 2014, doi: 10.1166/jnn.2014.8517.

G. Stocchetti, "Technology that bridges the gap," Packaging Films, vol. 3, no.
1, pp. 16-18, 2012.

F. Rouquerol, J. Rouquerol, K. S. W. Sing, P. Llewellyn, and G. Maurin,
Adsoption by Powders and Pourous Solids Principles, Methodology, and
Applications, 2 ed. Academic Press, 2013.

63


https://metsaboard.impact.page/metsa/TheMap
https://www.metsagroup.com/metsaboard/explore-paperboard/paperboard-as-packaging-material/folding-boxboard/
https://www.metsagroup.com/metsaboard/explore-paperboard/paperboard-as-packaging-material/folding-boxboard/

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

(32]

(33]

M. H. Rodriguez, "Preparation and Characterization of nanocellulose films
and coatings," Doctoral Thesis, Engineering Sciences and Mathematics, Lulea
University of Technology, 2015.

P. Willberg-Keyrildinen, "The properties and applications of ling chain
cellulose esters," Doctor of Science (Technology), Department of
Bioproducts and Biosystems, Aalto University, Aalto University, ISBN 978-
952-64-0084-6, 2020.

J. Lyytikdinen, S.-S. Ovaska, |. Heiskanen, and K. Backfolk, "The role of MFC
and hydrophobically modified ethyl(hydroxyethyl)cellulose in film formation
and the barrier properties of methyl nanocellulose film," Nordic Pulp &
Paper Research Journal, vol. 36, no. 2, pp. 312-322, 2021, doi:
10.1515/npprj-2020-0099.

P. Tyagi, M. A. Hubbe, L. Lucia, and L. Pal, "High performance nanocellulose-
based composite coatings for oil and grease resistance," Cellulose, vol. 25,
no. 6, pp. 3377-3391, 2018, doi: 10.1007/s10570-018-1810-7.

A. Riekki, "Oil and grease resistant paperboard - factors affecting barrier
properties and an evaluation of the test methods," Master's Thesis,
Materials Science and Engineering, Tampere University, 2019.

N. Asim, M. Badiei, and M. Mohammad, "Recent advances in cellulose-based
hydrophobic food packaging," Emergent Materials, 2021, doi:
10.1007/s42247-021-00314-2.

Y. Habibi, L. A. Lucia, and O. J. Rojas, "Cellulose Nanocrystals: Chemistry,
Self-Assembly, and Applications," Chemical Reviews, vol. 110, no. 6, pp.
3479-3500, 2010, doi: 10.1021/cr900339w.

C. Chen and L. Hu, "Nanoscale ion regulation in Wood-Based Structures and
Their Device Applications," Advanced Materials, vol. 33, no. 28, 2020, doi:
10.1002/adma.202002890.

R. Hossain, M. Tajvidi, D. Bousfield, and D. J. Gardner, "Recyclable grease-
proof cellulose nanocomposites with enhanced water resistance for food
serving applications," Cellulose, 2022, doi: 10.1007/s10570-022-04608-4.

G. Kwon, K. Lee, D. Kim, Y. Jeon, U.-J. Kim, and J. You, "Cellulose nanocrystal-
coated TEMPO-oxidized cellulose nanofiber films for high performance all-
cellulose nanocomposites," Journal of Hazardous Materials, vol. 398, p.
123100, 2020, doi: 10.1016/j.jhazmat.2020.123100.

M. A. Hubbe et al., "Rheology of nanocellulose-rich aqueous suspensions: A
Review," BioResources, vol. 12, no. 4, pp. 9556-9661, 2017, doi:
10.15376/biores.12.4.hubbe.

64



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

S. M. Mazhari Mousavi, E. Afra, M. Tajvidi, D. W. Bousfield, and M.
Dehghani-Firouzabadi, "Cellulose nanofiber/carboxymethyl cellulose blends
as an efficient coating to improve the structure and barrier properties of
paperboard," Cellulose, vol. 24, no. 7, pp. 3001-3014, 2017, doi:
10.1007/s10570-017-1299-5.

T. C. Mokhena, E. R. Sadiku, M. J. Mochane, S. S. Ray, M. J. John, and A.
Mtibe, "Mechanical properties of cellulose nanofibril papers and their
bionanocomposites: A review," Carbohydrate Polymers, vol. 273, p. 118507,
2021, doi: 10.1016/j.carbpol.2021.118507.

B. Thomas et al., "Nanocellulose, a Versatile Green Platform: From
Biosources to Materials and Their Applications," Chemical Reviews, vol. 118,
no. 24, pp. 11575-11625, 2018, doi: 10.1021/acs.chemrev.7b00627.

A. T. Chakrabarty, Yoshikuni, "Recent Advances in Nanocellulose Composites
with Polymers: A Guide for Choosing Partners and How to Incorporate
Them," Polymers, vol. 10, no. 517, 2018, doi: 10.3390/polym10050517.

S. N. Palali, "Cellulose Nanocrystals: Potential Replacement For Food
Packaging," 2019, doi: 10.13140/RG.2.2.23287.57769.

E. Gicquel, C. Martin, J. Garrido Yanez, and J. Bras, "Cellulose nanocrystals as
new bio-based coating layer for improving fiber-based mechanical and
barrier properties," Journal of Materials Science, vol. 52, no. 6, pp. 3048-
3061, 2017, doi: 10.1007/s10853-016-0589-x.

Y. Wang et al., "Strong, ductile and biodegradable polylactic acid/lignin-
containing cellulose nanofibril composites with improved thermal and
barrier properties," Industrial Crops and Products, vol. 171, p. 113898, 2021,
doi: 10.1016/j.indcrop.2021.113898.

"Bio-based nanomaterials." Forest Biofacts. https://forestbiofacts.com/bio-
based-nanomaterials/ (accessed 22 January, 2022).

(2021). Regulation (EC) No. 1907/2006 Tunicell TTC Safety Data Sheet.

OECD, "PFASs and alternatives in food packaging (paper and paperboard):
Report on the commercial availability and current uses," OECD Series on Risk
Management, vol. 52, no. OECD (2020), PFASs and Alternatives in Food
Packaging (Paper and Paperboard) Report on the Commercial Availability
and Current Uses, OECD Series on Risk Management, No. 58, Environment,
Health and Safety, Environment Directorate, OECD., 2020.

"3 reasons why dispersion barrier coatings are the future of recylcable food
packaging," 03/11/2020. [Online]. Available:

65


https://forestbiofacts.com/bio-based-nanomaterials/
https://forestbiofacts.com/bio-based-nanomaterials/

[45]

[46]

[47]

[48]

[49]

[50]

[51]

(52]

(53]

[54]

https://www.kemira.com/insights/3-reasons-why-dispersion-barrier-
coatings-are-the-future-of-recyclable-food-packaging/

S.-S. Ovaska, "Oil and grease barrier properties of converted dispersion-
coated paperboards," Doctoral Thesis, Lappeenranta University of
Technology, 2016.

A. S. Sonzogni et al., "Thermoresponsive nanogels with film-forming ability,"
Polymer Chemistry, vol. 9, no. 8, pp. 1004-1011, 2018, doi:
10.1039/c7py01798g.

L. Matkainen, "Nanocellulose as barrier coating deposited by a laboratory
rod coater," School of Chemical Engineering, Aalto University, 2017.

R. Hossain, M. Tajvidi, D. Bousfield, and D. J. Gardner, "Multi-layer oil-
resistant food serving containers made using cellulose nanofiber coated
wood flour composites," Carbohydrate Polymers, vol. 267, p. 118221, 2021,
doi: 10.1016/j.carbpol.2021.118221.

D. Trache et al., "Microcrystalline cellulose: Isolation, characterization and
bio-composites application—A review," International Journal of Biological
Macromolecules, vol. 93, pp. 789-804, 2016, doi:
10.1016/j.ijbiomac.2016.09.056.

E. H. Immergut and H. F. Mark, Principles of Plasticization (Plasticization and
Plasticizer Processes). Washington DC: American Chemical Society, 1965.

W. Wang et al., "Multilayer surface construction for enhancing barrier
properties of cellulose-based packaging," Carbohydrate Polymers, vol. 255,
p. 117431, 2021, doi: 10.1016/j.carbpol.2020.117431.

J. Sheng, J. Li, and L. Zhao, "Fabrication of grease resistant paper with non-
fluorinated chemicals for food packaging," Cellulose, vol. 26, no. 10, pp.
6291-6302, 2019, doi: 10.1007/s10570-019-02504-y.

F.-J. Wang, L.-Q. Wang, X.-C. Zhang, S.-F. Ma, and Z.-C. Zhao, "Study on the
barrier properties and antibacterial properties of cellulose-based multilayer
coated paperboard used for fast food packaging," Food Bioscience, vol. 46, p.
101398, 2022, doi: 10.1016/j.fbio.2021.101398.

S. Mirmehdi, P. R. G. Hein, C. |. G. De Luca Sarantdpoulos, M. V. Dias, and G.
H. D. Tonoli, "Cellulose nanofibrils/nanoclay hybrid composite as a paper
coating: Effects of spray time, nanoclay content and corona discharge on
barrier and mechanical properties of the coated papers," Food Packaging
and Shelf Life, vol. 15, pp. 87-94, 2018, doi: 10.1016/j.fps|.2017.11.007.

66


https://www.kemira.com/insights/3-reasons-why-dispersion-barrier-coatings-are-the-future-of-recyclable-food-packaging/
https://www.kemira.com/insights/3-reasons-why-dispersion-barrier-coatings-are-the-future-of-recyclable-food-packaging/

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

K Control Coater. (2022). United Kingdom: RK PrintCoat Instruments Ltd.
[Online]. Available: https://www.rkprint.com/products/k-control-coater/

S. Manoj, "Performance and Appearance of Packaging Grades of Paper -
Study on Quality Measurement Methods," Indian Pulp and Paper Technical
Association, vol. 27, no. 4, 2015.

C. Rulison, "Two-Component Surface Energy Characterization As a Predictor
of Wettability and Dispersability," Kruss.

E. Spooner. "A Guide to Surface Energy." Ossila. https://www.ossila.com/en-
eu/pages/a-guide-to-surface-energy (accessed 30 June, 2022).

L. Onsager, "The Motion of lons: Principles and Concepts," Science, vol. 166,
no. 3911, pp. 1359-1364, 1969, doi: 10.1126/science.166.3911.1359.

"03. Defects, causes and solutions." Bernardo Ecenarro S.A.
https://www.bernardoecenarro.com/en/te-ayudamos/guia-pintado-
industrial/defectos-causas-soluciones/detalle/47/ (accessed 2022).

M.-S. llvessalo-Pfaffli, Fiber Atlas Identification of Papermaking Fibers.
Germany: Springer, 1995.

M. Maliha, R. Brammananth, R. L. Coppel, M. V. Werrett, P. C. Andrews, and
W. Batchelor, "The effect of pulp type on the performance of microfibrillar
lighocellulosic bismuth-based active packaging material," Cellulose, vol. 29,
no. 8, pp. 4599-4611, 2022, doi: 10.1007/s10570-022-04562-1.

67


https://www.rkprint.com/products/k-control-coater/
https://www.ossila.com/en-eu/pages/a-guide-to-surface-energy
https://www.ossila.com/en-eu/pages/a-guide-to-surface-energy
https://www.bernardoecenarro.com/en/te-ayudamos/guia-pintado-industrial/defectos-causas-soluciones/detalle/47/
https://www.bernardoecenarro.com/en/te-ayudamos/guia-pintado-industrial/defectos-causas-soluciones/detalle/47/

Appendix A. FTIR spectra
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Figure 21. FTIR results for a) MFC products compared to birch cellulose fibers, b) NFC

products compared to birch cellulose fibers, and ¢) CNC product compared to starch.
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Appendix B. SEM cross section images

Table B1. SEM cross section images of double-coated FBB samples.
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Appendix C. Light microscope images

Table C1. Images from light microscope of single-coated paperboard samples.
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Substrate

B-MFC1

72



NFC2
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B-MFC1/HP
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Appendix D. Oil and grease resistance images

Figure D1. OGR testing images after 6 hours displaying the severity of the failure of

the creased samples. Row 1: UB-MFC1 x2 creased, UB-MFC1 x2 Flat, UB-MFC1 x1
creased, UB-MFC1 x1 flat, CNC x2 creased, CNC x2 flat, CNC x1 creased, and CNC x1
flat. Row 2: B-MFC1 x2 creased, B-MFC1 x2 flat, B-MFC1 x1 creased, and B-MFC1 x1
flat. Row 3: NFC2 x1 flat, NFC1 x2 creased, NFC1 x2 flat, NFC1 x1 creased, and NFC1
x1 flat. Row 4: CNC x1L creased, CNC x1L flat, B-MFC1/HP creased, B-MFC1/HP flat,
B-MFC1/CNC creased, B-MFC1/CNC flat, NFC2 x2 creased, NFC2 x2 flat, and NFC2 x1

creased.
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