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ABSTRACT
Due to increased awareness of environmental issues and tightened
legislation, bio-based substitutes for traditional petroleum-based polymers
are being increasingly sought. Tall oil fatty acid (TOFA) is an attractive
material for that purpose being a by-product of kraft pulping. Thus, it is
abundant year-round, the price is reasonable, and it does not compete with
foodstuff materials.
In this study, the preparation and properties of TOFA-based waterborne
materials for various coating and barrier applications were examined. Alkydacrylic copolymers were synthesized from conjugated and nonconjugated
fatty acid-based alkyd resins, as well from rapeseed oil-based alkyd resins for
comparison. The polymerization was performed in a miniemulsion, because
of the stability and copolymer formation issues. The ratio between the alkyd
resin and acrylate monomers was varied and the effect on copolymerization
and the copolymer binder properties, such as monomer conversion and
grafting of acrylate to the alkyd resin was studied. It was observed that the
monomers butyl acrylate (BA) and methyl methacrylate (MMA) showed
dissimilar affinity for the grafting site. The steric hindrances prevented MMA
from reacting with the double bonds of the fatty acids as readily as BA. The
allylic, especially the bis-allylic sites, were the principal grafting sites of
MMA, for energetic reasons. However, this effectively retarded the
polymerization and increased the homopolymerization of the acrylates.
Limiting monomer conversion was overcome, using post-initiation.
This research showed that it is possible to prepare stable dispersions of
TOFA-based alkyd-acrylate copolymers with varied chemical composition.
Self-standing films of these dispersions can be prepared and the dispersions
applied effortlessly on paperboard and utilized as barrier material. An
increased amount of alkyd resin made the copolymer films more brittle and
increased their hydrophobicity. Oxygen barrier performance of the materials
was not adequate, but was improved with cellulose. Various cellulose types
were modified with TOFA to improve the compatibility between cellulose and
polymer matrix. Modified cellulose was added to the copolymer dispersion to
improve the mechanical and barrier performance of the copolymer films and
coatings. Enhanced strength as well as increased oxygen barrier properties
were clearly observed when cellulose was used as filler. The water barrier of
the coatings was favorable despite the material composition.
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Introduction

1 INTRODUCTION
1.1 Background
Environmental issues have risen to the forefront in matters pertaining to
materials and their applications. Surface coating materials are no exception.
Surface coating is a general description for any material that can be applied
as a continuous film to a surface; so it can be claimed that coatings are
present everywhere in our daily lives. Coatings are usually associated with
paints, but they can also be used for decoration, protection, and some
functional purposes. Some examples of applications include architectural
coatings, such as paints and varnishes, which are used to decorate and
protect buildings. The coating inside a food package protects the content of
the package, but also furnishes protection for the package from the content.
Special functions of coatings include preventing the growth of algae on ships,
retarding corrosion on steel products, functioning as flame retardant on
fabrics, or serving as recording media on compact discs.1,2 Overall, coatings
aim at enhancing the durability of products apart from their aesthetic
function. A considerable amount of research is in progress, just to find new
materials to replace existing petroleum-based materials. Today’s world is
placing high demands on the performance of coating materials: in addition to
the functional properties, sustainability, cost, environment, safety, and
health aspects are high on the priority list.3
Vegetable oils have been used in coatings for over 600 years and they still
play an important role, due to their versatility and availability as renewable
resources.1,2 Alkyd resins were developed to combine vegetable oils into
polyester structures, enhanced properties were gained, and alkyds became
hugely successful in the paint industry. However, the development of new
thermoplastic polymers diminished the value of alkyd resins in the paint
industry during the 1950s. The main reason was the environmental aspect;
the new coating materials were waterborne latexes and contained fewer
volatile organic compounds (VOCs) than did alkyd resins.
In recent decades, various ways of producing more environmentally
friendly alkyd resins have been examined to increase the attractiveness of
alkyds in the coating field to their former level. Alkyd emulsions, high-solid
content alkyds, and modified alkyds have played a major role in the
resurgence of alkyd resins. They are more environmentally friendly versions
of alkyd resins that satisfy ecolabeling requirements.1,4 Nevertheless, the
advantages of solventborne compared with waterborne materials include
easier application, reduced sensitivity to surrounding conditions, and good
adhesion to various substrates, reasons why they are still on the market and
in use and probably cannot be replaced completely. Moreover, waterborne
coatings may show problems with their relatively high surfactant
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concentrations, which negatively affect surface properties.1,4,5 Modified
alkyds are resins in which the modifiers are incorporated in the alkyd
structure and are sometimes called hybrids. Most typical hybrids with alkyd
resins are prepared with urethanes, (meth)acrylates, and styrene.5 The main
interest in the preparation of these hybrids is to combine the properties of
these various types of polymers and to obtain materials with enhanced
performance.

1.2 Alkyd resin
Alkyd resin is a polyester prepared from a polyol (typically a triol or tetrol)
and a mixture of dicarboxylic acids or anhydrides and fatty acids.6 The
nomenclature dealing with alkyd resins is varying and not always uniform. In
this study, the terms `alkyd resin´ and `alkyd´ are used as synonyms. The
term `alkyd´ is a combination of the `al´ in alcohol and `cid´ in acid:
`alcid´. The first alkyd resin was already synthesized in the 1920s by Kienle
and production started at full-scale in the 1930s.4,7 Alkyds were some of the
first applications of synthetic polymers in surface coating technology and
they soon replaced the traditional oils as binders, owing to their better
coating properties and reasonable price.1

Figure 1.

Structure of typical alkyd resin.

Alkyd resins are based on three building blocks, and each ingredient
contributes to alkyd properties. Theoretically, any organic acid or alcohol
could be used in alkyd resin synthesis. In reality, only a few have the physical,
chemical, and economical properties needed for use in alkyds. The dibasic
acid is usually aromatic acid or its anhydride such as phthalic anhydride,
isophthalic acid (IPA), or maleic anhydride. It imparts hardness, chemical
resistance, and durability to alkyd. Phthalic anhydride is the most-used
polybasic acid, due to its low price and easy processing.1,7 Polyols introduce
branching and crosslinking to alkyd resins, and at least trifunctional polyols
are typically used to provide hydroxyl (OH) groups for further reactions. The
most commonly used polyol is glycerol, for the most part because its natural
oils are in triglyceride form. Less expensive pentaerythritol (PE) and
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trimethylol propane (TMP) are also used. Polyols commonly impart good
color and color retention to alkyds, but vary in their durability
properties.1,5,7,8
The oils or fatty acids used in alkyd resin synthesis typically originate
from natural resources, such as linseed, soybean, sunflower, castor, or tall
oils. Economics is an important factor in choosing the oil or fatty acid for the
alkyd, and typically geographic location affects the choice. The oils are
mixtures of glycerol esters of fatty acids, while free fatty acids are also
present. The oils or their fatty acids are classified as drying, semidrying, and
nondrying, according to their ability to crosslink by oxidation during the
drying process. This chemical drying process is called autoxidative drying
and is related to the number and position of double bonds (DBs) in the oils.
The degree of unsaturation can be measured by the iodine value (IV), which
reveals the number of grams of iodine that reacts with the DBs in 100 g of oil
or fatty acid. Drying oils typically have high IVs (> 140), while nondrying oils
have values below 125. Despite the IV, the type of unsaturation affects the
drying rate: conjugated DBs have accelerated oxidative drying processes
compared with nonconjugated DBs.1,8 The fatty acid composition of some oils
that are typically used in surface coatings are presented in Table 1.
Fatty acid composition of various oils used in coatings.9-11

Table 1.

Saturated Oleic acid
acids

a

(C18:1)

Linoleic acid Linolenic
a

Other
a

(C18:2)

acid (C18:3)

Average number
of DB/ triglyceride

b

Castor

2

5

4

1

Cottonseed

26

19

54

1

3.9

Linseed

9

19

15

57

6.6

Palm

51

39

10

-

1.8

Rapeseed

6

56

26

10

Soybean

16

23

53

8

Sunflower

10

42

47

1

Tung

4

8

4

-

Tall (refined)

7

46

35

12

a

Number of carbons : Number of double bonds (DB)

b

Ricinoleic acid
α-Eleostearic acid (conjugated C18:3)

c

88

3.0

2
4.6
84c

7.5

Alkyd resins are classified by their oil length into four groups: short (35–
45%), medium (45–60%), long (60–70%), and very long (> 70%) oil alkyds.
The oil length describes the amount of oils in the alkyd. This variation in the
oil component largely affects the alkyd resin film properties and, thus, the
end uses. Long-oil alkyds are prepared from drying oils and are soluble in
aliphatic solvents, have low viscosity, air-dry slowly (6–8 h), and have films
that are soft and flexible. Their disadvantages are poor hardness and
durability toward chemicals and exterior factors.1,8,12 When shorter oil
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lengths are used, the viscosity of the resins increases and drying should be
done at elevated temperature with a crosslinker to achieve strong films.
Architectural alkyd binders are based on long-oil alkyds because of their
drying mechanism: they form solid, crosslinked films.1 Short-oil alkyds are
typically used as anticorrosive primers and machinery and car finishes, due
to their favorable adhesion to substrates, hardness, and chemical and
weathering resistance. Generally, the desirable properties of alkyd resins
include high gloss, good adhesion and penetration to the substrate, and
chemical drying by oxidation reactions. The drawbacks include yellowing
over time and high VOC content.1,8
Tall oil is obtained as a by-product of the softwood kraft process for
making wood pulp. Its name derives from the Swedish name for pine, `tall´.
In the sulfate pulping process, crude tall oil (CTO) is derived in the form of
tall oil soap, which can be separated from the pulping liquor and purified to
form the CTO. CTO is refined by fractional distillation to yield tall oil fatty
acids (TOFAs), tall oil rosin, distilled tall oil, tall oil heads, and tall oil pitch.
The fatty acid composition is greatly dependent on the geographical location
and tall oil originating in Northern Europe is most favored, owing to its
higher unsaturated fatty acid content.5,13

1.3 Alkyd-acrylic copolymers
One of the widely studied methods for developing a substitute for alkyd
resin-based coatings is the use of alkyd-acrylic latex. Combination of the two
components – alkyd resin and polyacrylates – brings the specific properties
of each to the ensuing copolymer. Typically, the positive properties desired
include oxidative drying, good adhesion to the substrate, high gloss of the
alkyd resin, and rapid drying, good film formation, and favorable chemical
resistance of the acrylic latexes. Hydrophobic alkyd resins and aqueous
dispersions of acrylic polymers are incompatible, which limits their use as
blends in many applications. For instance, reduced gloss and formation of
haze in films are very common when incompatible alkyd-acrylate blends are
used.14 Alkyd-acrylic copolymer latexes, in which alkyd and acrylates are
chemically bonded, have been synthesized to overcome this problem.
The first studies of the polymerization of aqueous alkyd-acrylic systems,
in which acrylates were grafted to alkyd resin, were published in 1996.15,16
Initially the polymerization was performed via emulsion polymerization, but
this led to phase separation and limited conversion. When polymerization of
alkyd resin and acrylic monomer(s) was carried out in miniemulsions, a
covalently linked graft-copolymer and stable dispersion were achieved.17-24
However, the limiting conversion phenomenon was still in effect, since it
originated from retardative chain transfer caused by the unsaturated
structure of the alkyd resin and inactive radicals,16,25 and also possibly from
phase segregation between alkyd and polyacrylates.26
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The mechanisms between conventional emulsion and miniemulsion
polymerizations are divergent, which makes the synthesis of alkyd-acrylic
copolymers successful in miniemulsion but not in conventional emulsion.
(Figure 2). A miniemulsion is produced by the combination of a high-shear
and surfactant/costabilizer system. High shear (caused by ultrasonication or
a high-pressure homogenizer) breaks the emulsion into small monomer
droplets (10–500 nm) and surfactant/costabilizer system retards monomer
diffusion from monomer droplets. These suggest that the number of droplets
is high and droplet surface area is large and most of the surfactant is
adsorbed onto the particles. There is little free surfactant or few micelles
present in aqueous media, thus particle nucleation occurs by radical entry
into the small particles. In conventional emulsion polymerization, large
monomer droplets (1–10 µm) and monomer-free or monomer-swollen
micelles exist in the initial stage. The radicals are formed in continuous
media where particle growth occurs until they enter the micelles or become
large enough and precipitate. The size of the polymer particles formed is
smaller than that of the initial emulsion droplets, ranging from 50 nm to 500
nm.27-29 Due to the high number of small droplets in the miniemulsion, the
alkyd resin and acrylate monomers are most probably situated in the same
droplet and copolymerization can occur. This technique is also called hybrid
miniemulsion polymerization, in which a preformed polymer (in this case
alkyd resin) is dissolved in a monomer and a miniemulsion is created and
polymerized. The alkyd resin acts as a costabilizer and reduces the need for
other cosurfactants.

Figure 2.

Miniemulsion and conventional emulsion polymerization.
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Nevertheless, even if the miniemulsion polymerization has been the main
synthesis method for alkyd-acrylic copolymers, there is slight variation in the
way of execution. As monomers, methyl methacrylate (MMA) and/or butyl
acrylate (BA) have mostly been used,30,31 with small amounts of (meth)acrylic
acid to improve the surface properties.16,18,32 Butyl methacrylate, having
similarities to both MMA and BA, has also been studied.22,33 Allyl
methacrylate has been used in acrylic formulation to improve the curing of
the films. However, the preservation of allylic groups during polymerization
and storage was problematic.34 Glycidyl methacrylate (GMA) was
successfully used in the same manner: acrylates grafted to the alkyd resin via
the GMA moiety, remaining the DBs unreacted.23 Oxidized sunflower oil was
successfully used as initiator in the redox initiation system.19,20 Limiting
conversion was overcome when post-polymerization was performed with
redox initiators.35 An interesting system, albeit not done in miniemulsion, is
self-emulsifying alkyd-acrylate hybrid dispersion prepared without any
surfactants.36 The idea is in the neutralization of carboxylic groups, also
utilized in self-emulsifying alkyd resins.37 Neat fatty acids or vegetable oil
macromonomers have been polymerized with acrylate monomers.38-41 In
organic solvents, various types of alkyd-acrylic hybrids have been
synthesized, but these cannot be regarded as more environmentally friendly
substitutes for solventborne alkyd resins, but rather as more of their
competitors.42-45
Alkyd-acrylic copolymers have complicated structures and their exact
structure is difficult to show. It is well known that acrylic macroradicals graft
to alkyd resin when polymerized in the presence of alkyd resin in
miniemulsion and there are various grafting sites in the alkyd structure:
double bonds in fatty acids, allylic sites in fatty acids, or polyol segments in
the alkyd resin backbone. Monomers have dissimilar tendencies to undergo
grafting and grafting sites have dissimilar reactivities. The exact site of
grafting is difficult to prove, especially when more than one monomer is
used, moreover no studies of the structure of grafted polyacrylate chains have
been reported. It was observed that in solventborne alkyd-acrylic systems,
grafting occurred to the allylic position in the fatty acid chains and to polyol
segments. The grafting site was not dependent on a monomer, but was
thermodynamically driven.43,44 In waterborne systems, the grafting location
was sterically driven and differed among the various monomers, but was not
affected by the initiator used.22 For example, methacrylates are sterically
hindered and were grafted by hydrogen abstraction to allylic sites, while
acrylates were grafted by addition through DBs. The great interest in grafting
sites arises from the drying mechanism of alkyd resin and, hence, the drying
of alkyd-acrylic copolymers. If the number of DBs is reduced due to grafting
reactions, autoxidative crosslinking and curing are hindered.
The control of the miniemulsion polymerization process is restricted,
which makes the tailoring of grafting difficult. In this regard, modern
controlled polymerization techniques would be a very attractive way to
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synthesize alkyd-acrylic copolymers to provide them control of the location
and structure of grafts, but so far they have been scarcely utilized. When
alkyd-based chain transfer agents were synthesized and acrylic monomer(s)
polymerized by reversible addition-fragmentation chain transfer
polymerization process, the resulting copolymers exhibited controlled
molecular weights and grafting locations.46,47

1.4 The drying process
As the materials are utilized in coatings, thorough and rapid drying as well as
good film formation are very important features. Film formation denotes
coalescence of polymer particles upon drying. Acrylic latexes go through a
physical drying process that is usually described in three stages. First, water
evaporates, the polymer particle concentration increases, and the particles
begin to touch. Then, particle coalescence begins and the particles are
deformed to a polyhedric structure to yield a void-free film. Finally, the
polymer chains of adjacent particles interdiffuse and chain entanglements
are formed, which give strength to the polymer film14,48. For alkyd-acrylic
copolymers the drying process is different, because apart from physical
drying via water evaporation, alkyd resins go through a chemical drying
process. This chemical drying is called oxidative drying and is a lipid
autoxidation process. In the food industry and biological systems,
autoxidation is an undesirable degradation process resulting from the
oxidation of lipids. However, the oxidation of fatty acids is beneficial for the
air-drying of alkyds in coating systems. Numerous studies have been
performed on the drying of alkyd resins during the recent decades. The lipid
autoxidation reactions are already well understood,49,50 but the interests have
been in the structure of dry films and crosslinking mechanisms.
Autoxidation occurs in the fatty acid chains of alkyds and proceeds by
free-radical chain reactions. It can be separated into several overlapping
steps: induction period, hydroperoxide formation, hydroperoxide
decomposition, and crosslinking (Figure 3).51,52 The induction period occurs
due to the presence of antioxidants that prevent the oxidation reactions in
the early stages of the drying. Oxidation is initiated by hydrogen abstraction
from the bis-allylic position by some existing initiator (e.g. metal drier). The
radical formed reacts with oxygen and a peroxyl radical is formed that, in
turn, abstracts a hydrogen atom from another fatty acid chain,
hydroperoxide is formed, and thus the radical chain propagates. The fatty
acid concentration decreases as the hydroperoxide concentration increases.
Finally, the hydroperoxide formation is no longer the dominant reaction, and
hydroperoxides begin to decompose, resulting in formation of peroxy and
alkoxy radicals. The termination reactions are principally recombination
reactions of these radicals in which peroxide, ether, or carbon-carbon
crosslinks are formed. The most important species in crosslink formation are
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those with conjugated DBs, because they tend to direct addition reactions to
radicals. Crosslinking-reactions lead to the formation of three-dimensional
networks, which are the final process for curing of the coating. In addition to
crosslinking, alkoxy radicals cause β-scission reactions that result in
formation of low-molecular-weight compounds such as aldehydes, carboxylic
acids, and alkanes.51,53-60

Figure 3.

Schematic presentation of the oxidative drying of alkyd resin.61

In the initiation stage, the bis-allylic hydrogen is abstracted, due to its
relatively low C-H bond dissociation energy (DH°) (75 kcal/mol). Fatty acids
that contain one DB are oxidized slowly, as much as 100 times slower than
fatty acids containing two DBs. The reason is the higher DH° of the allylic CH bond (88 kcal/mol), when the hydrogen cannot be abstracted as easily as
from the bis-allylic site.5,51,54
The autoxidation of alkyds is a relatively slow process without any
catalyst, which is also known as drier. Typically used driers for alkyds are
based on metal complexes, especially cobalt, but due to tightening legislation
it is crucial to find more environmentally friendly alternatives.61-63 In alkydacrylic copolymers the use of driers is not necessary, because the acrylic part
has good film-formation properties, and thus crosslinking via autoxidation is
not essential in the initial stages of drying and does not require acceleration.
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1.5 Barrier dispersions
Surface coatings are used to protect the substrate from mechanical and
chemical threats. One of the most common coating material groups is
aqueous colloidal dispersions of polymer particles, also known as latex.64
Typically latexes are associated with binders in paints, but they also find use
in other applications, such as inks and adhesives. In the paper industry, they
have mainly been used as binders in pigmented coating colors, but recently
they have become important players in the field of barrier coatings, in which
they should impart barrier properties to the substrate and thus prevent the
diffusion of small molecules, such as water, water vapor, oxygen, fats, and
oils.
Barrier materials can also be applied on a substrate, using extrusion
coating or lamination techniques. Compared to those, the advantages of
barrier dispersions are compostability and repulpability of the polymer
dispersions used and the simplicity of the logistics; it is possible to use an inline configuration and no separate coating step is needed.65,66 Extrusion or
lamination of paperboard has typically been done with petroleum-based
polymers, such as polyethylene, polypropylene, ethylene vinyl alcohol, and
polyethylene terephthalate, and dispersion coating with synthetic barrier
dispersions based on polymers or copolymers of styrene, butadiene,
(meth)acrylate, polyolefins, or vinyl acetate.67 Dispersions are usually
carboxylated to enhance the stability and adhesion to substrate.68 Fillers may
be added to barrier dispersions to increase cost-effectiveness, optical, and
runnability properties, resulting in improved barrier performance due to the
lengthened pathway around the filler particles.65,69
Good film formation, denoting uniform and pinhole-free films, is a
prerequisite for barrier properties. Permeants can be transported through
polymer dispersion-coated surfaces in two ways: by diffusion through the
polymer bulk or by flow through the pinholes. Coating thickness is
important; some transport rates decrease exponentially with increasing
coating thickness.69 The most desired barrier property for polymer
dispersions, especially in food-packaging applications, is presumably against
water vapor. If the relative humidity (RH) inside a food package increases
above 60%, the growth of mold is promoted. The water-vapor transmission
rate (WVTR) describes the amount of water vapor that is transmitted
through a sample under specified conditions during a single day. To reach an
appropriate WVTR, a coat weight above 10 g/m2 is needed for polymer
dispersions. Water absorption of paperboard is evaluated as a Cobb value. It
describes the amount of water that is absorbed into the substrate during a
specified time.65,67 Good WVTR and Cobb values do not necessarily go hand
in hand; e.g. styrene-butadiene dispersions are good water-vapor barriers,
but their Cobb values are poor.65
An oxygen barrier is needed to protect the content of the package from
oxidation. Water vapor and oxygen are important permeables in that regard
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in that they can transfer through the polymer film from both directions,
inside or outside the package.67,70 Grease and oil resistance are currently
becoming increasingly important properties in packaging applications. As
such, fiber-based materials have poor grease and oil resistance, and even
small amounts of oil spread widely in the substrate.65 Polymer dispersions
provide good grease and oil resistance. The best barrier properties for each
factor cannot usually be attained with single materials, which makes the use
of multilayer structures necessary.
Transport processes through polymer dispersion coatings are dependent
on several factors, such as the nature of the permeant and the polymer. The
segmental mobility of polymer chains affects the transport properties. In
principal, it can be stated that increase in the crystallinity, orientation,
molecular weight, and crosslinking of polymers results in improved barrier
properties.70-72 Carboxylation of acrylate-based latexes lowers water
absorption and WVTR, due to network formation by hydrogen bonding
between adjacent carboxylic groups.73,74 If the glass-transition temperature
(Tg) of the polymer is significantly below the use temperature, barrier
properties are reduced due to the increased segmental mobility and free
volume.75
Due to environmental issues, extensive research to find substitutes for
petroleum-based barrier dispersion using bio-based materials has been
undertaken during recent years. Under dry conditions, protein- and
carbohydrate-based materials have good barrier properties against oxygen
and grease, due to their high cohesive energy density. However, coatings
prepared from natural polymers are usually hydrophilic in nature. At high
humidity levels, the absorption of water causes swelling and a more porous
structure, which results in reduced barrier properties.76,77 Despite the many
valuable properties of barrier dispersions, both from synthetic and bio-based
materials, they are not yet in wide commercial use. Their price, barrier
properties, and production capacity should be more competitive against the
other barrier materials.
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1.6 Objectives of this study
The major objective of this study was to find novel ways to utilize TOFA. The
keynote was to synthesize TOFA-based alkyd-acrylic copolymers by
(mini)emulsion polymerization and evaluate their suitability in various
applications, such as waterborne binders in wood coating and barrier
dispersion for paper and paperboard packaging. The target material was
assumed to be an aqueous dispersion for environmental issues. The aims and
study can be divided as follows:
(i)

To optimize the synthesis of copolymers to reach possibly high
monomer conversion and to attain fairly high solid content for the
dispersion.I,III

(ii)

To tailor the material properties by varying the material
composition: alkyd resin type, alkyd-acrylate ratio, and monomer
composition (BA, MMA, and GMA).I,III

(iii)

To determine the structure of the materials, both neat alkyd resin
and copolymers, to understand better the behavior and properties
of the alkyd-acrylic copolymers. More precisely, the grafting sites
and the efficacy of material composition on grafting were studied.
I,II

(iv)

To improve the properties of the copolymers as self-standing films
or when applied on paperboard, using cellulose or modified
cellulose as a filler.IV

(v)

To elucidate the performance of the polymer dispersions as selfstanding films and coatings on paperboard, especially the effect of
the material composition on the film properties and the barrier
properties.III
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2 EXPERIMENTAL
This section summarizes briefly the synthesis and characterization of the
materials used in this study. Detailed descriptions of the procedures and
experimental techniques can be found in the original publications.

2.1 Materials
2.1.1 Synthesis of copolymers
The alkyd resins were synthesized at VTT Technical Research Center of
Finland. The polyol used in the syntheses was TMP or PE, the diacid was IPA
and the oil was TOFA (from ForChem Oy, Rauma, Finland) or rapeseed oil
(RO) (from Raisio Oyj, Raisio, Finland). TOFA is a mixture of fatty acids; its
typical composition is app. 50% linoleic acid (LINA), 35% oleic acid (OLA),
7% polyunsaturated acids such as pinolenic acid (PINA), and 2% of some
saturated acids. The alkyd resins were prepared according to standard
nonsolvent procedures. The progress of the reaction was followed by
periodically measuring the total acid number (TAN) and viscosity of the
reaction mixture. The alkyd resins are presented in Table 2, showing the
molar ratio of the reagents in the feed. The TAN describes the number of free
acid groups in the alkyd resin; its value is defined as the amount of potassium
hydroxide (KOH) in milligrams required to neutralize acids in 1 g of fatty
material (mg KOH/g of sample).
Table 2.

Alkyd resins studied and used in copolymer synthesis.

Polyol

TAN

TOFA : Polyol : IPA in feeda

Alkyd-PE-1

PE

12.0

4.0 : 1.6 : 1

Alkyd-PE-2

PE

11.0

3.7 : 1.7 : 1

Alkyd-PE-3

PE

8.1

3.9 : 1.6 : 1

Alkyd-TMP-1

TMP

5.6

3.9 : 2.1 : 1

Alkyd-TMP-2

TMP

12.2

3.9 : 2.1 : 1

Alkyd-TMP-3

TMP

11.0

3.9 : 2.1 : 1

RO-Alkyd

TMP

31.0

b,c

Alkyd-Conj

TMP+PE

13.0

b

Pentaerythritol (PE), trimethylol propane (TMP), isophthalic acid (IPA), total acid
number (TAN)
a Molar ratio
b No values given because of the various synthesis methods used.
c Based on rapeseed oil.
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The alkyd-acrylic copolymers were synthesized by polymerizing acrylic
monomers in the presence of alkyd resin in a miniemulsion in one batch. The
monomers used in the copolymerizations were BA and MMA. A mixture of
soft and hard monomers was chosen to achieve desirable properties for the
coatings: firm, slightly flexible, not tacky, and T g near room temperature
(RT). The nonionic surfactant was polyoxyethylene stearyl ether (trade name
Brij S10), the anionic surfactant was sodium dodecyl sulfate (SDS), and the
initiator was potassium persulfate (KPS). There were two ways to prepare the
miniemulsion: (1) the alkyd resin was dissolved in acrylic monomers, mixed
with the aqueous solution of the surfactants, and finally homogenized with
an ultrasonicator or (2) the alkyd resin was heated to 60 C and emulsified
with the surfactants, then monomers were added, and finally water was
added to the mixture slowly and homogenization was performed by
ultrasonication. The former procedure was applied for high-solid content
emulsions (over 30 weight percent (wt%)). A high solid content (app. 45
wt%) was desired, because in coating applications it reduces the drying time
(lower amount of water to evaporate). If hexadecane (HD) was used as the
cosurfactant, it was dissolved in monomers.
The polymerization was initiated by feeding the aqueous solution of the
initiator in a single shot or during 2 h. The duration of the polymerizations
was varied between 3 h and 5 h. If post-polymerization was performed, the
redox initiators, tert-butyl hydroperoxide and sodium metabisulfite, were
added to the reaction mixture 30–60 min before cooling down the system. If
GMA was used, it was added at the same time as the post-initiators to
prevent the reaction of epoxy moieties during copolymerization. The
generalized recipe for the synthesis of copolymers is shown in Table 3 and
the copolymers synthesized are listed in Tables 4 and 5. All samples in Table
5 were post-polymerized.
Table 3.

Generalized recipe for copolymerizations.

Reagent

Proportion

Alkyd resin

30, 40, 50, 60, or 70 wt%

Monomers

70, 60, 50, 40, or 30 wt%

Brij

4–13 wt% based on alkyd resin

SDS

1–2 wt% based on alkyd resin

KPS

1–10 wt% based on monomers

HD

4 wt% based on alkyd resin and monomers

a
b

Sodium dodecyl sulfate (SDS), potassium persulfate (KPS), hexadecane (HD)
a Alkyd wt% = weight of alkyd resin/(weight of alkyd resin + weight of monomers)
b Monomers: butyl acrylate and methyl methacrylate. BA-MMA ratio 50:50, 60:40, 70:30,
80:20, 90:10, or 100:0.
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Synthesized and studied copolymers.I,III

Table 4.

Copolymer
Number

Alkyd

Alkyd-acrylic
(BA:MMA) wt%

Conv.
(%)b

Reaction
time (h)

70–30 (100:0)

Solids
(wt%)a
19

1

Alkyd-TMP-3

2

Alkyd-TMP-3

96

4

60–40 (100:0)

19

3

Alkyd-TMP-3

88

4

50–50 (100:0)

19

95

4

4

Alkyd-TMP-3

40–60 (100:0)

19

78

4

5

Alkyd-TMP-3

30–70 (100:0)

19

77

4

6

Alkyd-TMP-3

19

99

4

7

Alkyd-TMP-3

60–40 (90:10)
60–40 (80:20)

19

67

4

8

Alkyd-TMP-3

60–40 (70:30)

19

78

4

9

Alkyd-TMP-3

60–40 (60:40)

19

74

4

10

Alkyd-TMP-3

60–40 (50:50)

19

31

4

11

70–30 (80:20)

19

60

4.5

12

Alkyd-Conj
Alkyd-Conj

60–40 (80:20)

19

64

5

13

Alkyd-Conj

50–50 (80:20)

19

80

5

14

Alkyd-Conj

40–60 (80:20)

19

72

5

15

Alkyd-Conj

30–70 (80:20)

19

74

5

16

Alkyd-PE-1

19

95

5

17

Alkyd-PE-1

70–30 (60:40)
60–40 (60:40)

19

83

5

18

Alkyd-PE-1

50–50 (60:40)

19

88

5

19

Alkyd-PE-1

40–60 (60:40)

19

87

5

20

Alkyd-PE-1

30–70 (60:40)

19

83

5

21

70–30 (60:40)

19

90

5

22

RO-Alkyd
RO-Alkyd

50–50 (60:40)

19

89

5

23

RO-Alkyd

30–70 (60:40)

19

84

5

Alkyd-PE-1

24

Alkyd-PE-1

25

43

30–70 (60:40)

3.5

33

c

97

4

98c

4

26

Alkyd-PE-1

40–60 (50:50)

27

Alkyd-PE-1

50–50 (50:50)

43

proportion of solid material in the total sample.

b Monomer

3.5

c

95

40–60 (60:40)

46

a The

c

conversion after polymerization.

c Post-initiated.
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Table 5.

Copolymer

Synthesized copolymer dispersions, which were applied on paperboard.

Alkyd

Number

Alkyd-acrylic

Conv.

(BA:MMA:GMA) wt% (%)

a

Remaining
C=C (%)

ADG

c

b

28

Alkyd-TMP-1

30–70 (60:40)

94

61

99

29

Alkyd-TMP-1

50–50 (50:50)

89

74

100

30

Alkyd-TMP-1

30–70 (40:60)

92

93

96

31

Alkyd-TMP-1

50–50 (40:60)

88

87

93

32

Alkyd-TMP-1

30–70 (50:50)

98

91

100

33

Alkyd-TMP-1

50–50 (50:50)

100

76

100

34

40–60 (40:58:2)

97

92

89

35

Alkyd-TMP-2
Alkyd-TMP-2

50-50 (29:68:3)

100

99

23

36

Alkyd-TMP-2

50–50 (32:65:3)

100

96

21

37

Alkyd-TMP-2

50–50 (37:60:3)

100

94

93

38

Alkyd-TMP-2

60–40 (32:65:3)

100

91

28

All samples post-initiated. Solid content 40–45 wt%. Batch size 450 ml.
a Monomer conversion after polymerization.
b Proportion of double bonds remaining after polymerization.
c Acrylic degree of grafting (ADG); the amount of polyacrylate that is grafted to alkyd
resin.

2.1.2 Celluloses used as fillers
Throughout the work, microcrystalline cellulose (MCC) was used as the
starting material when cellulose whiskers and regenerated cellulose (RegCell)
were prepared.
Cellulose whiskers were prepared, using the method of Bondeson et al.78
MCC was hydrolyzed in sulfuric acid at 45 C for 30 min with continuous
stirring. Then the mixture was diluted 10-fold with distilled water and the
suspension washed with water and centrifuged. When the pH of the
suspension increased, the supernatant became turbid and was collected. The
suspension was dialyzed against distilled water for several days until the pH
remained constant (CelluSep T1, MWCO 3500). The dialyzed suspensions
were ultrasonicated for 5 min four times while cooling in an ice bath. The
suspension was then allowed to stand over a mixed-bed resin for 48 h and
filtered through ashless filter paper. The suspension was freeze-dried before
further usage
The RegCell was prepared by adding MCC to an aqueous solution of Nmethylmorpholine N-oxide and heating the mixture to 80 C. When the MCC
was at least partially dissolved, the solution became transparent. Then the
MCC was precipitated out of the solution with isopropanol. The resulting
RegCell was washed with water by filtering.79,80
Surface modification of cellulose was done with four carboxylic acids:
decanoic acid (DECA), OLA, LINA, and TOFA. Cellulose (MCC, whiskers, or
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RegCell) was mixed with a solution of pyridine and p-toluenesulfonyl
chloride (TsCl). The carboxylic acid was slowly added to the mixture to give a
1:1 TsCl/acid molar ratio. The temperature of the reaction mixture was kept
at 50 C for 1 h or 4 h. The product was filtered and washed with methanol
and ethanol, then Soxhlet-extracted with methanol. Finally, the cellulose was
filtered, washed with methanol, ethanol, acetone, and water and dried in a
vacuum.

2.1.3 Films and coatings
The copolymer films were prepared by spreading an appropriate amount of
copolymer dispersion on a Petri dish and drying under ambient conditions.
The thickness of the films varied between 300 µm and 800 µm.
In coating experiments, a highly hydrophobic paperboard with
alkylketene dimer treatment (from Stora Enso Oyj) or Stora Enso Performa
Natura paperboard was used as a base material. The samples were applied on
the base material with an Erichsen laboratory applicator. The amount of
sample was 10–20 g of solid material/m 2, with the drying time varying
between 5 min and 30 min, depending on the sample. The coating
applications were performed at VTT. The samples applied on paperboard are
listed in Table 5 and copolymer numbers 16–20 in Table 4.
If filler (cellulose) was used, it was added to the copolymer dispersion
with mechanical stirring. The amount of filler was 2 wt% or 5 wt% of solid
material. In the case of surface-modified cellulose, the copolymer was first
dissolved in toluene, then modified cellulose was added, and the film was
cast on a Petri dish. The procedure was performed this way due to the high
level of hydrophobicity of the modified cellulose.

2.2 Characterization
The experimental details of the characterizations can be found in the original
publications as follows:
FTIR spectra were measured, using a PerkinElmer Spectrum One FTIR
spectrometer with Universal attenuated total reflectance (ATR) sampling
accessory.
1H and 13C NMR measurements were performed with a 200 MHz Varian
Gemini 2000 NMR spectrometer, a 300 MHz Varian Unity INOVA NMR
spectrometer, or a Bruker Avance III 500 MHz spectrometer. Solid-state
NMR (ssNMR) spectra with high-power decoupling, single-pulse excitation,
and cross-polarization magic angle spinning (CPMAS) for cellulose samples
were acquired on a Varian Unity Inova 300 MHz spectrometer operating at
75.47 MHz for carbon. The two-dimensional (2D) heteronuclear singlequantum correlation (HSQC) and heteronuclear multiple-bond correlation
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(HMBC) spectra were measured with a Bruker Avance III 500 MHz
spectrometer.
Particle size was measured by the dynamic light scattering (DLS)
technique. Dynamic light scattering was conducted with a Brookhaven
Instruments BI-200SM goniometer and a BI-9000AT digital correlator. The
light source was a LEXEL 85 argon laser operating at a 488 nm wavelength.
Size exclusion chromatography (SEC) was performed with a Waters
instrument, using Waters 2410 RI and Waters 2487 UV detectors and
Styragel HR 1, 2, and 4 columns. Tetrahydrofuran (THF) was used as an
eluent with a flow rate of 0.8 ml/min. The calibration was performed with
polystyrene standards from PSS Polymer Standards Service GmbH
Monomer conversion and solid content were determined gravimetrically.
The acrylic degree of grafting (ADG) to alkyd resin was determined by
Soxhlet extraction.
The Tg values of the copolymers were determined with a Mettler-Toledo
DSC822 differential scanning calorimeter (DSC).
Dynamic mechanical analysis (DMA) was carried out with a TA
Instruments DMA Q800. In moduli measurements a dynamic force of 0.2 N
was applied at the frequency of 1 Hz. In stress-strain measurements the ramp
force was 1 N/min.
The thermal degradation of the samples was determined, using a Mettler
Toledo TGA 850 under a nitrogen atmosphere.
The surface compositions of the samples were investigated with X-ray
photoelectron spectroscopy (XPS) in Aalto University, School of Technology.
The measurements were done with a Kratos Analytical AXIS 165 electron
spectrometer, used with monochromatic A1 Kα X-ray irradiation at 100 W.
All spectra were collected at an electron take-off angle of 90°.
Pretesting of the samples to evaluate their barrier properties was done at
VTT:
The oxygen transmission rate (OTR) was measured with a Oxygen
Permeation Analyser Model 8001 (Systech Instruments Ltd, Thame, UK).
The measurements were done at RH values of 0%, 50%, and 80% at RT.
The contact angle measurements were carried out using a CAM200
optical contact angle apparatus (KSV Instruments Ltd., CAM 200 software).
Static contact angles of water and OLA droplets were recorded as a function
of time (up to 300 s for water and 100 s for OLA).
Water absorptiveness was determined according to a modified Cobb
method (ISO 535). This method determines the amount of water absorbed by
paperboard in a specified time under standardized conditions. The method
used differs from the standard test in cylinder size (diameter 3.7 cm) and
cylinder material (plastic). The test piece was weighed before and
immediately after exposure for 1800 s (Cobb1800). Oil absorptiveness was
evaluated with a self-developed method by placing a castor oil-impregnated
filter paper on a test piece for 19 h and weighing the test piece before and
after the exposure.
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3 RESULTS AND DISCUSSION
3.1 Alkyd resin structureII
The structure of alkyd resins is moderately complicated, due to the multitude
of reagents and multifunctionality of the polyol used in the synthesis. The
structure of the alkyd resin was evaluated by means of NMR spectroscopy
(both one-dimensional (1D) and 2D measurements) in company with SEC.
Alkyd resins synthesized from PE or TMP, with four or three OH groups,
respectively, were studied (Table 2). The 1H spectra of both types of alkyd
resin are shown in Figure 4. The only remarkable difference between the
spectra was observed in the polyol region, shown in the expanded spectra.
The chemical shifts in the spectrum of PE-based alkyd were shifted slightly
more to the lower field than with the TMP-based alkyd resin. Based on the
correlations in the HSQC and HMBC spectra, the three chemical shifts in the
lower field were assigned to –CH2- bonded to IPA and the three shifts in the
higher field were assigned to –CH2- bonded to TOFA.

Figure 4.

1

H NMR spectra of PE- and TMP-based alkyd resins; the polyol region is shown in
an expanded view (Source: Paper II).

The integrated area of each proton chemical shift and the group of protons
relating to IPA, TOFA, or small shifts are presented in Table 6. When the
relative proportions were compared, it was observed that TMP-based alkyds
reacted more with TOFA than did the PE-based alkyds. When the ratio of the
IPA and polyol in the alkyd resin was compared with that in the feed, it was
noted that the PE-based alkyds reacted more with IPA, whereas the TMP-
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based alkyds reacted more with TOFA. The esterification reaction between
polyol and IPA leads to a more branched structure than if the polyol reacts
mainly with TOFA. This is in accordance with the SEC chromatograms
(Figure 5), which showed that PE-based alkyds had lower retention times
than TMP-based alkyds. PE-based alkyds have more bulky structures and
thus larger hydrodynamic volume caused by the highly branched structure.
Table 6.

Relative proportions of each proton and proton group in the polyol region
(Source: Paper II).

Chemical shift (ppm)

4.65

4.52

4.40

4.36

4.23

4.11

Alkyd-PE-1

1

2.41

1.97

1.56

4.32

3.48

1

1.74

0.23

Alkyd-PE-2

1

2.52

1.96

1.70

4.59

3.82

1

1.85

0.24

Alkyd-PE-3

1

2.52

2.10

1.98

5.00

4.25

1

2.00

0.53

Alkyd-TMP-1

1

4.84

5.58

2.14

10.11 11.35

1

2.07

0.19

Alkyd-TMP-2

1

5.33

6.22

2.37

11.11 13.26

1

2.13

0.27

Alkyd-TMP-3

1

4.96

5.98

2.16

10.50 12.40

1

2.10

0.27

Figure 5.

4.65-4.40 4.36-4.11

Small

SEC chromatograms of alkyd resins (Table 2) (Source: Paper II).

The other difference between the PE-based and TMP-based alkyd resin 1H
spectra was the larger number of small chemical shifts at 3.82–3.45 ppm for
PE-based alkyds. This was due to the higher functionality of PE, which
results in wider variation in diverse structures. Based on HSQC and HMBC
correlations, it was concluded that the small signals originated from –CH2bonded to TOFA. Even though the number of small chemical shifts was
higher for PE-based alkyds, the relative proportion of these shifts was higher
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for TMP-based alkyds. This was expected, because as shown previously,
TMP-based alkyds reacted more with TOFA than did the PE-based alkyds.
This assumption was supported by the correlations observed in the HMBC
spectrum. They showed that the quaternary carbons at 41.8 ppm correlated
only with the protons at 4.11 ppm, which were assigned to –CH2- bonded to
TOFA and whose proportion was the highest in TMP-based alkyd resins.
Unfortunately, it was not possible to determine which fatty acids in TOFA
reacted with the polyol.
A clear indication of ester formation between the polyol and fatty acid was
observed as a diminution of the chemical-shift intensity of the carboxyl
groups of the free fatty acids (at app. 180 ppm) and as an appearance of new
shifts. After alkyd synthesis, it was noted that the chemical shifts of C2 and
C3 in the fatty acids were also altered (the value of chemical shift and/or
appearance), suggesting that it may be possible to identify the fatty acid that
has reacted with the polyol. The intensity of the chemical shifts originating
from PINA was decreased throughout the 13C spectrum after alkyd resin
synthesis. This shows that the mobility of PINA was diminished, which made
it more difficult to observe. Additionally, some new shifts were observed and,
based on 2D spectra, their origin was PINA. This may indicate formation of a
special structure. Unfortunately, the proportion of PINA in TOFA was too
low to deduce the structural origin of the shifts.

3.2 Alkyd-acrylate copolymers
The synthesis part of this study includes miniemulsion polymerization of the
alkyd-acrylate copolymers. The main target was to determine the effect of
material composition on copolymer synthesis and the properties of the
copolymers. The ratio of the monomers, BA and MMA, was changed as well
as the alkyd-acrylate ratio. GMA was used in copolymerizations to increase
the crosslinking of coatings during drying via epoxy groups and thus improve
film formation. The type of alkyd resin was also varied, using TOFA-based
alkyd resin, both with nonconjugated and conjugated DBs, and RO-based
alkyd resin.

3.2.1 ConversionI,III
The aim of the copolymerizations was to prepare a latex that is ready-to-use
in coating applications. This implies that the monomer conversion should be
as near 100% as possible, because residual monomers typically have
unfavorable effects on the properties of coatings. To fulfill the requirements
for commercial latex, the residual monomers should be below 100 ppm.35
The effect of the alkyd-acrylate and BA-MMA ratios on monomer conversion
was evaluated. It was observed that an increased alkyd resin content in the
polymerization mixture decreased the polymerization rate and the monomer
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conversion level remained below 90%. This limiting conversion is typical for
alkyd-acrylic systems if unsaturated fatty acids are present in the alkyd
resin.16 The DBs in the fatty acid effectively retarded polymerization by acting
as a chain transfer agent, reducing the amount of free radicals and stabilizing
the radicals through delocalization.15,21,25 The conversion is also influenced by
the fact that the polymerization system becomes more viscous after reaching
a certain conversion level and the motion of the monomers and initiator is
slowed.
Variation in the alkyd type did not influence the monomer conversion
markedly. When conjugated alkyd resin was used (Figure 6), the conversion
was at a slightly lower level than with nonconjugated alkyd resin (Figure 7),
but most probably this resulted from the differing monomer composition.
Tsavalas et al. have shown that the position and amount of DBs does not
directly correlate with limiting conversion, and neither is retardative chain
transfer the only factor that results in limiting conversion.25,26 The residual
monomer may also be trapped in the alkyd-rich regions where the acrylic
radical cannot enter and the monomers remain unreacted. However, when
an oil-soluble initiator was used (azobisisobutyronitrile) the conversion
remained at a stable lower level,25 suggesting that stable radicals retarded the
polymerization.
100

Conversion

80

60
Alkyd-Conj 70%
Alkyd-Conj 60%
Alkyd-Conj 50%
Alkyd-Conj 40%
Alkyd-Conj 30%

40
20
0
0

Figure 6.

1

2
3
Reaction time (hours)

4

5

Monomer conversion of copolymers with different wt% of conjugated alkyd resin
(BA-MMA ratio is 80:20) (copolymers11–15 in Table 4).
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Figure 7.

1

2
Reaction time (hours)

3

4

Monomer conversion of copolymers with different wt% of nonconjugated AlkydTMP-3 and BA as monomer (copolymers 1–5 in Table 4).

Monomer composition affects the conversion according to the reactivity of
the monomers. When the MMA content was increased in comparison to BA,
the conversion level was lowered. This is a consequence of MMA’s tendency
to abstract the hydrogen allylic to the double bond in the alkyd resin. This
process creates a fairly inactive radical that reduces the polymerization rate
and favors termination over propagation of the growing polymer chain.
The limiting monomer conversion phenomenon can be overcome, using
post-polymerization.35 In this way, approximately 100% conversion was
reached as seen with the copolymers in Table 5.

3.2.2 Particle sizeI
The particle size of the synthesized copolymer dispersions measured with
DLS was not affected by the alkyd-acrylate ratio. The particle-size range of
the dispersion was in principle the same as that of the emulsion, but the size
distribution was bimodal. (Figure 8) The similarity in particle size shows that
the polymerization occurred in a miniemulsion, because in conventional
emulsion polymerization the size of the monomer droplets is significantly
larger, which is observed as clearly larger particle size in emulsion than in
dispersion. The bimodality of the dispersion may have resulted from the
presence of polyacrylate particles, which are smaller in size than copolymer
particles.
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Figure 8.
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Particle-size distribution of emulsion and dispersion with various alkyd contents
(copolymers 1, 3, 5 in Table 4).

3.2.3 Acrylic degree of grafting and grafting sites in alkyd resinI-III
The formation of copolymer implies that polyacrylates chemically attach to
alkyd resin. The grafting of the acrylic macromonomers to the alkyd resin
may occur to the double bonds in the unsaturated fatty acid chains (Figure
9a-c), to the allylic position in the fatty acid chain (Figure 9d-f), or to the
polyol segment. If grafting occurs to the allylic position, one of the most
probable sites at which to abstract the hydrogens is C11 in LINA, which is
doubly allylic.
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Figure 9.

Grafting of acrylic macroradical to double bond (a–c) and bis-allylic site (d–f) in the
fatty acid chain. a) Macroradical attacks DB in fatty acid chain. b) Grafting occurs
and a new radical is formed. c) Polymerization continues at the new radical site. d)
Macroradical attacks allylic hydrogen in fatty acid chain. e) Hydrogen is abstracted
and a new radical is formed in fatty acid chain, where new radical approaches. f)
Macroradical grafts to radical site in fatty acid chain (Source: Paper II).

The amount of polyacrylate that is grafted to the alkyd resin can be measured
by Soxhlet extraction. The extraction is done with diethyl ether, which
dissolves the alkyd resin and alkyd-acrylate copolymer, but not polyacrylates.
Additionally, some highly crosslinked material remains undissolved.16 The
existence of crosslinked material was elucidated with THF, which dissolved
all of the above-mentioned substances, but not the crosslinked material. In
this case, the samples dissolved totally in the THF, which proves no
crosslinked polymer was present in the samples. The calculation of acrylic
degree of grafting is shown in Eq. 1.
(1)
It was noted that the ADG was to some extent influenced by the monomer
conversion (Figure 10). When nonconjugated alkyd resin (Alkyd-TMP-3) was
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used and the only monomer in the polymerization was BA, the changes in the
ADG followed the variation in conversion and the alkyd-acrylate ratio did not
remarkably influence the ADG. With low alkyd resin content (30 and 40
wt%), the ADG was high relative to conversion. This may have resulted from
a high acrylic content in which the number of acrylic macroradicals was
larger and the probability of an acrylic radical attacking a grafting site was
increased. As seen in Figure 10, the ADG was higher for copolymers prepared
from nonconjugated alkyd resin. This was due to the higher oil content of
nonconjugated alkyd resin (77 wt%) than with conjugated alkyd resin (57
wt%). When the oil content is higher, the DB content is also higher and more
grafting sites are available. The monomer composition in the
copolymerizations also differs: both BA and MMA were used when
copolymerized with conjugated alkyd resin. The monomers have different
reactivities and tendencies to graft, which affected both the conversion level
and ADG. This is seen in Figure 11a, which shows that increased BA content
compared with MMA increased the ADG.
100

90

(%)

80

70
Conversion Alkyd-Conj
Conversion Alkyd-TMP-3
ADG Alkyd-Conj
ADG Alkyd-TMP-3

60

50
20

Figure 10.

30

40
50
Alkyd resin wt%

60

70

Monomer conversion and acrylic degree of grafting. BA-MMA ratio (wt%) was 80:20
in samples with conjugated alkyd (copolymers 11–15 in Table 4) and 100:0 in
samples with nonconjugated alkyd (copolymers 1–5 in Table 4.
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Figure 11.

a) Effect ofBA concentration on grafting site and efficiency. b) Effect of alkydacrylate ratio on various grafting sites (copolymers 16–20 in Table 4).

The grafting sites of acrylates can be studied with the aid of NMR
spectroscopy. If grafting occurs, evidence should be observed in the NMR
spectra as a new chemical shift(s) or as a reduction in the intensity of the
existing shifts. The grafting location was estimated by calculating the
proportion of double bonds (136–124 ppm), allylic carbons (27.4–27.0 ppm),
and bis-allylic C11 (25.6 ppm) remaining, compared with the C17 methylene
chemical shift at app. 23 ppm in the fatty acid chain. C17 was used as a
reference shift because it should remain unreacted during the
polymerization. The calculated ratios (C=C/C17, allylic C/C17, and C11/C17)
of the copolymers were compared with those of the neat alkyd resin and the
results are shown in Figure 11b. The relative proportion remaining of each
grafting site was diminished after copolymerization, although no difference
between the spectra was observed visually, except for the HSQC spectra,
which showed reduced correlation of the allylic carbons (2.00/27.4–27.0
ppm) and the C11 (2.76/25.6 ppm) in copolymers in relation to the neat alkyd
resin.
Figure 11b shows that the bis-allylic C11 was consumed the most during
copolymerization, in agreement with the fact that the bis-allylic site is
energetically the most favored grafting site. The DH° for the bis-allylic C-H
bond is app. 75 kcal/mol,51 while for the allylic C-H bond it is app. 88
kcal/mol and C=C bond 146 kcal/mol.81,82
As Figure 11a showed, BA is more reactive towards alkyd resin than MMA,
resulting in a higher acrylate content in the copolymer. Due to the difference
in structure of these monomers, the principal grafting site of these acrylic
polymers is clearly not the same. It is believed that BA undergoes grafting
most probably to the double bond instead of the bis-allylic position, due to its
steric features.25 This is shown in Figure 11a, which demonstrates that as the
BA concentration in the copolymer increased, the ADG also increased and
the relative proportion of the remaining DBs decreased. The structure of
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MMA is sterically more hindered and its reactivity towards allylic or bisallylic hydrogen abstraction is enhanced. The abstraction process increased
the homopolymerization of acrylates, and thus the amount of grafted MMA
remained lower than that of BA. Even though the allylic sites are
energetically favored for grafting reactions, the structure of the attacking
monomers also influences the grafting loci. Despite the relatively high DH°
value of C=C bonds, they are also consumed during the copolymerization.
This is possible because when the C=C bond is considered more closely, it is
observed that the reaction with the -bond is energetically favored over the
reaction with the -bond. The DH° value of the -bond is 63 kcal/mol, which
makes it attractive to react with.82

3.2.4 Thermal propertiesI,III
The Tg values of the copolymers were studied both with DSC and DMA. As
presented in Figure 12, the DSC measurements typically showed two or three
Tgs at app. -50 °C, 0 °C, and 30 °C or higher (with a heating rate of 5
°C/min). The first Tg originated from neat alkyd resin, which has a Tg at
about -50 °C. The second Tg may be from the alkyd-acrylic copolymer and the
last from the polyacrylate. However, the sensitivity of the DSC instrument
makes determination of the Tgs inaccurate, while the changes in the graphs
are broad and faint. DMA is much more sensitive for monitoring the changes
occurring at the Tg than DSC. The copolymer films were studied with DMA;
the storage modulus (G’) and loss modulus (G’’) were inspected and the Tg
was determined as the peak(s) in the tan δ curve (tan δ = G’/G’’). However,
the problem in the DMA studies turned out to be the onset temperature
(Tonset) of the measurement. As noted in the DSC measurements, the first Tg
was already observed below -30 °C. Some of the film samples broke when
they were cooled below -30 °C, which may have caused invisibility of the
lowest Tg. The Tgs measured with DMA for two sample series are shown in
Table 7. No relationship between material composition and Tg was observed,
which suggests the heterogeneity of the copolymers. For copolymer numbers
16–20 (in Table 4), only one Tg was observed, which may have originated
from the higher Tonset (-30 °C), since the films were broken below that
temperature. It could be assumed that the first Tg was that of the alkydacrylic copolymer and the second that of the polyacrylates.
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Figure 12.

Table 7.

Copolymer
Number
11

aThe

DSC thermograms of alkyd resin and copolymers (copolymers 16–20 in Table 4).

Tg values of copolymer films and onset temperatures of the DMA
measurements.The results are averages of five measurements.

Alkyd type

Alkyd-acrylic
(BA:MMA) wt%

Alkyd-Conj

12

Tg,1 (°C)

Tg,2 (°C)

Tonset (°C)

70–30 (80:20)

-36a

15.9

Alkyd-Conj

60–40 (80:20)

-

14.9

-60
-60

13

Alkyd-Conj

50–50 (80:20)

-25.6

23.0

-60

14

Alkyd-Conj

40–60 (80:20)

-24.0

14.7

-60

15

Alkyd-Conj

30–70 (80:20)

-21.5

14.3

-60

16

Alkyd-PE-1

70–30 (60:40)

-

6.4

-30

17

Alkyd-PE-1

60–40 (60:40)

-

11.9

-35

18

Alkyd-PE-1

50–50 (60:40)

-

19.8

-30

19

Alkyd-PE-1

40–60 (60:40)

-

13.7

-30

20

Alkyd-PE-1

30–70 (60:40)

-

9.5

-30

value was estimated from the tan δ curve, because the peak was not seen completely.

The thermal stability of the alkyd resin and copolymers was evaluated with
thermogravimetric analysis (TGA). The measurements showed that the
degradation occurred in two steps: first the acrylic part and then the alkyd
part (Figure 13). This was proved by measuring the degradation of neat alkyd
resin and neat polyacrylate, which had the onset of degradation at 370 °C
and 320 °C, respectively. The formation of the copolymer did not change the
thermal degradation behavior of the components. If the amount of
polyacrylates in the copolymer was increased, the degradation step of the
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polyacrylates became more dominant. From the TGA measurements, it was
concluded that modification of the alkyd resin with acrylates decreased the
thermal stability of the alkyd resin, due to the lower degradation temperature
of the polyacrylates, but the onset of the degradation process remained
unchanged.

Figure 13.

a) TG and b) DTG curves showing thermal stability of alkyd resin, alkyd-acrylic
copolymers, and acrylic copolymer.

3.3 Surface modification of celluloseIV
The objective of cellulose modification with various fatty acids was to
improve the miscibility between the cellulose and the polymer matrix, when
cellulose is used as a filler in copolymer films and coatings. The modification
was performed with various fatty acids to determine the correlation between
TOFA and fatty acids with differing double bond consistency. Heterogeneous
modification was favored to keep the modification only at the surface of the
cellulose particles.

3.3.1 Surface modification
The success of surface modification of cellulose with fatty acids was evaluated
by FTIR spectroscopy. In the FTIR spectra of modified cellulose, a new band
was observed in the ester carbonyl area (at app. 1740 cm-1, marked with
dotted line in Figure 14). Compared with neat fatty acid, the carbonyl peak
was moved to a higher wave number, which is clear evidence of formation of
an ester bond. The differences between the frequencies of the carbonyl peaks
may have resulted from differing degrees of substitution (DS) in such a way
that the higher the DS, the higher the frequency for C=O ester absorption.83
The intensity of the carbonyl peak also relates directly to the DS; the more
visible the peak, the larger the DS.
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Figure 14.

Two parts of FTIR spectra of neat whiskers and fatty acid-modified whiskers.The
carbonyl peak at app. 1740 cm-1 is marked with dotted line.

The substitution of fatty acids in cellulose was also observed as a change in
thermal stability (Figure 15). Surface-modified MCC and whiskers showed a
two-stepped degradation process, while their nonmodified counterparts
decomposed in one step. The modification also lowered the Tonset of the
degradation process. The decomposition temperature of fatty acids is lower
than that of cellulose, which weakens the thermal stability of modified
celluloses apart from the changes in crystalline structure on the surface of
cellulose after esterification. DECA-modified celluloses degraded in one step,
while the celluloses modified with double bond-containing fatty acids showed
two-stepped degradation process. A possible explanation for the two-stepped
decomposition is that in the initial stages of the degradation process, the
presence of DBs may cause some thermal crosslinking. The second step
involves decomposition of the new, possibly crosslinked material. All of the
modified RegCell samples showed single-stepped pyrolysis curves. This was
caused by the lower DS of these samples than that of MCC or whiskers. There
are not enough unsaturated fatty acids to be crosslinked as a consequence of
heating.
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Figure 15.

Thermal stability of neat whiskers and fatty acid-modified whiskers presented as
TGA curves (Source: Paper IV).

3.3.2 Degree of substitution
The amount of fatty acid bonded to the cellulose was roughly evaluated by 13C
CPMAS NMR spectroscopy. The ratio of the integrated area of the acyl
chemical shifts (50–10 ppm) and cellulose shifts (115–50 ppm) was
calculated (Table 8). The numerical values are not absolute, they only show
in which sample there is the most or least fatty acid attached. DECAmodified MCC (1 h) was chosen as a comparison point and assigned a value
of 1, with which the remaining values were compared. The results show that
the DS was highest for MCC modified for 4 h, owing to the longest
modification time. In the RegCell samples, the amount of fatty acids was
expected to be very low, while no chemical shifts of fatty acids were detected.
When fatty acids are compared with one another, the quantity of DECA is
highest regardless of the cellulose type used.
Table 8.

Comparison of the quantity of fatty acids attached based on the integrated
cellulose and acyl peaks in the 13C CPMAS NMR spectra (Source: Paper IV).

Cellulose
Fatty acid

MCC (4h)

MCC (1h)

Whiskers (1h)

RegCell (1h)

DECA
OLA

5.2
1

1
0.4

2.7
0.6

0.01
-

LINA
TOFA

2.9
1.4

0.3
0.2

0.9
1.2

-

The surface elemental concentrations of the modified celluloses were
investigated with XPS. It was noticed that the oxygen/carbon (O/C) ratio
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decreased significantly after modification, originating from the substantial
increase in the proportion of carbon-carbon and carboxyl bonds. This
indicates the presence of carbon-containing fatty acids and formation of ester
bonds. The calculated DS values show (Table 9) that the DS decreased when
the fatty acid chain length and the number of DBs in the fatty acid were
increased. DECA-modified cellulose showed the highest DS despite the
cellulose type used, as was observed with NMR. However, the XPS results
showed that the DS values of RegCell were higher or equal to those of MCC or
whiskers, although NMR and TGA showed that the DS was significantly
lower. The difference can be explained by the different analysis depths of the
techniques. In XPS, only the outermost 10 nm are observed and the result
gives the substitution on the surface of the cellulose particles, while the other
techniques also detect the bulk of the samples. The clearly different DS
values on the surface and on the total structure of the cellulose samples
resulted from the different morphological structure of RegCell than MCC,
and whiskers. Fatty acid chains are probably unable to penetrate into the
RegCell particles as easily as in other celluloses, due to the denser structure,
a more reactive surface, or the reacted fatty acids forming a shielding layer
that prevented the unreacted fatty acid chain from penetrating into the
particle.
Table 9.

Degree of substitution and O/C ratio calculated from XPS measurements
(Source: Paper IV).

Cellulose
Fatty acid

MCC (4h)
DS
O/C

MCC (1h)
DS
O/C

Whiskers (1h)
DS
O/C

RegCell (1h)
DS
O/C

DECA

1.49

0.27

1.16

0.31

1.20

0.30

1.76

0.25

OLA

1.25

0.29

0.75

0.28

0.66

0.42

1.30

0.20

LINA

1.77

0.33

0.51

0.39

0.54

0.50

0.53

0.44

TOFA

1.22

0.33

0.66

0.38

0.46

0.52

0.47

0.40

3.4 FILM PROPERTIES
The mechanical properties of the copolymers were evaluated from selfstanding films prepared from the dispersions by the solvent casting method,
and the barrier properties were examined from the paperboards coated with
the copolymer dispersion. Generally, the film formation of the copolymers
was favorable. The self-standing films could be prepared from almost all
dispersions, and they were easy to handle, transparent, and even. Increased
alkyd content impaired the film formation and caused failures in the film
when the alkyd content was 70 wt%. Increased BA content made the films
tacky; the crucial amount was dependent on the alkyd-acrylic ratio of the
polymer.
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3.4.1 Oxidative dryingI,II
Oxidative drying of the alkyd-acrylic copolymer films was shown with FTIR
and ssNMR spectroscopy. When the ssNMR spectra of the copolymer film
and freeze-dried copolymer dispersion were compared (Figure 16a), a clear
dissimilarity in the intensity difference between the double bond (120–140
ppm) and the carboxyl (app. 175 ppm) chemical shift was observed. The
lesser intensity difference in the spectrum of the film indicates chemical
changes and decreased amounts of DBs, while the poorer resolution of the
spectrum signifies a higher degree of crosslinking. The disparity between the
air-dried film and freeze-dried sample is that in a freeze-drier with vacuum,
contact with molecular oxygen is minor and oxidative drying is inhibited.
Oxidative drying was also observed in the FTIR spectra (Figure 16b). A
copolymer film was measured after various drying times and the intensity of
the peak at 3010 cm-1 originating from cis H-C=CH stretching was reduced
as the drying proceeded. This was due to the disappearance of the cis HC=CH hydrogen as part of the autoxidation reaction.51 This shows that
oxidative drying occurred via the unsaturated fatty acid chains and crosslinks
were formed, which accords with the observations from the ssNMR spectra.

Figure 16.

a) ssNMR spectrum of copolymer film and freeze-dried copolymer. b) FTIR spectra
of copolymer film after various drying times showing the decreasing intensity of the
cis H-C=CH peak (marked with dotted line).

3.4.2 Mechanical propertiesIII
The mechanical properties of the polymer films are crucial, because the final
application of the materials was intended to be as a coating on paperboard
packaging. The coating should withstand bending and other processing, so
some flexibility and strength are required. The effect of the copolymer
composition on the mechanical properties of the films was studied with DMA
by varying the alkyd-acrylate ratio and alkyd resin type. It was observed that
increased acrylate content increased the elongation at break of the films, but
decreased the stiffness and tensile strength (Figure 17 and Table 10).
Increased alkyd content decreased the G’ of the copolymers below the Tg, but
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above the Tg, the G’ was higher for copolymers with increased alkyd content
(Figure 18 and Table 10). This results from the increased crosslinking of the
films, since the number of DBs was larger for copolymers with higher alkyd
content.

Figure 17.

Stress-strain curves of copolymer films with various alkyd contents. One
measurement of each film sample set is presented.

Figure 18.

Storage modulus of copolymer films with various alkyd contents. One measurement
of each film sample set is presented

.
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Table 10.

Mechanical properties of copolymer films studied with DMA, the results are
averages from 3 to 8 measurements.

Copolymer Alkyd

Young’s

No.

a

Elongation

G’ @ -20°C

G’ @ 60°C

(wt%)

modulus (MPa) (MPa)

(%)

(MPa)

(MPa)

16

70

1.57 ± 0.02

0.37 ± 0.05

30 ± 3

350 ± 33

1.07 ± 0.28

17

60

1.04 ± 0.05

0.21 ± 0.02

27 ± 2

380 ± 65

1.13 ± 0.35

18

50

1.43 ± 0.03

0.35 ± 0.04

34 ± 3

250 ± 16

1.43 ± 0.19

19

40

0.74 ± 0.02

0.37 ± 0.03

65 ± 2

310 ± 1

0.66 ± 0.00

20

30

0.55 ± 0.02

0.62 ± 0.05

170 ± 22

430 ± 18

0.67 ± 0.08

b

a

a

Tensile strength

At break.
was totally curly and contained defects.

b Film

The difference between the alkyd types is shown in Figure 19, where TOFAand RO-based copolymer films are compared. RO-based alkyd produced
films with higher elongation at break and decreased the stiffness and tensile
strength, maybe due to the differing structure of TOFA and RO-based alkyds.
The total number of DBs is lower in RO, which increases the
homopolymerization of acrylates and makes the properties of polyacrylates,
especially polyBA, more dominant. This was also observed as softer and
stickier films. The film formation of RO-based copolymers was poorer than
that of TOFA-based copolymers, which was noted in a copolymer that
contained 70 wt% of RO-based alkyd. The film formation of this sample was
not sufficient to produce a self-standing film.

Figure 19.

Stress-strain curves of TOFA- and RO-based copolymer films. One measurement
of each film sample set is presented.
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3.4.3 Barrier propertiesIII, unpublished data
To determine the best candidates for barrier material from the wide variety
of material compositions, preliminary tests were done for copolymer
dispersions applied on paperboard. Water and oil repellency was evaluated
by measuring the contact angle of the water or oleic acid on the coated
paperboard (Figure 20). Due to the hydrophobic nature of the alkyd resin,
enhanced alkyd content increased the hydrophobicity of the coatings, which
was observed as a higher contact angle of the water. The neat alkyd resin
used in this study was maleated to ease the emulsification and application
process. On that alkyd, the contact angle of water was the highest among all
the samples. Respectively, the oleophilic nature of the alkyd resin decreased
the oil repellency of the coatings, as the contact angle of the OLA became
reduced with increased alkyd content.

Figure 20.

Contact angle of (a) water and (b) oleic acid on copolymer-coated paperboard.
Alkyd-PE-1* was maleated to enhance the emulsification and application.

The water absorbance of the copolymer coatings was measured with the
Cobb test. The neat maleated alkyd resin failed the test, because the coating
permeated water even after the short test period (300 s). All the copolymer
coatings resisted water nicely; they had Cobb 1800 values < 10 g/m2, since
packaging materials should have Cobb60 values < 20 g/m2. Nevertheless, the
dependency between water absorbance and the alkyd-acrylate ratio was not
clearly inferred, because the film formation had such a strong effect on the
results. That attenuated the effect of material composition. As seen in Figure
21 when copolymers 32 and 33 are compared, increased alkyd content does
not necessarily result in reduced water absorbance. Oil absorbance of the
coatings was examined with castor oil, and in this case a slight dependency
between the alkyd content and oil absorption was noted: increased alkyd
content enhanced the oil absorbance. The influence of film formation was
emphasized when glycidyl methacrylate was included in the
copolymerizations. The aim of GMA addition was to increase the crosslinking
of the coatings during drying and hence improve the film formation and
properties. The goal was attained as a remarkable reduction both in water
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and oil absorbance, which was observed in the coatings containing GMA as
third monomer (copolymers 34–38 in Table 5 and Figure 21). If the alkyd
content of the copolymer was increased to 60 wt%, the coating became partly
oil-soluble, probably due to the oil-resembling structure of the alkyd resin.

Absorbance (g/m2)

12
10

Water (30 min) Cobb test
Castor oil (19h)

8
6
4
2

No
result

0

Figure 21.

Figure 1 Water and oil absorbance of copolymer-coated cupboards (copolymers
30–37). Samples 34–37 were crosslinked with GMA.

A delightful observation, both in the contact angle measurements and in the
absorbance studies, was that there was no need to use a drier to enhance the
drying of the copolymer coatings. Firstly, the necessity of a drier was
examined, but we noted that the drier weakened the film properties and did
not accelerate the drying process.
Barrier dispersions typically have poor oxygen barrier properties and the
same was noted in this study. Overall, the OTR values of the copolymer
coated paperboards were several thousand in magnitude (cm3 m-2 day-1). The
OTR results presented in paper III (values were below 1000 cm3 m-2 day-1)
were measured from self-standing films with thicknesses between 500 µm
and 800 µm. Since the coatings on paperboard are typically a maximum of 10
µm and OTR is dependent on the thickness of the coating, the results
presented misrepresent the oxygen barrier performance of the samples.
Nevertheless, the OTR values were not affected by RH, which is a typical
problem with hygroscopic bio-based materials.

3.4.4 Effect of celluloseunpublished data
Cellulose whiskers have several advantages for use as reinforcement in
composites. They are bio-based and cheap, and are mechanically extremely
strong. Whiskers were added to the copolymer dispersion before the film
preparation. It was observed that cellulose reinforced the films films even
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with relatively low amounts (2 wt% and 5 wt%), which was observed as
increased tensile strength (Figure 22). The modification of cellulose with
TOFA improved the compatibility between cellulose and alkyd-acrylic
copolymer, which was observed as more improved mechanical properties
compared with neat whiskers. When MCC or RegCell was used, the strength
was improved, but no difference between the modified and unmodified
cellulose was observed (Figure 23). This may have resulted from the lower
DS of MCC (1 h) and RegCell defined with NMR (Table 9). The amount of
TOFA in the total structure is so low, that it does not affect the miscibility
between cellulose and the polymer matrix and, hence, does not improve the
mechanical properties when related to unmodified celluloses.

Figure 22.

Effect of TOFA-modified whiskers on mechanical properties of films.

Figure 23.

Effect of various cellulose types on mechanical properties of the films.
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Barrier properties are usually improved as the crystallinity of material is
increased.70 This boosts the interest in using cellulose whiskers as a filler in
barrier dispersions, because they are highly crystalline materials. Oxygen
molecules have difficulty in penetrating into the crystalline domains of
cellulose, which make the diffusion path more tortuous for penetrating
oxygen molecules.84 Cellulose microfibril (MFC) films (thicknesses 21–30
µm) have oxygen permeability of 17 cm3 m-2 day-1, which fulfills the
requirement for packaging materials (OTR below 20 cm3 m-2 day-1).85 Even
though MFC is a much more effective oxygen barrier than whiskers,86
whiskers also decrease the oxygen permeability. When 10 wt% of whiskers
originating from starch were added to natural rubber composite films, the
reduction in oxygen permeability was 17 %.87
With the addition of 2 wt% of TOFA-modified cellulose whiskers (WTOFA) the OTR was almost halved (Figure 24a). However, the oxygen barrier
did not reach anywhere near the level required for oxygen barrier materials.
Higher cellulose concentration would probably further reduce the OTR, but
in this case homogeneous dispersing of cellulose into the polymer matrix
would be challenging. Figure 24b shows that water absorption of the coatings
was slightly affected by the increased cellulose content, but no influence was
noted on oil absorption. The hydrophilic character of cellulose may result in
this, since the concentration of TOFA on the surface of cellulose is fairly low
and, thus, does not prevent the hygroscopicity of cellulose.

Figure 24.

Effect of TOFA-modified cellulose on a) oxygen barrier properties (copolymers 32
and 33) and b) water and oil absorbance (copolymer 32) of copolymer-coated
paperboards.

3.4.5 Applications
Alkyd-acrylic hybrid materials are commercially used as binders in painting
applications, but their exploitation in other ways has barely been reported. In
this study, the alkyd-acrylic copolymer dispersions prepared were applied on
paperboard and their barrier properties were elucidated. The research was
part of a wider entity that targeted preparation of aqueous dispersions from
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bio-based materials for use as barriers. TOFA is the bio-based material in
these copolymers, which suggests that the proportion of alkyd resin should
be as high as possible. The preliminary barrier tests presented were done to
screen out the best candidates for larger-scale laboratory coatings and pilotscale coatings, since in these only a few samples could be applied on
paperboard. The copolymer dispersions 29–31, 35, and 36 (in Table 5) were
tested on laboratory coatings, while much larger batches of dispersions were
needed for pilot-scale trials and these were polymerized separately, based on
previously tested material compositions (copolymers 30 and 35 in Table 5).
The common properties of barrier materials, such as WVTR, surface
roughness, grease permeability, and heat sealability were examined in these
samples when their suitability for barrier dispersion was evaluated. The
results showed that these materials are potential candidates for a novel,
partially bio-based barrier dispersion. The grease barrier property of the
copolymers was moderate, but owing to the favorable water resistivity of the
coatings, based on the Cobb test and low WVTR values, they could be utilized
in applications that require a good water barrier.
The film-formation ability of the copolymer dispersions prepared was
favorable and it was easy to prepare and handle the self-standing films. The
appearance and appropriate mechanical properties showed that it could be
possible to use them as such – a free-standing film.
Pilot-scale applications experienced some problems with the upscaling
procedure of the polymerizations (from 450 ml to 5000 ml). Additionally, the
coating process on a pilot-line differs from that done with a laboratory
applicator, causing some adhesion problems between the dispersion and
paperboard. These issues should be resolved without compromising the
properties achieved, before these materials can be further utilized.
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Conclusions

4 CONCLUSIONS
The main objective of this research was to synthesize aqueous dispersions of
TOFA-based alkyd-acrylic copolymers and evaluate their use in novel
applications. Copolymers with various alkyd-acrylic ratios, alkyd resin types,
and monomer composition were prepared and the relationship between
material composition and properties was elucidated. The polymerizations
were performed in miniemulsion due to the final form of the product, the
latex, as a ready-for-use dispersion.
Limiting conversion is a common phenomenon observed in synthesizing
alkyd-acrylic copolymers in miniemulsion. The main reason for this is the
unsaturated fatty acids in alkyd resin, which effectively retard the
polymerization. It was noted that the type of alkyd resin (normal or
conjugated alkyd) or the alkyd-acrylic ratio did not affect the limiting
conversion and the only way to enhance the monomer conversion to nearly
100% was by post-initiation. This is of the utmost importance when the final
application of the materials is considered.
Grafting of acrylates occurred to double bonds and allylic sites in fatty
acids. No grafting to polyol segments was noted. Acrylates seemed to have
dissimilar tendencies towards grafting sites: methyl methacrylate favored
allylic sites due to sterical hindrance, whereas butyl acrylate mainly grafted
to DBs. The abstraction of bis-allylic hydrogen (e.g. C11 in LINA) is preferred
over hydrogen at allylic sites for energetic reasons. However, this mechanism
results in fairly stable radicals and increases the homopolymerization of
acrylates.
The thermal stability of the copolymers was not significantly changed by
the material composition. Polyacrylates begin to degrade at lower
temperatures than neat alkyd resin, and this effect was observed in the
copolymers. The Tg was not clearly related to the material composition, due
to the heterogeneity of the copolymers. However, in some cases the Tg values
of probably both alkyd-acrylic copolymer and acrylic copolymer were
observed.
The copolymers synthesized showed good film formation, and casting the
films of these was effortless. The mechanical properties of the films were
clearly influenced by the material composition. Increased alkyd content
made the films stiffer and more brittle. RO-based copolymers appeared to
have higher elongation at break and to be weaker and tackier than TOFAbased copolymers, possibly due to the lower number of DBs in the alkyd
resin, which reduces the grafting sites and makes the polyacrylate properties
to dominate. Cellulose reinforced the films when added to the dispersions
before film preparation. The modification of cellulose with TOFA improved
the miscibility between the polymer matrix and cellulose and enhanced the
mechanical properties of the films more than did unmodified cellulose.
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The copolymer dispersions synthesized proved easy to apply on
paperboard. The increased alkyd content enhanced the hydrophobicity of the
coatings, but at the same time decreased the oleophobicity, due to the oilresembling structure of the alkyd resin. The film-formation property is highly
relevant to the barrier performance of the coatings. The use of glycidyl
methacrylate in the copolymerization improved the film properties, because
the films became more crosslinked through the epoxy groups. In this regard,
a direct relationship between material composition and barrier properties
was not concluded. With the Cobb test, a slight reduction in water
absorbance was noted as the alkyd content increased and the oil absorbance
descended into oil solubility when the alkyd content increased to a high level
(60 wt%). In all, the water barrier property of the copolymers was favorable
despite the material composition. The OTR values of the copolymer coatings
were too high for the oxygen barrier, but were decreased when cellulose was
used as a filler. Happily, the OTR of the copolymers was not affected by the
humidity. Larger-scale laboratory tests demonstrated the potential of these
copolymers for use as water barrier and showed their effortless
manageability.
Overall, this research showed that TOFA-based alkyd-acrylic copolymers
could be a worthy alternative for traditional petroleum-based dispersion
coatings or could be utilized as self-standing films. The material is not totally
bio-based, but the approximately 50% biocontent is a good start. Before
further usage in paperboard coating applications, the upscaling and poor
adhesion to paperboard on the pilot-line should be resolved.
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