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INTRODUCTION

Actuality of the Topic

Wood has been used for centuries as a material in many different fields and for many
purposes. The negative aspect of wood as a construction and decorative material is the low
resistance against degradation.

Since the development of the wood processing industry, many methods have been
developed to protect wood. At present, very actual are treatments and techniques that do not
use harmful chemical compounds, according to the latest restrictive legislation regarding the
use of biocides and other toxic compounds.

One of these methods is thermal modification (TM) of wood, an attractive alternative way
to preserve wood, thanks to its improved properties in terms of dimensional stability, moisture
content and biological resistance. After TM, wood becomes more hydrophobic due to
modifications in its chemical composition and in the structure of the wood surface.

The increased hydrophobicity is correlated to a different wettability of thermally treated
wood (TTW) compared to untreated one. Despite its improved properties, also TTW is
subjected to degradation caused by UV radiation and water, which are responsible for the
color changes of wood and other damages. To delay such processes and enhance the service
life of wood, coatings are still necessary and widely used because they retard the water uptake
protecting the wood surface, and the UV absorbers protect wood from photodegradation.
Considering the above-mentioned changes in wood caused by TM, alternative paint
formulations can be necessary and specifically designed for protection of TTW.

The paint and coating industry is directed towards the replacement of paints that use
volatile organic compounds (VOC) such as hydrocarbons, which are harmful to the
environment, with greener options, more environmentally friendly alternatives.

As a result, formulators and users of industrial coatings face significant challenges as they
try to respond to their customers’ demands for cost-effective, high performance paints and
coatings while meeting increasingly stringent regulations.

Speaking of water-based paints, one of their limits is the gap in performance compared to
traditional solvent-based paints, and formulating low VOC water-based coatings with equal or
better properties than conventional systems is still a challenge.

The different wetting properties of wood after TM must be considered to improve the
formulations of new water-based paints specifically prepared for TTW. It has been observed
that after TM, the hydroxyl groups OH available for water adsorption are reduced, and
consequently, the wood becomes more hydrophobic [1].

The wetting of wood by a coating can be determined directly by measuring the contact
angle (CA) of coating on a wood surface. The shape and CA of the spreading coating droplet
is influenced by capillary penetration under or at the front of the droplet. In general, there is a
good correlation between the CA and the degree of penetration of the coating into the wood
[2]. In the case of water-based emulsion paints, the formation of a gradient of surface tension
(ST) during the application of coating occurs due to coalescence which takes place during the



separation of micelles from water after the application of coating on the wood surface. This
situation leads to an increase in viscosity during the capillary penetration process [2]. The
gradient of viscosity hinders the homogeneous distribution of coating and hence can lead to:

e anuneven film formation on the wood surface (rheology of coating);

e areduced adhesion due to lower penetration of binders into wood.

The changes in viscosity can have impact on the final film properties. It must be
considered that there could be a different behavior during the application of varnishes or
paints, which are traditionally formulated for untreated wood, on TTW. In conclusion, water-
based paints are a green alternative to solvent-based formulations, and the replacement of
petroleum-based monomers by renewable resources is another green approach.

To improve the resistance against photodegradation, more economical UV absorbers —
nano-sized iron oxide particles — can be used in the final paint formulation.

Aims and Objectives

Overall goal of the Thesis

The main goal of this work is to demonstrate that the replacement of organic solvents with
water in alkyd paints can give a product with similar or better exploitation properties in terms
of efficiency against weathering in outdoor conditions, used specifically for TTW, without the
formation of a visible thick film on the wood surface. This alkyd paint is in the form of
emulsion, and to avoid shrinkage and obtain an even and homogeneous distribution of resin
on the TTW surface after the application of the coating and during drying of the film,
modification of the composition of alkyd micellar aggregates is desirable, and part of the
amount of alkyd resin must be replaced by another component, which can improve the
wetting of the wood surface, considering the increased hydrophobic nature and the reduced
polarity of the surface energy (SE) of TTW.

The suitable component must be searched among renewable resources, and it can be pure
linseed oil (LO) or partially polymerized double boiled linseed oil (DBLO).

Tasks of the Thesis

The work’s tasks can be summarized as it follows in these main points, firstly, to
determine the alkyd emulsion composition and its properties, followed by testing its
efficiency during weathering, to obtain information about the parameters which can improve
its performance:

1) investigate the changes of the SE of wood caused by TM and the relation with wood

wetting;

2) investigate the interaction between TTW and resins (alkyds, LO and DBLO);

3) create and optimize the composition of a water-based alkyd emulsion paint suitable
for TTW, with high protection efficiency for a non-film forming coating (thickness
<5 pm);

4) investigate and compare the performance of alkyd emulsion and solvent-based alkyd
paint during the weathering of coated TTW.



Scientific Significance and Novelty

In this work, the wettability of TTW has been studied and explained in relation to the
changes of its SE. A water-based paint formulation specifically designed for TTW has been
obtained. It has been verified that such a paint can be obtained even without the use of organic
solvents which are usually also added to water-based formulations. Very reduced or excluded
use of VOC in the obtained formulation makes this water-based paint an environmentally
friendly product. Moreover, part of the binders is replaced with DBLO, which is of natural
origin; hence, the use of renewable resources reduces the consumption of synthetic resins
obtained from the raw material derived from fossil fuel resources.

Practical Significance

The study is specifically done to obtain a paint formulation designed for use with TTW.
The information obtained on the properties of wood after TM and during weathering is
important to optimize the appropriate composition of the paint and to select the most suitable
additives to enhance the protection against the factors which cause degradation.

Main Thesis to Defend

The composition of the obtained alkyd emulsion has a high efficiency in the protection of
TTW and can be compared and replace the traditional solvent-based paints. The paint does
not form a visible thick film on the surface of wood, but the aesthetic properties of wood are
protected also in outdoor uses. For this purpose, the composition is specifically formulated for
TTW and can differ from traditional paints designed for untreated wood.

Structure and Volume of the Thesis

The Doctoral Thesis consists of Introduction and three main chapters: Literature review,
Materials and Methods, Results and Discussions. The main topics treated in the Literature
review are about the main factors responsible for wood degradation and the possible methods
to protect wood and enhance its service life, especially in outdoor conditions.

The Results and Discussions section reports the results of the investigation of the surface
properties of TTW, the composition and the properties of the alkyd emulsion and the
efficiency of the optimized alkyd emulsion composition during artificial and outdoor
weathering tests of coated TTW samples.

The Doctoral Thesis has been written in English and has 101 pages. There are 49 figures,
13 Tables and 10 appendices. In the Thesis, 197 literature references are cited.

Publications and Approbation of the Thesis

The results of the present Doctoral Thesis have been discussed and presented in 11
scientific publications and 17 international scientific conferences. One patent of the Republic
of Latvia is registered.
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1. SUMMARY OF THE LITERATURE REVIEW

Wood, like other biological materials, is susceptible to changes and transformations in the
structure and composition, which lead to its degradation. These processes occur rapidly when
wood is exposed outdoors, and in this case, all the transformations which take place are
defined as “weathering”. This is a widely studied subject, since the comprehension of the
involved processes and reactions is necessary to delay them and to increase the durability of
wood as a substrate and to extend its service life. It can be said that the understanding and
knowledge about weathering is well established. The weathering factors responsible for the
changes in wood surfaces are solar radiation (mainly UV), moisture (dew, rain, snow and
humidity), temperature and oxygen. The effects on wood are the results of a synergic
combination of all these factors.

Among all the factors, solar radiation is recognized as the most damaging component of the
outdoor environment and initiates a wide variety of chemical changes at wood surfaces [3]. The
UV fraction of solar radiation is recognized as the main factor responsible for the degradation of
wood components, in particular, of lignin more than others, and it gives origin to a wide series
of photochemical reactions at the wood top layer [4]. It has been well known for a long time
that weathering of wood is a surface phenomenon, and many studies have been conducted to
determine the depth of wood degradation caused by UV radiation [5]. Different reaction
products have been reported that depend on the wavelength of the UV radiation. It has been
reported that also the violet fraction of the visible light can give photodegradation: due to its
longer wavelength it can penetrate deeper into the wood surface extending photodegradation
beyond the zone affected by UV radiation [5]. The protection of wood can be done with
different approaches and methods. The actual trend is towards more environmentally friendly
approaches in order to reduce pollution and use less toxic compounds.

The TM of wood has gained a lot of interest in the last 2 decades, when it became
necessary to find alternative and ecological methods to improve wood protection, due to the
ban of toxic substances and compounds used till that moment. TM gives to the wood
improved properties in terms of dimensional stability, moisture content and biological
resistance but with a decrease in its mechanical properties [6], [7]. During TM, wood
becomes more or less dark, depending on the temperature and length of the process, making
some species of light-colored woods more appealing for the consumers. Another property
affected by TM is that wood becomes more hydrophobic. The increased hydrophobic
character is correlated to a different wettability of TTW, which is caused by modifications in
its chemical composition and in the structure of the wood surface [8]. Despite its improved
properties, also TTW, when exposed outdoors, is subjected to degradation [9], and the use of
paints is still necessary to delay such processes and enhance the service life of wood. Coatings
are still widely used because they retard the water uptake, protecting the wood surface and,
for wood used outdoors, the UV absorbers protect wood from photodegradation. However,
recent legislation forces to reduce or eliminate the content of VOCs and hazardous air
pollutants (HAP) from formulations because of the hazard they represent to the environment
and the human health. As a result, formulators and users of industrial coatings now face

13



significant challenges as they try to respond to their customers’ demands for cost-effective,
high performance paints and coatings while meeting increasingly stringent regulations.

In the case of alkyds, among the available alternatives there are high solids and water-
borne formulations. Considering water-borne formulations, there are clearly environmental
and other safety advantages in replacing organic solvent with water, and this has been a major
trend in the past decades, although there are some gaps in performance, compared to solvent-
based formulations, that must be filled. The function of the paint is to provide physical
protection against degradation and to preserve aesthetical appearance. The assessment of
these protective or barrier properties is then of great importance to improve and develop
further better solutions in coating technology. The type of coating and its functions are
selected according to the substrate characteristics. In the case of wood as a substrate, the “film
former” or “binder”, so called because this material, in the presence of other components, has
the function to bind or glue them together, are organic materials which may be of natural
origin (e.g., linseed oil), modified natural (e.g., nitrocellulose) or wholly synthetic (e.g.,
acrylics, polyurethanes). The use of alkyds is still widely spread thanks to their good
attributes such as strength, flexibility, gloss retention, and good thermal stability and
constitute about 70 % of the conventional binders used in surface coatings today [10].

Alkyds are very versatile resins thanks to the presence of long carbon chains attached to
the alkyd backbone, which modify the mechanical properties of the polyester resin, confer
solubility in specific solvents and also the ability to form crosslinks through auto-oxidation as
for natural drying oils. They can also be produced using fatty acids (FA) obtained from
renewable resources which make them more “green” resins.

UV protection is necessary for wood used outdoors, and this function is carried out by
special additives — UV absorbers. Among them, also pigments can be included, which in
paints have also the function to give color and opacity to the substrate. There are organic
pigments, which are more expensive, but mainly used are inorganic pigments, added in the
form of ground fine powder. Their size is in the micrometric range, but more recently, a new
generation of nano-sized or transparent pigments has been produced. The size of these
pigment particles is smaller than the wavelength of visible light, and this makes them
transparent. Nano-sized particles have a greater specific surface than traditional pigments,
which gives them different and new properties. Apart from aesthetic functions, some of these
metal oxides find application also in protection against photodegradation of wood, since they
are good UV absorbers, which convert into heat the energy of UV radiation which reaches the
substrate surface [11]. In wood paints, zinc (ZnO) and titanium (TiO;) oxides, which are
white, and several iron oxides like iron (III) oxide, iron (IIT) oxide hydrate and magnetite are
used. Iron oxides also absorb part of the visible light region, which explains why they come in
different shades, going from yellow to red, brown and black. There are studies that confirm
the efficiency of iron oxides as UV absorbers [12]. They are necessary to improve the
performance of clear coating systems, which do not offer sufficient protection against the
discoloration of wood. The advantages of inorganic UV absorbers are their stability against
UV radiation and the cheaper costs, which make iron oxide pigments a good choice to
improve paint performances.
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2. MATERIALS AND METHODS

v

LO
(preliminary tests)

Surfactants Additives

y

1. Concentration of surfactants

2. Size of micelles with optical microscope

3. Viscosity
4. T, with DSC
5. FTIR for film formation

Binders Wood
MOAR/LOAR/DBLO ASPEN PINE
Thermal
modification (TM)

Wetting of binders ]

ALKYD EMULSION Aspen 160°C—1h
oil in water (o/w) Pine 180 °C -1 h
Determination of
surface energy (SE)

TESTING OF

—> Hydrophobicity

—>  Aurtificial weathering

—>  Outdoor weathering

COATINGS

r
1. Measurement of CA (goniometer OCA 20) sessile drop technique
2. Hydrophobicity of coated TTW samples

k3. Influence of DBLO on film hydrophobicity and water repellency

~N

1. Irradiation with UV lamps on coated TTW samples (1000 h)
2. Evaluation of photodegradation with SEM microscopy
3. Comparison of several iron oxide pigments efficiency
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3. MAIN RESULTS OF THE WORK

3.1. The Surface Energy and Hydrophobicity of Wood

One of the chemo-physical properties of wood affected by TM is the different
wettability of wood: due to the structural and chemical changes that occur during TM, wood
becomes more hydrophobic. The parameter tightly connected to wettability is the SE and, as
already indicated in other publications [13], it can give information about the wetting
properties of wood after TM. To determine the SE of both wood species, aspen (Populus
tremula) and pine (Pinus sylvestris L.), untreated and TTW samples treated at different
temperatures have been used. Measurements of CA have been done using water, glycerol
and formamide as probe liquids. The values of CA obtained with the three probe liquids are
listed in Tables 3.1 and 3.2.

Table 3.1
Contact Angle (°) of Untreated and Thermally Treated Aspen with Standard Deviation (SD)

ASPEN UNTREATED 160 °C 170 °C 180 °C
Water 62.1 +£10.7 81.2+£5.2 85.1+4.4 99.0+3.9
Glycerol 59.6 6.0 76.1+3.4 79.1+£3.9 79.5+3.3
Formamide 36.7+8.2 554+5.0 64.1+5.4 63.5+2.8

Table 3.2
Contact Angle (°) of Untreated and Thermally Treated Pine with Standard Deviation (SD)

PINE UNTREATED 160 °C 170 °C 180 °C
Water 88.9+0.8 91.9+6.6 98.3+7.0 108.2+4.0
Glycerol 802+1.9 845+1.5 90.4+3.7 974+12
Formamide 49.1+4.0 62.7+5.1 58.3+3.1 553+2.7

The CA of water increases with increasing TM temperature, confirming that the wood
becomes more hydrophobic. Formamide has the smallest CA. The results show the growth of
CA with increasing temperature of TM; the only exception is for formamide and pine wood
samples: passing from the TM temperature of 160 °C to 180 °C, the CA decreases. One
explanation is the increased porosity of wood after TM and the low ST of formamide which is
quickly absorbed. Another explanation is the decrease of the pH of wood caused by the
degradation of hemicelluloses during TM, already observed for pine wood after TM [14]. The
obtained values of CA are used to calculate the SE before and after TM at the selected
temperatures for pine and aspen wood, namely, 160 °C, 170 °C and 180 °C. There are several
methods to calculate SE, depending on the mathematical approach and the information that
can be obtained. The method used in this work is the Wu method which can measure the polar
and dispersive components of SE [15]. At least two test liquids with known polar (P) and
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dispersive (D) components are required; one of the liquids must have a polar component
greater than zero. Equation (3.1) is used to calculate SE.

4ysvi Avsyr
Y2 +yP vE+Y

where vy — interfacial energy between the substrate and the liquid; ys — SE of the substrate;

Ys1 =Ys +Y1— (3.1)

71— SE of the liquid; y° — dispersive component of SE; y* — polar component of SE.
Results are given in Tables 3.3 and 3.4 for the SE of aspen and pine, respectively.

Table 3.3
Surface Energy of Aspen before and after Thermal Modification
Sample y=v"+7", mN/m v°, mN/m v", mN/m
Untreated 44.37 24.29 20.08
160 °C 34.11 23.23 10.88
170 °C 30.43 19.70 10.73
180 °C 40.11 38.82 1.29
Table 3.4

Surface Energy of Pine before and after Thermal Modification

Sample y=v"+7", mN/m ¥°, mN/m v*, mN/m
Untreated 33.01 24.80 8.22
160 °C 28.13 19.60 8.53
170 °C 28.62 23.68 4.93
180 °C 31.55 30.91 0.64

The results are different, but for both species, the common trend is the decreasing of the
polar component y* of SE. The primary component of SE is always the dispersive component
and its ratio increases with increasing temperature of TM. For both species, after TM at
160 °C and 170 °C, the dispersive component of SE slightly changes, whilst the polar
component y* is almost down to half of the initial value. The SE after the TM at 180 °C is
slightly decreased. At this temperature, a higher hydrophobic character of wood is obtained;
in fact, the polar component y" decreases by 93.6 % for aspen and by 92.2 % for pine. The
great decrease of y* at 180 °C is compensated by an increase in the dispersive component y°
of 59.8 % for aspen and of 24.6 % for pine. In conclusion, TM changes the surface properties
of wood, and its wettability and SE are affected. The decrease of the polar component of SE
can be assumed as the evidence of the reduced wettability and hence higher hydrophobicity of
wood after TM.
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3.2. Formulation of Water-Based Coating for Thermally Treated Wood

3.2.1. Selection of Surfactants and Their Suitable Concentration

Several surfactant types have been tested for emulsification. Results are different. With
surfactants from the Dynol and Surfynol series, emulsification of alkyd resins and DBLO is
not obtained, they are not soluble in water and there is fast separation of phases. Attempts
with the Carbowet surfactants series give white homogeneous emulsions. The concentrations
of surfactants are shown in Fig. 3.1. The surfactants selected to emulsify alkyds and DBLO in
the final paint formulation are Carbowet 125 and Carbowet 144, used in equal amounts, as
they have longer chains and can contribute to a better stability, giving a thicker layer at the
oil-water interface.

0 I I I I I I I I I I I

C109-C125 C125-C138 C138  Cl44-582502 Cl44 C109-C125 C138-52502  C138 €125 €109

I

[}

Concentration, %
(=]

Fig. 3.1. Emulsification tests of alkyds and DBLO with several surfactants
and their concentrations, C — Carbowet; S — Surfynol.

To determine the size of micelles, two emulsions containing only water, alkyds, DBLO
and the two selected surfactants have been prepared. The selected concentrations of
surfactants are 1.4 % and 2.0 %. Two white and homogeneous emulsions have been obtained,
which testifies that the micelles have a micrometric size. Results are shown in Figs. 3.2 and
3.3. The lowest diameter measured with the microscope software is 7 um, and the largest
group of micelles is the group with a diameter of up to 20 um for both concentrations, which
is almost half of the measured micelles. For both concentrations, the distributions are
remarkably similar, and the first two groups of micelles with the diameter up to 40 um have
practically the same number of micelles. For the two concentrations, 1.4 % and 2.0 %, they
are 67 % and 66 % respectively, of the total number of micelles.
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Fig. 3.2. Distribution of micelle sizes for the emulsion with 1.4 % of the selected surfactants.
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Conc=2.0%

1200
1000
800

600

400
" I I
i} . . e - —

002 004 006 008 01 012 014 0l6 018 02 022 024 More
Diameter of micelle, mm

Number of micelles

Fig. 3.3. Distribution of micelle sizes for the emulsion with 2.0 % of the selected surfactants.

In conclusion, both concentrations of surfactants give emulsions with micelles of similar
sizes. It is preferable to use the surfactants at a lower concentration to avoid inconveniences,
like foam formation, and to have lower impact on the final properties of the film.

3.2.2. Efficiency of Different Driers

Cobalt is the most widely used primary drier, but due to the growing concerns on the
toxicity of cobalt salts, alternatives to cobalt-based driers are highly demanded [16]. Potential
primary metal driers which can replace cobalt are manganese, iron or vanadium, which are
less toxic. The catalytic activity of the available three driers during the film formation process
has been monitored using FTIR spectroscopy. Different spectra during 24 h for the cobalt
drier are shown in Fig. 3.4. Dry 0615 Aqua (manganese) and Borchi Oxy Coat 1101 (iron
complex) have similar spectra. They only differ in the area of characteristic peaks, which can
be considered as an indicator of different rates of auto-oxidation during film formation. The

1
and

main changes involve double bonds like, for example, specific peaks at 3007 cm™
970 cm . The peak on the right side of the graph at 970 cm™ indicates that reactions of cross-
linking of alkyd molecules take place: there is progress in network formation and an increase
in viscosity; the peak, in fact, is formed when conjugated double bonds turn into isolated
double bonds, which indicates the progress of cross-linking. The area of this peak increases
for each tested drier. Simultaneously, the peak at 3007 cm™' disappears; this is the peak of
isolated cis double bonds, which is present in linoleic acid and it is most probably given by

the DBLO mixed with the alkyd resins.
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Fig. 3.4. FTIR spectra of alkyd and DBLO for cobalt drier at different times during curing.
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The different rate of auto-oxidation can be ascribed also to different induction times,
which change with the type of the used drier. During the induction time, evaporation of the
solvent and oxygen absorption take place: it is the initial stage of film formation. At this
stage, the peak at 3007 cm ' still remains unchanged. In our experiment, for samples with the
cobalt drier, induction time is about 1 h and for Borchi Oxy Coat 1101 and Dry 0615 Aqua —
4 h and 6 h, respectively. The difference in induction times based on this peak observation is
not the only evidence available; in fact, empirically, it can be observed that the formation of a
film on the glass support occurs exactly at the induction time for each drier. Such different
induction times confirm the higher catalytic activity of the cobalt drier.
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Fig. 3.5. Detailed and shifted FTIR spectra for three driers at 3450 cm™' changing during 24 h.

The wide band around 3450 cm ' is from stretching frequencies of hydrogen bonded -OH,
and it may suggest the presence of a small number of unreacted -OH groups left in the
polymeric matrix [17], but most probably the hydroxyl group is from the reaction with
oxygen and the formation of hydroperoxides, which decompose into alkoxy and hydroxyl
radicals [18]. Figure 3.5 shows the formation of -OH groups for the three driers. It is evident
how for the cobalt drier, the area of the peak is larger and already after 1 h (red line) the peak
has increased its area much faster than the other two driers. After 24 h, the value of
absorbance of the peak for the cobalt drier is around 0.03, whilst for the other two driers it
reaches a value slightly above 0.02. This also confirms the higher efficiency of the cobalt
drier (Fig. 3.6).
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Fig. 3.6. Comparison of the area of -OH group peaks for three driers after 24 h.
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Figure 3.7 shows the monitoring of -OH for the three driers during the formation of
hydroperoxides relatively to the initial value of the -OH group according to the following
expression:

A — Ae=o
Ay
where 4, — area of -OH groups versus time (band at 3450 cm’l); Ao — initial value of the area
of -OH groups (band at 3450 cm '); 4p— normalized peak (band at 1275 cm™).

The peak at 1275 cm™' is the ester peak (stretching of -COOC). The initial value Ao must

be considered because already -OH groups are present at the beginning of the curing process,

(3.2)

for example, the Oxy Coat 1101 drier is diluted in water. Also in this case, it is confirmed that
the most intensive formation of hydroperoxides can be observed in the presence of the cobalt
drier; it is very fast in the initial stage of the auto-oxidation, whilst the two other driers require
a longer time to activate. Once the highest catalytic activity is reached, the amount of
hydroperoxides becomes constant and the concentration of -OH does not change.
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Fig. 3.7. Monitoring of -OH groups for three driers during auto-oxidation of resins.

3.2.3. Glass Transition Temperature of Coating Film

In this experiment, the glass transition temperature (7,) has been measured for alkyd films
with and without DBLO. The addition of a plasticizer to a resin has positive effects; it can
give a film with increased thermal stability, plasticizing effect, compatibility and flexibility,
and can decrease its 7, which has also positive effects on the properties of the film. 7, for
amorphous polymers is not a specific temperature but it is an interval of temperatures, and
there are several evaluation possibilities for the glass transition.

From the glass transition curves, more points can be extrapolated in the interested interval
of temperature using different methods, and each of these points corresponds to 7,. The
results are shown in Table 3.5 and compare three samples for both types of film.

The addition of DBLO makes 7, decrease, which is the expected effect. This is true for
midpoint and midpoint DIN values, whilst for inflection points, the results are different and
going on the opposite direction.

Midpoint and midpoint DIN are practically the same values because the heating rate was
lower than the cooling rate during DSC. Since it is generally stated that the midpoint
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temperature is most commonly identified as T,, the results are in line with the literature
sources and confirm the plasticizing effect of DBLO for alkyd resins [19].

Table 3.5
Values of T, from Different Methods for Alkyd Films with and without DBLO

Method Midpoint DIN* Inflection point®* Midpoint***
Binders Alkyd Alkyd + DBLO Alkyd Alkyd + DBLO Alkyd Alkyd + DBLO
Ty, °C -12.48 -13.75 —14.94 -9.02 -12.47 -13.95
Ty, °C -10.56 -12.38 —6.19 -10.61 -10.39 —-11.80
Ty, °C -5.91 —8.64 -11.36 2.73 —7.57 -8.70

* Midpoint DIN — the point on the thermal curve corresponding to 122 of the heat flow difference between the
extrapolated onset and extrapolated end.

** Inflection point — the point on the thermal curve corresponding to the peak of the first derivative (with respect
to time) of the parent thermal curve. This point corresponds to the inflection point of the parent thermal curve.
*#% Midpoint — the point on the tangent to the thermal curve corresponding to 12 of the heat flow difference
between the extrapolated onset and extrapolated end.

3.3. Weathering Performance of the Developed Coating Formulation

3.3.1. Hydrophobicity Characteristics of Coated Thermally Treated Wood Samples

Measurements of CA have been done to evaluate the hydrophobicity of TTW, coated with
emulsion of alkyd resins and alkyd/LO or alkyd/DBLO. The wood used is aspen modified at
160 °C.

The alkyd resins / LO and alkyd resins / DBLO ratio in emulsions is 4:1. Results are given
in Fig. 3.8. Except for the first result, which however is very close to 90°, all the tested
emulsions give hydrophobic wood surfaces.

On an average basis, the CA of the wood surface is higher in the presence of LO and
DBLO, which confirms the positive effect of the partial substitution of alkyd resins. The
variations in SD are caused by the small applied amount of the coating and the morphology of

the wood.
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Fig. 3.8. Contact angle of thermally treated wood aspen samples coated with emulsions,
containing alkyd (A) or alkyd and linseed oil (LO) / double boiled linseed oil (DBLO).
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During the drying, LO and DBLO can migrate to the upper layer of the film and act as
surface active polymers, as has been already observed in another work [20].

This can be seen in Figs. 3.9 and 3.10. In the presence of LO and DBLO, for the same
samples shown in Fig. 3.8, CA decreases during 30 s due to the hydrocarbon tails that make
the ST of water decrease and increase the wetting of the surface. For the film containing only
alkyds as binders, CA is constant during 30 s.
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Fig. 3.9. Curve of the contact angle of coated thermally treated wood samples with different
emulsions containing only alkyd resins (A).
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Fig. 3.10. Curve of the contact angle of coated thermally treated wood samples with different
emulsions of alkyd resins (A) and linseed oil (LO) / double boiled linseed oil (DBLO).

In conclusion, the drying of LO and DBLO is confirmed to be slower and their partial
migration towards the upper layer of the film can be considered possible, looking at the
different wetting curves obtained with CA measurements. The presence of LO or DBLO does
not negatively affect the hydrophobicity of coating, which remains high also in their presence,
and they can be added in the final formulation.

3.3.2. Contact Angle before and after Artificial Weathering

The CAs of coated aspen and pine TTW samples are shown in Figs. 3.11 and 3.12,
respectively. Alkyd emulsions have been prepared using three types of red iron oxides (Xfast,
Sicotrans, Luconyl). During artificial weathering the samples have been irradiated only with
UV lamps during 1000 h, without any water spraying to avoid leaching of pigments during
this process because the main task at this stage is to check the efficiency of pigments against
UV photodegradation and their optimal concentration for this purpose.
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Fig. 3.11. Contact angle of coated thermally treated aspen wood samples
before and after artificial weathering.
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Fig. 3.12. Contact angle of coated thermally treated pine wood samples
before and after artificial weathering.

The samples coated with two or three layers of paint have a good hydrophobicity, as can
be seen from the values of CA above 90°. After the artificial weathering, CA is slightly
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decreased, but the barrier properties are still good. The high hydrophobicity could be
surprising, considering that the used iron oxide pigments are hydrophilic compounds. An
explanation could be that the hydrophilic iron oxide is also coated and sealed by the binders.
In another work, an increase in CA was observed with increasing iron oxide pigment
concentration, which can be related to the roughness of the wood surface [21], but in this
case, passing from the pigment concentration of 4 % to 8 %, such a correlation was not
observed.

3.3.3. Contact Angle before and after Outdoor Weathering

The average wettability values are shown as CA in Table 3.6 for coated aspen and pine
TTW samples. Surprisingly, the initial values of CA are lower than 90°, which is considered
the point of switch from hydrophobic to hydrophilic character, since it has been demonstrated
from measurements of CA for TTW samples coated with alkyd emulsions (Fig. 3.8) and from
the artificial weathering test that this type of coating has good hydrophobic properties, and
values of CA greater than 90° can be definitely expected.

Table 3.6

Contact Angle of Coated Thermally Treated Pine and Aspen Samples during
Outdoor Weathering Test with Standard Deviation (SD)

Coating type Time, days Pine CA, ° Aspen CA, °

0 839+14 82.7+1.4

30 84.6+6.9 743 +£8.6

60 90.0+£5.1 82.0+2.1

Solvent 90 81.4+5.5 743 +0.3
2 layers 250 683+19 54.0+3.7
350 51.4+£24.2 37.5+7.7

440 426+1.0 -
640 - _

0 86.7+0.4 80.6 + 0.0

30 82.1+3.8 78.1£2.0

60 80.4 £8.7 80.9+2.6

Solvent 90 78.6 5.0 743+24
3 layers 250 66.0 +2.5 61.3+3.7
350 66.1 £8.4 544+0.8

440 46.1 £16.0 41.1£3.5
640 38.6+1.0 452+134

0 83.6 £ 0.1 782+£52

30 68.1+£1.0 72.4+£4.7

60 70.7+5.0 76.0+£5.8

Water 90 61.4+13 63.9+43
2 layers 250 54.7+3.4 59.5+4.0
350 50.2+£9.6 49.2+09.1

440 443 +£6.5 42.7+6.2

640 46.6+5.8 36.7+2.7

A possible explanation could be in the characteristics of the surface of the specific wood
samples used, where earlywood is prevalent compared to latewood. Earlywood is more
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porous and rougher than latewood, and these characteristics give better wetting of the wood
surface. Also for this experiment, there is the same condition already applied for the artificial
weathering test of a non-film forming coating to keep the wood texture visible. In the initial
stage of outdoor weathering for both wood species, there are no strong differences of
wettability for solvent-based or water-based alkyd paints. The barrier properties of paint are
good, as the water droplets after deposition are not absorbed in the wood but remain on the
surface, thus confirming the efficiency of alkyd resins in delaying water absorption. During
the first three months, the barrier properties can be still considered efficient, since there are no
significant decreases of CA during this period. After 250 days of exposure, the CA begins to
decrease, and for aspen coated with 2 layers of solvent-based paint, it is not possible to
measure CA after 440 days due to the rapid absorption of water droplets into the wood.

Three layers of solvent-based paint and two layers of alkyd emulsion also show a decrease
in their CA values, but it still can be measured. This is a consequence of the formation of
checks and cracks due to swelling and shrinking of wood, which is an unavoidable process in
outdoor conditions. During outdoor exposure, wood loses its initial smoothness, whilst the
roughness of the surface increases, and this explains the great values of SD for some of the
CA values because the wettability of wood can change from point to point depending on the
conditions of the surface [3]. From the obtained results, it can be concluded that two layers of
alkyd emulsion have the same barrier properties as three layers of solvent-based alkyd paint.

3.4. Color Stability of Coated Thermally Treated Wood Samples

During weathering, wood clearly changes its color mainly as a result of the action of
photodegradation, which is an undesired characteristic.

Figure 3.13 shows the differences in structure of aspen wood before and after UV
irradiation. The pits of the wood after TM have lost their membrane and the apertures are
clearly visible, but the structure of wood is still compact and no checks are observed. After
UV irradiation, the pit apertures slightly elongate in an oval shape and small cracks are
formed. The fibers start to separate and wood becomes less compact. This is the evidence of
the degradation carried out by UV radiation.

Fig. 3.13. Comparison of the uncoated thermally treated aspen wood structure
before (a) and after (b) UV irradiation at 2000x magnification.
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Pigments can enhance the paint formulation, providing the protection against the
photodegradation of wood. The used pigments have been characterized by the measurement
of reflectance in the interval of wavelengths from 360 nm to 740 nm, which corresponds to
the portion of wavelengths of the visible spectrum. The results given in Fig. 3.14 for samples
coated with two layers of alkyd emulsion containing 4 % of iron oxide pigments show that
there are no significant differences in reflectance for the three pigments, which is not
surprising, since they are the same type of iron oxide; all the three pigments have the same
color, according to the information provided by the producer, which is confirmed by the
similarity of the measured reflectance. The small differences can be due to the size and
aggregation state of the particles of iron oxides.
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Fig. 3.14. Reflectance of three types of iron oxide pigments for samples coated
with two layers of alkyd emulsion with a pigments’ concentration of 4 %.

3.4.1. Color Changes during Artificial Weathering

The artificial weathering test has been done preparing alkyd emulsions containing red iron
oxide pigments at two concentrations, namely, 4 % and 8 %. The concentrations have been
selected according to a previous project on wood coatings, where the optimal concentration of
pigments for solvent-based paint was determined, and considering the claims of our Latvian
patent for a coating for thermally treated wood. The prepared alkyd emulsions have been
applied on both aspen and pine TTW samples which have been coated with two or three
layers of alkyd emulsion. The color changes are shown in Fig. 3.15, and from these results, it
is possible to evaluate the role of the concentration of pigments and the number of layers of
coating against photodegradation.

Color changes of a surface are visible when DEab has a value between 2 and 3 and more
[22]. The obtained results show that both the concentration and the number of layers play an
important role against photodegradation.

The best results are obtained with a concentration of pigments of 8 %. In fact, DEab,
except for samples coated with two layers of paint containing Luconyl pigments, is always
lower than 3 units independently of the number of layers.

The highest color changes are for samples coated with 2 layers of alkyd emulsion with a
pigment’s concentration of 4 %. DEab has a value between 2 units and 3 units after 175 h of
UV irradiation.
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Fig. 3.15. Color changes of coated thermally treated wood — comparison of
three types of iron oxide pigments at two concentrations.

Also with a concentration of pigments of 4 % acceptable results can be obtained; for
example, with Sicotrans pigments and three layers of paint, the final value of DEab, after 1000 h,
is only 2.1 units, which is the best result among the three pigments. In terms of efficiency, there
is no pigment that is better than another, since they are practically the same molecule.

The results confirm that pigments made of transparent iron oxides give particularly good
protection against photodegradation.

Also the amount of pigments on the surface of wood samples has been calculated to check
if there is a correlation with the color changes. In Fig. 3.16, the values of DEab for samples
coated with two and three layers of paints after 1000 h of artificial weathering are compared.

It can be observed that three layers can give better results, although there is no close
correlation between the amount of pigments and DEab, as can be seen from the values of the
coefficient of determination R”.

Different values of DEab for the same amount of pigments could be due to the non-
homogenous distribution of pigments during the application of paint and their deposition in
the cavities of the wood surface.

Moreover, three layers of coating lead to the overlaying of pigment particles, which can
scatter more of UV radiation and avoid its direct contact with wood.

For example, for the same amount of pigments 8.57 g/m*, DEab passes from 1.6 units up
to 6.8 units, which is a more than 4 times higher value. The only difference is the
concentration of pigments in the alkyd emulsion, which is 4 % for DEab = 6.8 and 8 % for
DEab = 1.6. Not only the amount of pigments is important but also their distribution and
aggregation form could play an important role against photodegradation.
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Fig. 3.16. Correlation between the amount of pigments and color changes DEab after 1000 h.

Visually it can be observed that at the end of the artificial weathering process, the surface
of TTW samples becomes lighter for both aspen and pine wood. This is confirmed from the
values of the parameter L* as can be seen in Figs. 3.17 and 3.18.

The samples coated with alkyd emulsion containing 8 % of pigment concentration have
better results. For both aspen and pine wood, lightness L* is practically unchanged for the
first 225 hours (15 h'?) of artificial weathering, only in the last part of the experiment L*
increases. For the wood samples coated with alkyd emulsion containing 4 % of pigment small
constant changes can be observed during the whole experiment.
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Fig. 3.17. Lightness L* of coated thermally treated aspen (A) during artificial weathering.
AN-M: N — number of layers, M — % of pigments.
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Fig. 3.18. Lightness L* of coated thermally treated pine (P) during artificial weathering. PN-
M: N — number of layers, M — % of pigments.

In conclusion, it is recommended to use the higher concentration of pigments to provide a
better protection of the wood surface — in this way the photodegradation of lignin is blocked
and the discoloration of wood is delayed — especially as in the case when a non-film forming
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coating is used similarly to the procedure of other researches [12]. The type of iron oxides,
their size and aggregation state also can have a key role against discoloration.

3.4.2. Color Changes during Outdoor Weathering

During weathering in outdoor conditions, not only the amount of UV radiation changes but
wood samples are also subjected to the action of water in the form of moisture or precipitations.
In this test, the alkyd emulsion is compared to a solvent-based paint with the same concentration
of binders and pigments. The uncoated TTW sample is used as the control sample.

The results demonstrated in Figs. 3.19 and 3.20 show that two layers of the alkyd
emulsion give a better protection against discoloration than three or two layers of the solvent-
based alkyd paint.
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Fig. 3.19. Color changes of aspen during outdoor weathering, S — solvent; W — water.
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Fig. 3.20 Color changes of pine during outdoor weathering, S — solvent; W — water.

Faster color changes occur in the first three months for both wood species; after that, the
color changes occur constantly but slowly. The color changes are much higher than in the case of
artificial weathering, for example, in the case of pine already after 3 months DEab is close to 10
units for solvent-based alkyd paint, but for the alkyd emulsion DEab is about 4 units.

The higher color changes can be explained with the action of moisture and swelling and
shrinking caused by its variations, which facilitates photodegradation [3]. The
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photodegradation involves mostly lignin which among the main components of wood absorbs
relatively strongly in the UV and in the shorter wavelengths of visible light.

The higher color changes in control samples confirm that the coating is necessary to delay
discoloration, and the presence of iron oxide pigments reduces the reactions of lignin degradation,
since the pigments can absorb UV radiation, thus slowing down the formation of radicals from the
chromophoric groups of lignin, the main ones responsible for the color changes of wood.

Similarly to the case of artificial weathering, lightness L* increases also during outdoor
weathering, but in greater amount, and this is already observed in other works [23], although
there are also cases where a decrease in lightness after outdoor weathering, depending on the
wood species and extractive content, has been observed [24].

The uncoated samples have a greater increase in L* during the first three months of
outdoor weathering and then start to decrease in the final part, especially for aspen. For coated
samples, the changes are slower and happen gradually. In Tables 3.7 and 3.8, all the variations
of color coordinates are listed for DL*, Da* and Db*.

Table 3.7
Average Color Coordinate Changes of Aspen Samples with Standard Deviation (SD)
Aspen Time, days DL* Da* Db*
0 0 0 0
30 109+1.6 -3.6+0.5 —29+1.2
60 16.0+3.4 -5.5+0.1 -9.0+1.1
Control 90 15.8+4.7 -6.4+£0.5 -109+1.0
250 13.5+£5.2 -83+04 -154+1.1
350 11.4+£52 -8.7+0.5 -16.6 £ 1.6
440 6.3+4.1 -8.9+0.5 -17.1+1.5
640 6.9+0.8 -9.1+0.6 -179+1.5
0 0 0 0
30 1.6+0.3 1.9+04 1.5+0.3
60 27+04 3.7+0.6 3.1+0.6
Solvent 90 35+0.7 43+0.6 4.0+0.9
3 layers 250 35+0.6 38+0.5 43+09
350 58+0.8 5.6£0.6 6.5+1.0
440 6.9+0.6 49+0.7 59+1.0
640 58+04 39+0.8 56+1.0
0 0 0 0
30 23+03 32+05 27+04
60 35+04 53+0.8 48+09
Solvent 90 3.8+04 6.1+0.5 58+0.5
2 layers 250 6.7+44 45+0.8 59+0.8
350 55+0.8 6.6+ 0.6 83+1.2
440 6.0+£0.7 6.5+0.4 8.8+1.0
640 43+0.8 50+0.6 7.7+1.1
0 0 0 0
30 1.7+04 1.4+0.6 0.6+0.3
60 2.6+0.5 24+0.8 1.0£0.6
Water 90 29+0.6 2.5+1.0 1.3+0.6
2 layers 250 29+0.7 24+0.8 1.2+0.6
350 46+09 3.8+1.1 22+09
440 55+1.3 33+13 21+13
640 43+09 1.6+1.3 1.5+£13
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The color coordinates a* and b* for uncoated control TTW samples of both pine and
aspen decrease during the whole weathering test, which is coherent with other similar works
mentioned before, although it has been observed that a* and b* can also increase for TTW
after weathering, but this can depend on the wood species and the extractive content [25].

Table 3.8
Average Color Coordinate Changes of Pine Samples with Standard Deviation (SD)
Pine Time, days DL* Da* Db*
0 0 0 0
30 6.9+0.2 -0.1£0.1 49+12
60 11.8+1.3 -1.5+03 09+1.7
Control 90 14.0+1.7 -23+£04 -14+£1.3
250 13.8+2.2 -5.8+0.3 -92+13
350 14.0+£1.9 —-6.4+£0.2 -10.9+1.0
440 10.7 £2.8 -7.4+0.2 -12.9+0.7
640 11.8+3.5 -7.8+0.3 -143+1.0
0 0 0 0
30 3.8+£0.2 43+£0.7 41+04
60 53+04 56+0.6 5.6+0.5
Solvent 90 5.6+0.5 5.6+£0.7 58+0.5
3 layers 250 44+0.6 35+0.9 44+05
350 5.8+£09 46+0.8 5.8+0.2
440 54408 4.0+0.7 5.6+0.2
640 44+0.8 28+0.8 53+0.5
0 0 0 0
30 51+04 42+1.0 42+0.8
60 53+0.6 52+1.0 54+0.7
Solvent 90 49+0.5 55+12 59+0.7
2 layers 250 3.0+£03 2.7+0.8 4.0+03
350 37+0.8 3.0+0.5 47+0.1
440 35+€1.2 23+04 39+0.2
640 28+1.6 0.7+0.7 2.8+0.3
0 0 0 0
30 1.7£0.2 23+04 1.7£04
60 23+03 3.1+£0.3 21+04
Water 90 24+0.2 25+0.8 1.7+ 0.3
2 layers 250 23+0.3 24+0.7 1.8+04
350 3.8+£0.6 29+1.0 20+1.3
440 4.6+0.2 1.9+0.9 1.3+1.6
640 42+0.2 0.7+1.3 0.7+2.0

Observing Fig. 3.21, it can be seen that the initial redness of pine wood samples is very
similar for coated and uncoated wood samples; this means that it is possible to select the
appropriate type of pigments to mimic the natural value of this color coordinate, thus
preserving its natural aspect, which is also a desirable property for the final customer. At the
end of the natural weathering, the value of a* is quite similar for all the samples, and it can be
observed that after the initial increase, they converge to the same point. For aspen, the initial
value of a* is greater for uncoated control samples than for coated samples.
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Fig. 3.21. Change of the color coordinate a* during outdoor weathering of pine.

The other color coordinate b* of the control samples of pine also decreases during
weathering, but for coated samples it shows the same trend of a* with a small initial increase
and in general not significant changes, although the convergence to the same value is not
observed (Fig. 3.22). A possibility could be to select iron oxide pigments of different colors,
for example, yellow iron oxide hydrate, and mixing the appropriate proportions of both
pigments, to investigate which concentration is suitable to obtain the same situation for the b*
color coordinate.
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Fig. 3.22. Change of the color coordinate b* during outdoor weathering of pine.

During outdoor weathering, the best results are obtained with samples coated with alkyd
emulsion for both color coordinates. Of the three color coordinates for both wood species, the
most affected parameter is lightness L*. The situation is similar for aspen. During outdoor
weathering, the surfaces of coated TTW samples maintain a uniform appearance, and
eventually, leaching of pigments does not seem to be happening or it is very low; it can be
assumed that there is a good adhesion of pigments to the binders and hence to the wood.
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CONCLUSIONS

The obtained results certify the validity of the initial thesis and the achievement of the

main goal of this work.

1.

After thermal modification (TM), wood becomes more hydrophobic, and the contact
angle (CA) of water on the thermally treated wood (TTW) surface increases with the
temperature of TM. TM affects the properties of wood not only in its appearance,
changing its color into darker tonalities, but it also affects the surface energy (SE) of
wood, and with increasing temperature of TM there is a decrease in the polar
component of SE. The reduced polar character of wood after TM must be considered
for the formulation of specific paints for TTW.

The wetting of the TTW surface with alkyd resins and double boiled linseed oil
(DBLO) is better than the wetting of alkyd resins alone. DBLO has the function of an
effective diluent for alkyds and of the plasticizer for the alkyd film, since it can reduce
the 7, of the coating film. However, the measurements of CA of the coated TTW
samples have shown that DBLO and linseed oil (LO) can have some impact on the
properties of the film due to the possibility of their migration on the external layer of
the film, where they can facilitate the spreading of water on the coated wood surface.
The emulsification of alkyd and DBLO to form an o/w emulsion is possible using
nonionic surfactants — linear ethoxylated alcohols. A white homogeneous emulsion is
obtained with the size of micelles in the micrometric range. The other tested gemini
surfactants, despite their particular structure, are not good in this case. The
concentration of surfactants is selected as low as possible to avoid negative effects on
the film properties. Further studies regarding the stability of the alkyd emulsion are
necessary, since creaming is observed in a short period. Creaming is a reversible and
enough slow process to allow the use of the emulsion for practical purposes.
Alternative driers to cobalt salts, based on manganese and iron, can promote the auto-
oxidation of alkyd resins, but the process is slower. From the results obtained with
FTIR spectroscopy, the cobalt drier is more efficient than the tested alternative driers.
Using the cobalt drier, film formation occurs after 1 hour, but for iron and manganese
based driers it occurs after 4 hours and 6 hours respectively.

The use of transparent nano-sized iron oxide pigments in the alkyd paint formulated
for TTW gives good results in the protection against the photodegradation of wood. It
is possible to select pigments with different tonalities and from their combination to
reproduce the color of TTW. The best protection is obtained with a pigment
concentration of 8 % with two or three layers of coating. In the case of the non-film
forming coating, lower concentrations are not desirable.

The results from outdoor weathering have shown that two layers of the water-based
alkyd emulsion applied on TTW samples give better protection against discoloration
than two or three layers of the solvent-based alkyd paint. The barrier properties are
also better in the case of the water-based alkyd emulsion, although a decrease in CA is
observed at the end of the outdoor weathering.
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