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The objective of this study is to assess the synergy among a specific bio-based pigment derived from red beetroot,
a composite filler, and a UV absorber as additives for wood paints. The composite filler aims to enhance the
mechanical properties of the coating, while the UV absorber is selected to improve the pigment’s color stability
under solar radiation. The impact of these additives on sample aesthetics is evaluated through color, gloss, and
roughness measurements. Mechanical properties are analyzed using Buchholz surface hardness and Taber
abrasion resistance tests. The protective role of the UV absorber is further examined through accelerated
degradation tests in a UV-B chamber. To ensure that the additives do not compromise the coating’s barrier
properties, water uptake tests, resistance to liquids, and contact angle measurements are conducted. Overall, the
study demonstrates how each additive serves a distinct purpose and their combined application offers benefits
such as enhanced color retention and improved mechanical durability of the coating. It highlights the potential of
using bio-based pigments to enhance color durability without sacrificing the protective performance of wood

coatings.

1. Introduction

The wood covering industry is experiencing continuous growth,
attributed to the widespread use of wood materials. Wood presents
numerous advantages, including its ease of manipulation [1], unique
chemical [2], and physical [3] properties, and is widely availability.
However, like many materials, it requires adequate protection through
specific coatings. In this context, investigations into wood paints aim to
improve their protective properties [4,5], seeking to address issues such
as the degradation of their lignocellulosic components caused by factors
such as sunlight exposure [6], moisture penetration [7], mechanical
stress [8], chemical damage [9], and protection against harmful fungi
[10].

Nevertheless, aesthetic is also pivotal in coatings, especially when it
comes to wood. While wood has long been admired for its inherent
natural beauty [11], there is now a growing emphasis on creating
distinctive and visually striking finishes. For example, in the contem-
porary wood coatings industry there is a specific emphasis on achieving
vibrant tones of color [12] by exploring and developing new functional
pigments [13]. Simultaneously, similarly to many other industrial
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sectors, the wood industry is increasingly embracing the utilization of
bio-based materials [14]. These innovative materials should be eco-
friendly and align with the principles of the current circular economy.
From this perspective, recent research has been dedicated to enhancing
the coloring potential of alternative resources, such as microbes [15]
and fungi [16,17]. Alternatively, other researchers have focused on
developing colorants for wood coating sourced from wood by-products
[18] dyes extracted from spices [19], and microalgae [20-22],
achieving strong black, yellow and green tones, respectively.

Nevertheless, the adoption of bio-based materials often brings about
significant challenges concerning the protective performance of the
paint, its durability, and the color consistency of the green pigments
themselves [14]. For instance, wood paints manufactured from bio-
based materials frequently exhibit inadequate hardness and abrasion
resistance [23], necessitating the addition of particular reinforcing
fillers [24-27] to enhance these properties. Conversely, these bio-based
pigments often reveal inadequate resistance to common phenomena
such as photo-oxidation and decay when exposed to UV radiation
[19,20]. Consequently, their incorporation as additives in paints for
outdoor applications remains highly restricted [14].
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Hence, the objective of this study is to develop and characterize a
wood coating featuring pigments derived from bio-based materials,
while also exhibiting excellent mechanical properties and consistent
coloring even after exposure to outdoor conditions.

From this standpoint, red beetroot (Beta vulgaris) stands out as one of
the most promising resources for extracting a pigment with potent col-
oring capabilities. Beetroot, belonging to the Chenopodiaceae family,
thrives in temperate regions. It contributes significantly to global sugar
production, accounting for approximately 20 % [28]. It is commonly
consumed in various forms, including powdered, as a supplement juice,
in bread, pickles, purees, boiled, and even processed into jam [29].
Furthermore, it is often used as an antibacterial [30] and antioxidant
[31] additive, as it has high levels of betalains and other phytochemical
compounds that are associated with antioxidant activity [32]. However,
beetroot is highly valued above all for its strong coloring capabilities due
to its abundant presence of water-soluble nitrogen pigments known as
betalains [33], comprising betacyanins (red-violet pigments) and
betaxanthins (yellow-orange pigments) [34,35]. As a result, recent
studies have examined the utilization of red beetroot extracts in coatings
[36], but have recommended their application solely for indoor use
[37].

To enhance the effectiveness of pigments derived from red beetroot,
it is feasible to utilize specific UV absorber materials. These substances
act as light stabilizers by absorbing harmful UV radiation, thereby
safeguarding the pigment from physical and chemical degradation, thus
enhancing its color durability. Thus, this work, based on previous
literature research, studies the effective role of Uvasorb® S130, a
particular UV light absorber, in protecting the beetroot-based pigment.
This type of additive has been extensively researched as a protective
component in organic [38-40] and hybrid [41] coatings, often in
conjunction with amine light stabilizers [42]. Moreover, its efficacy as a
protective agent for wood coatings has been previously demonstrated
[43].

Ultimately, it was determined that an innovative composite filler
named Polyfluo® 900 would be utilized to enhance the mechanical
properties of the coating. This filler is composed of low-density poly-
ethylene and PTFE, bolstered by ceramic microspheres. The selection of
this specific additive is based on its tailored design aimed at enhancing
abrasion resistance and surface durability, qualities notably absent in
wood paints.

Hence, this study delves into the coloration properties of powder
extracted from red beetroot, intended for use as a bio-based pigment in
wood paints. The research explores its application alongside a desig-
nated reinforcing filler, aimed at enhancing the mechanical attributes of
the coating. Additionally, to bolster the chromatic stability of the bio-
based pigment under outdoor exposure, a UV absorber additive is
incorporated into the coating formulation. Thus, this research un-
derscores the potential for utilizing bio-based pigments in wood paints,
with their mechanical attributes effectively enhanced through collabo-
ration with composite fillers. This work is the first to show that beetroot
waste can be utilized as a paint pigment, enabled by its interaction with
a specific UV absorber. Additionally, the research investigates how an
innovative composite filler can enhance the mechanical characteristics
of wood varnish, an area that is frequently overlooked and underex-
plored. The study evaluates the durability of the coating and its pro-
tective capabilities through diverse accelerated degradation tests, while
also assessing the consistency of aesthetic elements such as color and
gloss in the composite layer.

2. Materials and methods
2.1. Materials
The beetroot powder was provided by Garzanti Specialties (Milan,

Italy). The powder was acquired through the process of spray drying the
fruit of Beta Vulgaris. It displays the characteristic purple-red hue and
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possesses an ash content of no more than 5.0 wt%. Subsequently, the
product underwent manual grinding and sieving to achieve granules
smaller than 40 pm. The composite filler Polyfluo® 900 was supplied by
Micro Powders (Tarrytown, NY, USA) and used as received. The sub-
stance is characterized as a composite material comprising low-density
polyethylene (LDPE) and Polytetrafluoroethylene (PTFE), reinforced
with ceramics, with the ceramic component consisting of microspheres
based on alkali aluminosilicate. The powder exhibits white color and a
melting point ranging from 121 to 132 °C, with a density of 1.02 g/cc
and an average particle size falling within the range of 9 to 12 pm.
Uvasorb® S130 was provided by 3V Sigma (Bergamo, Italy) and used as
received. It is a liquid UV absorber displaying a yellow to brownish hue,
which comprises p-[3-(2-H-Benzotriazole-2-yl)-4-hydroxy-5-tert-butyl-
phenyl]-propionic acid-poly(ethylene glycol) 300-ester + Bis[f-[3-(2-H-
Benzotriazole-2-yl)-4-hydroxy-5-tert-butylphenyl]-propionic acid]-poly
(ethylene glycol) 300-ester. It possesses a boiling point of 166 °C and
a density of 1.17 g/cc. Poplar wood panels, measuring 150 x 150 x 2
mm®, were procured from Cimadom Legnami (Lavis, TN, Italy). These
panels exhibit a density within the range of 0.40 to 0.42 g/cm?, and their
moisture content falls between 6 % and 9 %. Chosen as the substrate for
paint application, poplar plywood is renowned for its superior quality
compared to other panel materials [44]. Its exceptionally smooth sur-
face makes it well-suited for painting, laminating, or veneering [45].
Furthermore, its exceptional ease of machining, particularly its
renowned reputation for effortless cutting, sanding, or screwing, posi-
tions it as the preferred option for crafting diverse samples intended for a
wide array of characterization tests. The water-based acrylic paint,
named TECH20, was provided by ICA Group (Civitanova Marche, AN,
Italy). Formulated with materials obtained from sustainable and
renewable sources, this paint product has a specific weight ranging from
1.01 to 1.18 g/ml and a viscosity of 50 to 60 s Ford Cup 5.

2.2. Samples production

In order to attain uniform paint coverage, the wooden base under-
went a pre-treatment procedure involving the use of 320 grit paper to
smooth the surface. Following this, the paint was applied using a spray
method in accordance with the supplier’s recommendations. The
application process entailed utilizing a pressure of 3 bar and a material
rate of 100 g/m2 Four distinct sets of samples were produced, as
detailed in Table 1, by modifying the paint composition through the
addition of various additives. Sample REF sample was applied without
any modification to the chemistry of the acrylic paint and served as a
reference throughout the entire study. Its purpose was to facilitate a
comparative assessment of the impact of the different additives incor-
porated into the formulation of the paint used for producing the other
samples. Alternatively, sample B was created by incorporating 5 wt% of
beetroot powder into the transparent waterborne paint. This amount of
coloring powder was selected to achieve a vibrant color in the coating
while avoiding any adverse effects such as pigment agglomeration,
which could potentially disrupt the paint spraying process. In the paint
utilized for producing sample BC, alongside the pigment, the composite
filler was also incorporated. This was done with the aim of enhancing
the mechanical properties of the paint, while simultaneously assessing
its influence on the visual appearance of the coating. Lastly, the BCU

Table 1
Sample composition with relative nomenclature.

Samples Additives introduced in the paint formulation
nomenclature

REF /

B 5 wt% beetroot powder

BC 5 wt% beetroot powder +5 wt% Polyfluo® 900

BCU 5 wt% beetroot powder +5 wt% Polyfluo® 900 + 3 wt%

Uvasorb® S130
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sample was prepared using paint to which the UV absorber was addi-
tionally introduced. This was undertaken to mitigate the photo-
degradation phenomena commonly associated with natural organic
pigments. The quantities of both Polyfluo® 900 and Uvasorb® S130 have
been fine-tuned through initial investigations to ensure optimal per-
formance without substantially altering the rheology of the paint or
affecting its deposition process.

In order to ensure even dispersion of the different additives
throughout the paint, each solution was mechanically mixed for 30 min
prior to its application onto the wooden base. This mixing process
ensured a homogeneous dispersion of the components in the solution,
preventing sinking or floating phenomena. Subsequently, the painted
coating was left to air cure for 4 h at room temperature.

2.3. Characterization

SEM observations were conducted employing the low vacuum
scanning electron microscope SEM JEOL IT 300 (JEOL, Akishima,
Tokyo, Japan) to analyze the morphology of both the bio-based pigment
and the composite filler. Additionally, Energy-dispersive X-ray spec-
troscopy (EDXS, Bruker, Billerica, MA, USA) was used to assess their
chemical compositions. Moreover, SEM was employed to examine the
cross-sections of the coatings, elucidating the influence of the various
additives on the structure of the composite layers. Optical stereomi-
croscope Nikon SMZ25 (Nikon Instruments Europe, Amstelveen, the
Netherlands) was utilized to assess the aesthetics of the coatings,
emphasizing the impact of the additives on the final coating’s appear-
ance. To achieve the same objective, colorimetric analyses were con-
ducted using a Konica Minolta CM-2600d spectrophotometer (Konica
Minolta, Tokyo, Japan) employing a D65/10° illuminant/observer
configuration in SCI mode. Gloss measurements were performed using
an Erichsen 503 instrument from Erichsen Co.Fo.Me.Gra Instruments
(Co.Fo.Me.Gra, Milan, Italy), following the ASTM D523/14 standard
[46]. 15 color and gloss assessments were conducted on 5 samples per
series, with 3 measurements per sample.

The impact of the composite filler on the mechanical characteristics
of the coatings was assessed through hardness and abrasion resistance
tests. Coating hardness was examined using the Buchholz hardness
indentation test, in accordance with the ISO 2815 standard [47]. An
Elcometer 3095 Buchholz Hardness Tester (Elcometer, Manchester, UK)
was employed, equipped with a beveled disc indentation tool featuring a
sharp edge inserted into a stainless steel block. A consistent testing force
of 500 g was applied for 30 s on the coating surface. The extent of the
impression left by the standardized instrument served as an indicator of
the coatings’ hardness. 15 measurements were conducted on 5 samples
per series, with 3 measurements per sample. The abrasion resistance of
the coatings was investigated using the Taber test, conducted with a
TABER 5135 Rotary Platform Abrasion Tester (Taber Industries, North
Tonawanda, NY, USA), in accordance with the ASTM D4060-19 stan-
dard [48]. Two CS17 abrasion wheels were employed for this purpose.
The samples underwent a total of 3000 Taber cycles, during which the
extent of mass loss was monitored. Throughout the test, both color and
gloss were observed to assess the evolution of the coatings’ aesthetics.
Following the experiment, the morphology and surface damage caused
by the Taber grinding wheels were examined under SEM to analyze the
behavior of the additives introduced into the paint. 3 samples per series
were subjected to Taber testing.

To assess the aesthetic consistency of the coatings, the samples un-
derwent accelerated degradation tests through exposure in a UV
chamber for 48 h. A UV173 Box Co.Fo.Me.Gra (Co.Fo.Me.Gra, Milan,
Italy) was utilized for this purpose, following the ASTM D4587-11
standard [49]. This procedure entails exposure to UV-B radiation
(313 nm) at 60 °C. The standard mandates the use of intense UV-B ra-
diation, which only partially replicates the samples’ exposure to solar
radiation. However, this particular test was chosen specifically to
highlight the potential reinforcing effect of the UV absorber, which can
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reduce the color change observed in the beetroot-based pigment when
exposed to intense radiation. Colorimetric and gloss analyses were
conducted during the exposure period to assess the aesthetic consistency
of the coatings and investigate the influence of specific additives.
Furthermore, the FTIR spectra of both the pigment and the composite
filler were obtained in attenuated total reflection (ATR) mode using a
Varian 4100 FTIR Excalibur spectrometer (Varian Inc., Santa Clara, CA,
USA), both before and after the UV-B exposure test. These measurements
were conducted to assess any chemical modifications occurring in the
additives as a result of UV exposure. The exposure was halted after 48 h
due to significant degradation observed in the samples, with noticeable
differences depending on whether the UV absorber was present or
absent.

The various additives were incorporated to impart specific color to
the coating and enhance its mechanical strength and resistance to ul-
traviolet radiation. However, to ensure that these additives do not
compromise the barrier properties of the coating, the samples under-
went various tests. The liquid water absorption test was conducted ac-
cording to the EN 927-5:2007 standard [50] to evaluate the water
permeability of the coatings. 5 uncoated surfaces of the 40 x 40 x 2
mm® poplar wood panels were sealed hermetically with silicone to
prevent water absorption by the wood substrate. The samples were
preconditioned at 65 % relative humidity and 20 °C before being
immersed in a container filled with water. The moisture absorption,
expressed in grams per square meter (g/m2), was determined by
measuring the change in mass before and after 6, 24, 48, 72, and 96 h. 5
samples per series were subjected to the analysis. The cold liquid
resistance test was employed to evaluate the coatings’ resistance to
various chemical substances, following the UNI EN 12720 standard
[51]. In this experiment, filter paper was immersed in separate solutions
containing 15 % sodium chloride, pure acetone, olive oil, and coffee.
Furthermore, the resistance of the coatings to acidic and basic conditions
was assessed using solutions with pH levels of 1 and 14, respectively,
achieved by employing concentrated HCl and NaOH. These soaked filter
papers were then placed onto the surface of the coating and covered
with a glass lid. Following the 24-h period, the glass cover and filter
paper were removed, and any residual liquid on the coating surface was
carefully eliminated. Both the liquid water absorption test and the cold
liquid resistance test were associated with color and gloss measure-
ments, to evaluate the aesthetic consistency of the coatings.

Lastly, contact angle measurements were conducted following the
ASTM D7334-08 standard [52] to assess the influence of different ad-
ditives on the coating’s wettability. Macro images were captured using a
Nikon 60 mm lens with an aperture of f/2.8 (Nikon Instruments Europe,
Amstelveen, the Netherlands). The contact angle measurement was
performed using the NIS-Elements Microscope Imaging software (Win-
dows Version 4.30.01). Demineralized water droplets (5 pl), were
generated via a syringe and dispersed from approximately 2 cm away.
After 60 s of being placed on the coating, the droplet was photographed,
and the wetting angle was determined using the imaging software. The
wait of the 60 s was taken precisely to highlight the solidity of the
behavior of the samples, and to monitor possible evolutions in the
behavior of the coatings. To ensure statistical reliability, each sample
was subjected to 10 measurements, allowing for a thorough examination
of the surface wettability characteristics. The contact angle measure-
ments were coupled with surface roughness analyses of the coatings,
conducted using the MarSurf PS1 mobile surface roughness measure-
ment instrument from Carl Mahr Holding (Gottingen, Germany). This
additional analysis aimed to provide insight into the wettability out-
comes observed across the different samples.

3. Results and discussion
3.1. Fillers and coatings appearance

The UV absorber Uvasorb® S130 is a liquid with a yellow to brownish
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color, whereas the other two additives studied are solid micro-powders,
which can be analyzed using SEM observations. Fig. 1 depicts the
morphological characteristics of the two active substances, observed
using SEM in secondary electrons mode. The beetroot powder (Fig. 1a)
exhibits a jagged surface morphology and variable sizes. Nevertheless,
due to the sieving process, the granules have a size of less than 40 pm,
frequently ranging in the order of tens of micrometers. They possess a
homogeneous composition primarily consisting of organic materials.
EDXS analysis has revealed a significant presence of carbon, oxygen, and
potassium, along with traces of sodium, magnesium, silicon, and chlo-
rine. The analysis result is illustrated in Fig. S1 in the Supplementary
Materials. In contrast, the composite filler (Fig. 1b) is composed of two
distinct materials: granules of varying sizes and irregular morphology,
and more uniform microspheres. The granules constitute the organic
component of the filler, while the spheres are composed of ceramic
material. Fig. $2 in the Supplementary Materials displays the elemental
analysis of the spheres, confirming their alkali aluminosilicate compo-
sition. The granules exhibit variable dimensions, averaging around 10
pm, as confirmed by the manufacturer, while the microspheres are
generally smaller, with diameters typically less than 10 um. Both types
of additives, namely beetroot powder and composite filler, possess
relatively small dimensions, making them well-suited for incorporation
into organic coatings.

Hence, the three additives (including also the UV absorber) were
utilized in various formulations of the acrylic paint, resulting in the
creation of four series of samples as detailed in Table 1. Fig. 2 showcases
the appearance of these samples, observed both from a top-view and in
cross-section using an optical microscope. This observation underscores
how the aesthetics of the coatings are significantly influenced by the
incorporation of different additives into the paint. The transparent paint
applied to sample REF (Fig. 2a) accentuates the natural aspect of the
poplar wood substrate. Conversely, the incorporation of beetroot
pigment results in a vibrant red hue for the coating of sample B (Fig. 2b).
The red color gradually transitions in shade within sample BC and
sample BCU (Fig. 2c and Fig. 2d, respectively), shifting towards hues
leaning more to orange. This shift is attributed to the inclusion of the
composite filler in sample BC, whose white color contrasts with the red
pigment, and the yellow component of the wooden substrate. This effect
is further pronounced in sample BCU, which also contains the yellow UV
absorber. Indeed, the incorporation of additives not only leads to
aesthetic alterations but also induces morphological changes in the
coating. The images indeed provide insight into the internal structure of
the coatings, as observed under SEM. The micrographs emphasize how
the addition of the pigment introduces a degree of structural complexity,
further accentuated by the presence of the composite filler, as evidenced
by the presence of the ceramic microspheres. The inclusion of additives,
however, does not result in the formation of notable defects, such as
porosity or voids at the interface with the fillers. Additionally, it does not
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affect the coating deposition process, as the layers of the four samples
exhibit comparable thickness, approximately 160 pm.

Thus, the most significant alteration brought about by the additives
primarily pertains to the aesthetic attributes of the coatings, as quali-
tatively depicted by the images in Fig. 2. However, a more detailed and
quantitative description of these changes is provided by the graphs
presented in Fig. 3. Fig. 3a illustrates the gloss values of the coatings,
which vary depending on the additive incorporated into the paint
formulation. Sample REF demonstrates high reflectance, with gloss
values around 50. The introduction of the pigment in sample B results in
a notable reduction in reflectance, rendering the coating slightly more
opaque. However, the inclusion of the composite filler causes a signifi-
cant decrease in gloss values, making sample BC particularly opaque.
This effect is somewhat mitigated with the additional incorporation of
the UV absorber into sample BCU, although it still retains a considerable
level of opacity. These phenomena can be attributed to varying rough-
ness values across the four series of coatings, as depicted in Fig. 3b. The
graph presents both the roughness values measured longitudinal (Ra//)
to the fibers of the wooden support and those assessed perpendicular
(Ral) to them. Considering that the coating adheres closely to the
morphology of the wooden substrate, it is typical to anticipate higher
roughness in the direction perpendicular to the fibers. Indeed, the Ra
values are consistently higher in the direction perpendicular to the fibers
compared to those measured logngitudinal to the fibers, and they are
comparable across all four sets of samples. The primary variation lies in
the level of logngitudinal roughness, Ra//. Sample REF displays rela-
tively low Ra// values, contributing to its reflective nature. Similarly,
sample B also exhibits low Ra// values, indicating that the reduction in
reflectance is primarily attributed to the presence and aspect of the
pigment itself. In contrast, the incorporation of the reinforcing filler in
sample BC and sample BCU results in a significant rise in roughness,
leading to a noticeable enhancement in surface opacity. This observa-
tion corroborates the earlier hypotheses regarding the morphological
alterations introduced by the filler in the coating, which consequently
yields significant aesthetic implications by modifying the surface texture
and reflectance of the composite layer. Moreover, the additional incor-
poration of the UV absorber in sample BCU results in a slight decrease in
roughness values, accompanied by an increase in gloss. This additive,
being in liquid form, serves as a levelling agent, mitigating the rise in
roughness induced by the composite filler, albeit to a limited degree.

Indeed, as emphasized by the optical images in Fig. 2, it is primarily
the color of the coatings that undergoes significant alterations upon the
introduction of various additives into the transparent paint. Fig. 3c
displays the color change values (AE), measured relative to the reference
sample REF. AE has been calculated employing the following relation-
ship [53]:

s . ceramic sphere
% .. 1’

10 um

Fig. 1. SEM images depicting a) the red beetroot pigment and b) the composite reinforcing filler, acquired in secondary electrons mode. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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500 um

ceramic spheres

100 um

500 ym

Fig. 2. Optical micrographs showcase of the top-view (on the left) and cross-section (on the right) of a) sample REF, b) sample B, c) sample BC, and d) sample BCU.
Additionally, a SEM-acquired enlargement of the cross-section of the coatings is featured on the right.

AE = (AL +(Ad') + (Ab*)z]” ’ %)

In colorimetry, the coordinates L*, a*, and b* denote specific attri-
butes of color:

e L* represents lightness, with a scale from O (for black objects) to 100
(for white objects);

e the a* axis represents the red-green axis, where positive values
indicate redness and negative values indicate greenness;

o the b* axis represents the yellow-blue axis, where positive values
indicate yellowness and negative values indicate blueness.

The three series of composite coatings demonstrate significant color
change values (AE), ranging between 42 and 45 points compared to
sample REF. These values are considerable, particularly given that some
studies suggest the human eye can discern and appreciate color changes
of only one unit [54]. Hence, it can be concluded that the beetroot-
derived powder possesses an exceptionally potent coloring capability,
as evident in Fig. 2 as well. It’s intriguing how, despite the distinct ap-
pearances of the three composite coatings due to varying additive con-
tents, they exhibit color changes comparable to the REF sample. This
phenomenon is elucidated by the graph in Fig. 3d, which illustrates the
values of the individual CIE Lab coordinates for the four series of sam-
ples. The lightness values (L*) of the three composite coatings are
similar, yet notably lower than that of sample REF. The introduction of
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Fig. 3. a) Disparity in gloss among the four series of samples, b) coatings surface logngitudinal (Ra//) and perpendicular (Ra.l) roughness, c) changes in color
relative to the reference sample REF and d) corresponding values of the three CIE Lab coordinates L*, a* and b*.

the pigment results in a significant increase in the a* coordinate, shifting
towards red hues, and in the b* coordinate, trending towards yellow
tones. However, the addition of the composite filler (BC) followed by the
UV absorber (BCU) gradually decreases the a* coordinate while
increasing the b* coordinate. Consequently, although the individual
color coordinates of the samples vary, the formula (1) used for calcu-
lating AE yields very similar results for the three composite samples, as
the decrease in a* corresponds to the increase in b*. Indeed, each indi-
vidual additive exerts a distinct influence on the aesthetics of the
coating, resulting in a unique color for each sample series. Undoubtedly,
the beetroot pigment plays the most significant role, yet the contribution
of the composite fillers and the UV absorber should not be under-
estimated. Each additive contributes to the overall appearance and color
of the coating, highlighting the complexity of their combined effects on
the final product.

In conclusion, all three additives are viable for use in wood coatings,
as they do not introduce significant defects or disrupt the paint spraying
process. However, the beetroot-derived pigment imparts intense color-
ation, while the composite reinforcing filler alters the coating’s texture
by increasing its roughness and decreasing the overall reflectance.
Moreover, the unique synergy among the additives produces a distinct
color in the coating, emphasizing the importance of dosing each mate-
rial according to the desired aesthetic outcome in the final product.

3.2. Impact of the additive on the coating’s mechanical characteristics

Given the typically low mechanical properties of clearcoat paints
[55,56], this study aimed to assess the impact of a novel composite

reinforcing filler added to sample BC and sample BCU. The primary
focus was on addressing concerns regarding the hardness and subse-
quent abrasion resistance of the coating, with a specific emphasis on
examining the contribution of this particular additive.

Fig. 4aillustrates the results of the Buchholz hardness test, displaying
the average length of indentations formed in the coatings alongside the
Buchholz hardness value. It is readily apparent that the presence of the
composite filler enhances the mechanical properties of the coating, as
evidenced by a decrease in the length of the indentation correlating with
an increase in the hardness of the layer. While sample REF and sample B
demonstrate identical behavior, indicating a negligible impact of the
beetroot pigment on coating hardness, sample BC and sample BCU
exhibit notably reduced average indentation lengths. The addition of 5
wt% filler leads to an improvement of approximately 10 % in terms of
reducing the length of the indentation in the coating. Similar results
have been observed in previous studies utilizing bio-based fillers, such as
cellulose microfibers [23] and polyamide 11 powders [24]. However,
one of these studies highlighted a notable challenge associated with the
easy agglomeration of the microfibers, resulting in reduced coating
performance [23]. Conversely, achieving the same outcome demon-
strated by the Polyfluo® 900 composite filler required a larger quantity
of polyamide 11-based additive [24]. Another study demonstrated the
potential for achieving improved results through the utilization of
functional fillers, such as stainless steel flakes. However, it was observed
that even in this scenario, the required quantity of additive significantly
surpassed that utilized in the present study [57].

Despite the observed increase in hardness, it cannot be considered
significant as it remains below the value of 50 on the Buchholz scale.
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Fig. 4. a) Mean indentation imprint sizes observed in Buchholz hardness
testing, along with their corresponding Buchholz hardness readings. b) Optical
microscope images depicting Buchholz test notches.

Essentially, while the composite fillers indeed exhibit higher hardness
compared to the pure acrylic matrix of the coating, they do not distinctly
enhance the system at the current concentrations investigated in this
study. In fact, the images obtained with the stereo microscope in Fig. 4b,
illustrating examples of imprints caused by the Buchholz indenter, show
minimal differences between the four series of samples.

Thus, it can be concluded that the acrylic matrix of wood paint is
inherently soft, making it challenging to significantly enhance its
hardness through the addition of solid fillers. Achieving a substantial
reinforcing contribution would likely necessitate high quantities of ad-
ditives, which could unavoidably alter the structural morphology of the
coating and potentially affect other of its properties, such as the layer’s
barrier performance.

On the contrary, the composite filler seems to make a notable
contribution in terms of the abrasion resistance of the coating, as
emphasized by the graph in Fig. 5. The graph illustrates the trend of the
mass lost during the Taber abrasion test, where the wheels exert high
abrasive forces on the surface of the composite layers. Since the density
of the three additives and the paint is comparable, a reduced mass loss of
the coatings can be associated with an improvement in their abrasion
resistance. Sample B demonstrates a trend very similar to that of sample
REF, but also a slight increase in mass lost during the initial Taber cycles.
This outcome suggests that the addition of the pigment causes a minimal
reduction in the surface resistance features of the coating, possibly due
to a decrease in the compactness of the polymer binder, whose chains
are interrupted by the presence of the coloring powder. Conversely,
sample BC and sample BCU exhibit practically overlapping trends and
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Fig. 5. Variation in coating mass loss relative to the number of Taber cycles.

results, which are superior to those of the two previous samples. Their
mass loss remains consistently lower than that of the REF and B samples,
with this disparity increasing during the test. This underscores an
enhancement in the abrasion resistance characteristics, attributed to the
substantial contribution of the composite filler, which is present in
larger quantities within the bulk of the coating rather than directly on
the surface of the layer. Moreover, the identical behavior observed in
both sample BC and BCU demonstrates that the additional presence of
the UV absorber in the latter does not affect the protective attributes
provided by the composite filler. At the conclusion of the test, following
3000 Taber cycles, sample BC and sample BCU demonstrate a reduction
in mass loss equivalent to 29 % compared to sample REF. Comparable
outcomes in wood paints were attained through the addition of poly-
amide 11 [24] or magnetite powder [57], albeit in larger quantities.
Conversely, certain types of fillers, such as cellulose nanocrystals [9,58],
failed to achieve similar performances due to agglomeration phenom-
ena, inevitably resulting in reductions in the abrasion resistance of the
coating.

In order to elucidate the protective mechanism of the composite filler
more precisely, SEM analysis was conducted on two samples, namely
REF and BC, to examine their surface morphology before and after
exposure to the abrasive stresses of the Taber test. Fig. 6a illustrates the
top-view appearance of sample REF. Initially (left), the coating appears
notably flat and devoid of defects. However, following the Taber test
(right), the surface displays pronounced damage characteristic of the
abrasive action of Taber grinding wheels [24,59,60]. In contrast, the
appearance of sample BC (Fig. 6b) exhibits distinct differences both
before and after the abrasion resistance test. Initially, the sample reveals
numerous indications of the composite filler on the surface, represented
by the lighter areas. Since the images were captured in secondary
electrons mode, these lighter traces indicate a complex surface
morphology, which is not flat but rather enriched with asperities, pre-
cisely represented by the filler. By comparing this image with the cor-
responding REF sample, it becomes evident the actual enhancement in
surface roughness induced by the composite filler, as previously illus-
trated in Fig. 3b. It’s intriguing to note a distinctive surface morphology
of sample BC following the abrasion test: unlike sample REF, the same
abrasion traces are limited, replaced by a noticeable reinforcing effect
exerted by the composite filler. Specifically, the organic component of
the filler tends to undergo a “smearing” effect due to the cutting forces
from the abrasive wheels. This process results in the formation of a
highly lubricious surface, akin to phenomena previously documented in
the literature with wax-based additives [19,22]. This highly lubricious
surface significantly mitigates abrasion processes and consequent ma-
terial removal, providing a rationale for the superior performance
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filler plastic deformation

Fig. 6. SEM micrographs of the surface morphology of a) sample REF and b) sample BC, before and after the Taber test (left and right, respectively).

observed in sample BC and sample BCU as depicted in Fig. 5. It is evident
that this self-lubricating phenomenon on the surface is attributed to the
presence of the PTFE component within the composite filler. PTFE is
widely recognized for its exceptionally low coefficient of friction
[61,62], which facilitates the creation of a slippery surface, thus
contributing to the observed self-lubrication effect [63]. Consequently,
although the hard ceramic microspheres do not notably enhance the
coating’s hardness, the presence of the PTFE component significantly
improves the wood coating’s resistance to abrasion.

Therefore, PTFE exhibits superior reinforcing performance
compared to other environmentally-friendly additives like polyamide
11, cellulose fibers, and magnetite powders. However, its use is not
without drawbacks, particularly concerning environmental aspects
[64]. Perfluorooctanoic acid (PFOA), commonly used in PTFE synthesis,
poses toxicity concerns due to its persistence in the environment and
long human half-life, leading to potential toxicity upon continuous
accumulation [65]. In response, PFOA is being replaced by chemicals
like perfluoro-2-propoxypropanoic acid (PFPrOPrA, Trade name: GenX),
which, although potentially toxic, are less bio accumulative [66]. Short-
chain alternatives are also recommended for their rapid clearance from
the human body, despite lingering questions about their environmental
persistence and health effects [67].

To address toxicity and sustainability concerns, many companies are
exploring alternative products that do not contain PTFE but still offer
effective functional properties [68]. Nonetheless, this study underscores
that PTFE-based additives remain unmatched in enhancing the abrasion
resistance of organic coatings, with previously discussed waxes pre-
senting the only true “green” alternative to this type of additive.

Fig. 7a displays the current appearance of the samples at the end of
the test, showcasing the characteristic circular imprints caused by the
Taber grinding wheels. These imprints are also distinctly visible to the
naked eye, as the abrasive process induces a modification of the surface
texture. To assess the chromatic and aesthetic consistency of the coat-
ings, the color change and gloss values were monitored throughout the
abrasive test. Fig. 7b illustrates the evolution of the color of the samples
during the test, revealing a chaotic trend of limited and almost negligible
extent. In contrast, Fig. 7c demonstrates how the abrasion process
significantly modifies the gloss values of the four series of samples
during the initial cycles, eventually reaching a plateau value. This
phenomenon arises from an initial alteration in the surface roughness of
the samples, which then remains constant throughout the abrasive test.
While the degree of reflectance of sample REF and sample B decreases
due to a slight increase in roughness, the abrasive processes tend to
diminish the initially high roughness values of sample BC and sample
BCU, resulting in an increase in gloss. Consequently, the abrasive mark is
clearly discernible due to substantial changes in gloss, either reduced
(REF and B) or increased (BC and BCU).

In conclusion, the composite filler does not substantially enhance the
surface hardness of the coating, likely due to the limited quantity of hard
ceramic microspheres. Nevertheless, PTFE component imparts a self-
lubricating effect on the surface, enhancing resistance against material
removal during abrasive processes. While these abrasive effects
unavoidably alter the aesthetics of the samples by modifying their
reflectance values, they do not affect the color imparted by the bio-based
pigment.
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Fig. 7. a) images capturing the surface condition of the samples upon completion of the test and evolution of b) color and c) gloss of the samples throughout the

duration of the Taber test.

3.3. Influence of the additive on the coating’s ability to withstand solar
radiation

A frequent issue observed with the utilization of natural and bio-
derived pigments is their inherent inclination towards physical and
chemical deterioration upon exposure to sunlight [69]. Additionally, red
dyes and pigments tend to be less stable compared to others [70], owing

)
A

| Wood f

el

to factors associated with the chemical composition of the pigments
utilized and the characteristics of the light they absorb. Given that red
occupies the lower energy range of the visible light spectrum, the
pigment must absorb all higher energy wavelengths to appear as red. It
is this absorption of high-energy photons that leads to the breakdown of
the pigment and diminishes its intensity of “redness” [71].

Hence, a UV absorber was incorporated into sample BCU to enhance

B E‘ BCU

Fig. 8. Alteration of the appearance of both the wooden panel and the coated samples due to exposure to UV-B radiation.
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the pigment’s longevity and thereby maintain the aesthetic uniformity
of the coating over time. To assess the effectiveness of this protective
additive, the samples underwent exposure in a UV-B chamber, under-
going rigorous accelerated degradation tests. Fig. 8 illustrates the pro-
gression of the samples’ appearance, including the individual wooden
substrate, throughout the duration of the test. A significant deterioration
of the wooden sample, characteristic of this material, is clearly notice-
able, resulting in yellowing and darkening of the poplar panel. Sample
REF also exhibits a slight darkening, which is not associated with pho-
todecay processes of the acrylic paint, known for its resilience to UV
radiation. Previous studies have indicated that the transparent coating
does not entirely block UV radiation, resulting in a minor degradation of
the wooden substrate, which becomes visible due to the coating’s
transparency [72]. As anticipated, sample B appears to be notably
affected by UV-B radiation exposure, undergoing a considerable color
transformation from initial red tones to a dark brown hue, indicative of
the degradation of the beetroot pigment. Likewise, albeit to a lesser
extent in lighter shades, sample BC shows noticeable degradation.
Conversely, the process of aesthetic decay appears to be restrained in
sample BCU.

The degradation observed in sample B and sample BC is likely
attributed to the low resistance of the bio-based pigment, as supported
by the images in Fig. 9. These images, acquired with the stereomicro-
scope, depict the progression of the appearance of the pigment and the
composite reinforcing filler when individually exposed to a UV-B
chamber for 48 h. The pigment extracted from beetroot (Fig. 9a)
initially displays a vivid color, featuring purple-burgundy tones char-
acteristic of its vegetable origin. However, after the accelerated degra-
dation test, the powder undergoes a striking chromatic shift, losing its
distinct hue and acquiring yellow shades. This alteration is attributed to
typical photooxidation phenomena affecting the betacyanins abundant
in the pigment [73]. In fact, betacyanins are susceptible to degradation
induced by various factors, including temperature [74], pH [75], and
most significantly, exposure to light [34]. Studies have shown that
betacyanins have the ability to absorb visible light, and differences in
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their chemical structures influence their light-absorbing properties
[76,77]. Moreover, betacyanins are unstable and prone to degradation
in the presence of oxygen and light at elevated temperatures. Light
exposure can promote the degradation of betacyanins, particularly
within the ultraviolet to visible light spectrum, triggering transitions
from electron-excited states to more reactive chromophore states [78].
Furthermore, the degradation of betacyanins under light conditions is
oxygen-dependent; the effects of light exposure are minimal under
anaerobic conditions [79]. Therefore, the combination of UV-B radia-
tion, oxygen, and exposure to 60 °C temperature during the test accel-
erates the rapid and inevitable degradation of the red beetroot-based
pigment.

Conversely, the composite filler (Fig. 9b) does not seem notably
impacted by UV-B radiation exposure. Actually, despite being made of
low density polyethylene, which is prone to photooxidative degradation
[80], the filler also includes substances that have strong UV-B radiation
resistance, such as PTFE [81] and aluminosilicate alkalis.

Thus, the two active ingredients underwent FTIR analysis before and
after the exposure to the accelerated test to examine any chemical
changes induced by UV-B radiation. In Fig. 10, the spectra of the two
additives are depicted before and after 48 h of exposure in the UV
chamber. The pigment derived from beetroot exhibits a characteristic
band at 3226 cm™?, indicative of the stretching vibration of the —-OH
bond attributed to hydroxyl groups [82]. Additionally, the peak at 2941
cm ! is associated with the vibrational stretching of the C—H bond due
to alkanes [83]. The presence of betalains, typical N-containing com-
pounds of beetroot, is indicated by the peak at 1614 cm ™}, corre-
sponding to the stretching vibration of the C=N bond [84].
Furthermore, the signal at 1345 cm ™! corresponds to the C—H aliphatic
bending of organic compounds, the band at 1236 cm ™! represents to the
stretching vibration of the C—O bond of the carboxylic acid [83,85],
while the peak at 1067 cm ™! represents the symmetric stretching vi-
bration of the C-O-C link [86]. Moreover, the signal at 989 em~! cor-
responds to the bond deformation of the C—H bond and the aromatic
C—H in-plane bending [87], whereas the peak at 909 cm™! can be

500 um

Fig. 9. Optical images illustrating the alteration in appearance of a) the bio-based pigment and b) the composite filler after being subjected to UV-B radiation for

48 h.
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Fig. 10. FTIR spectra of the pigment and composite filler before and after 48 h
exposure to UV-B radiation.

associated with the stretching vibrations of the C~COOH bond for car-
boxylic acids [88].

In contrast, the spectrum of the composite filler reveals two promi-
nent peaks at 2915 cm ! and 2848 cm’l, indicative of CHy asymmetric
and symmetric stretching, respectively. Additionally, the signal at 1463
em™! can be attributed to bending deformations, while the signal at 730
em ™! corresponds to rocking deformation. These signals signify the
presence of LDPE in the compound [89]. Furthermore, the presence of
PTEE is indicated by the characteristic peaks at 1210 cm™! and 1153
em™}, associated with asymmetric and symmetric CF, stretching,
respectively [90]. Furthermore, a third peak at 504 ecm ! can be
attributed to CF, wagging [91]. Lastly, the presence of aluminosilicate
spheres, albeit in smaller quantities compared to the organic component
of the filler, is indicated by a subtle band at 1000 cm™ L, attributed to the
vibration of the SiO/Al-O bond within the aluminosilicate framework
[92,93].

Despite the evident aesthetic changes observed in the pigment due to
photooxidation processes, FTIR analysis fails to discern this phenome-
non, as the two spectra of the material derived from beetroot are nearly
identical. Similarly, the composite filler, despite not exhibiting obvious
changes in appearance, also shows no discernible differences in FTIR
spectra. However, it is noteworthy that previous studies have already
pointed out limitations in FTIR analysis for detecting photooxidation
processes in pigments contained in paints that are clearly visible to the
naked eye [19,72].

While FTIR measurements may not indicate degradation of the ad-
ditives, it is evident that the coatings undergo significant aesthetic
changes that cannot be overlooked. Hence, in order to more precisely
quantify the aesthetic deterioration of the different samples, gloss and
color measurements were conducted while they were exposed in the UV-
B chamber, as depicted in the graphs presented in Fig. 11. Fig. 11a il-
lustrates the progression of gloss in the samples, depicting a notable
decline during the initial hours of testing in sample REF and sample B.
This decline is commonly linked to photooxidation processes and is
particularly noticeable in samples with initially higher gloss values. In
fact, this phenomenon is not apparent in sample BC, sample BCU sam-
ples, and the wooden panel, which exhibit high opacity from the outset.
However, besides reflectance, what stands out most from the preceding
Fig. 8 is the color alteration of the samples, depicted quantitatively in
Fig. 11b. As anticipated, the wooden panel experiences substantial
degradation, manifesting in a swift and pronounced shift in color.
Likewise, the AE values of samples B and BC persistently rise throughout
the test, indicating an ongoing deterioration of the pigment. Given the
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nearly identical behavior of the two samples, it can be inferred that the
additional inclusion of the composite filler in sample BC does not in-
fluence the UV protection of the coating in any discernible manner.
Remarkably, sample BCU exhibits superior performance compared to all
others, displaying lower AE values even when compared to the REF
sample. Additionally, a notable plateau is observed between 24 h and 48
h, while the curves of the other samples continue to ascend, indicating
the effective protective function of the UV absorber incorporated into
sample BCU.

Indeed, upon examining the trends depicted in the graphs of the
three individual color coordinates L*, a*, and b*, it becomes apparent
that sample BCU demonstrates remarkable stability, with minimal
fluctuations. Conversely, both samples B and BC display decreases in a*,
indicative of diminished redness, accompanied by noticeable increases
in b*, signifying yellowing of the pigment.

Ultimately, the accelerated degradation test revealed the inadequate
chromatic consistency of the bio-based pigment, leading to the loss of its
characteristic red-burgundy color upon exposure to UV-B radiation.
However, the experiments also showcased the excellent performance of
the UV absorber, effectively minimizing the color fading of coating BCU.
This outcome illustrates the feasibility of utilizing beetroot extracts as
environmentally friendly pigments for paints, with their aesthetic
longevity ensured through the incorporation of specialized UV absorber
additives.

3.4. Effect of the additive on the coating’s barrier properties

Having thus established the effectiveness of both the composite filler
in enhancing the mechanical properties of the coating and the UV
absorber in bolstering the color durability of the bio-based pigment, it is
imperative to ensure that the incorporation of these additives does not
compromise the barrier properties of the layer. After all, its primary role
is to safeguard the wooden substrate.

Consequently, the samples underwent initial water absorption tests,
the outcome of which is depicted in the graph presented in Fig. 12a,
expressed as the water uptake by the coatings. Certainly, the wooden
panel demonstrates markedly distinct behavior from the various coated
samples, wherein the coating serves as a barrier agent. Initially, wood
absorbs significant amounts of water during the initial hours of testing;
subsequently, this absorption trend decelerates, suggesting a saturation
of the surface layers of the wood. Conversely, the four coating series
substantially diminish the solution uptake, yielding values that do not
surpass 700 g/m? by the conclusion of the test. The consistent behavior
observed across the four series of samples is particularly encouraging,
indicating that the various additives do not facilitate water percolation
within the acrylic matrix of the coating. This reaffirms previous as-
sumptions regarding the reduced defectiveness observed in the three
composite coatings. This aspect is vital but commonly disregarded: the
inclusion of various fillers in acrylic paints has frequently diminished the
paint’s ability to act as a barrier, primarily because of the hydrophilic
properties of the additive [94,95]. Nevertheless, the pigment displays
significant sensitivity, attributed to its susceptibility to dissolve easily in
water. Upon contact with the test solution, color loss occurs, leading to a
noticeable aesthetic alteration in the coatings. This phenomenon is
quantitatively illustrated by the graph in Fig. 12b, which clearly depicts
a strong color change AE measured in the three coatings containing the
beetroot pigment at the end of the test. This phenomenon is gradually
mitigated in sample BC and sample BCU, primarily due to their initial
lighter colors. Conversely, the gloss values (Fig. 12c) of the samples are
not notably affected by contact with the test solution, except for sample
REF, wherein its initially high reflectance experiences a considerable
reduction.

These findings highlight concerns about potential consequences
associated with exposing the coatings containing the pigment to liquid
solutions, which could lead to discoloration. Consequently, to confirm
this phenomenon, the samples underwent the cold liquid resistance test.
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Fig. 11. Evolution of a) gloss, b) color change, ¢) L* coordinate, d) a* coordinate and e) b* coordinate, during the UV-B radiation exposure test.

Fig. 13a illustrates the test outcomes, showcasing the color change AE
observed in the four sets of samples after coming into contact with the
six chosen test liquids. Sample REF consistently demonstrates excellent
performance, with very low AE values falling within the 0-1 range of the
standard [96], indicative of minimal fading. Conversely, sample B re-
inforces and verifies the issues observed earlier, characterized by sig-
nificant discoloration upon contact with aqueous solutions. Specifically,
results obtained with NaCl solution, coffee, and acidic and basic solu-
tions reveal color changes AE falling into categories 4-5 [96], signifying
considerable alterations in color. On the other hand, acetone and oil,
being non-aqueous solutions, do not impact the fading of the pigment,
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resulting in limited AE values for sample B. With the exception of the
basic solution, which exhibits notable aggressiveness, the degree of
fading appears relatively restrained in sample BC and in sample BCU.
This can be attributed partly to their initially lighter color and also to the
inert nature of both the reinforcing filler and the UV absorber upon
contact with aqueous solutions, thereby mitigating the overall deterio-
ration caused by the test liquids. Nonetheless, it is evident that both
sample BC and sample BCU still undergo discernible aesthetic alter-
ations, falling within color fading categories 3-4 [96]. Moreover, the
different solutions induce varying degrees of change in gloss (Fig. 13b),
resulting in either reductions or increases (as observed with olive oil) in
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Fig. 13. Change in a) color and b) evolution of the gloss of the samples following the liquid resistance test.

the reflectance values of the coatings. Particularly, acetone notably di-
minishes the brightness of the samples, directly impacting the degra-
dation of the acrylic matrix of the coating (see sample REF).

Hence, contact with diverse solutions yields consequences that are
not always trivial in terms of aesthetics. Clearly, a crucial factor in this
regard is closely linked to the barrier effect of the coating itself, which
correlates with its level of hydrophobicity. Therefore, to assess the
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influence of the various additives in this regard, the samples underwent
contact angle measurements. The images in Fig. 14 depict an example of
a droplet created for a single series of samples. Additionally, the images
display the average contact angle value, obtained from 10 measure-
ments per sample. Over the first 60-s period after their deposition, the
contact angle of the drops on all samples decreased by an average of
about 2°, indicating slight absorption phenomena by the coatings. After
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Fig. 14. Optical micrographs illustrating the contact angle measurements conducted with demineralized water for a) sample REF, b) sample B, c) sample BC, and d)

sample BCU.

reaching 60 s, there was a stabilization in the evolution of the contact
angles, revealing the true behavior of the samples. The results align with
the findings of the roughness measurements: the contact angle increases
proportionally with the surface roughness, as depicted in Fig. 3b. The
diminished wettability observed in sample BC and in sample BCU is not
attributed to specific hydrophobic characteristics of the composite filler
or the UV absorber. Rather, numerous studies in the literature have
underscored the correlation between surface roughness and the hydro-
phobicity of surfaces [97,98]. Ultimately, it can be concluded that the
reinforcing filler does not compromise the barrier function of the
coating; instead, it enhances its hydrophobic properties through a sig-
nificant increase in surface roughness. However, it would be inaccurate
to characterize sample BC and sample BCU as having hydrophobic sur-
faces, as their contact angle values remain relatively low [99]. Indeed,
the earlier water uptake test demonstrated similar barrier behavior
across the four series of samples.

Therefore, ultimately, the additives do not appear to compromise the
barrier properties of the coating. However, in some instances, they do
decrease its wettability, owing to significant alterations in surface
texture. Nevertheless, the issue persists regarding the high susceptibility
of the beetroot pigment’s color to fading upon contact with aqueous
solutions. This aspect does not recommend its usage in paints that might
encounter high humidity environments.

4. Conclusions

This research investigates the combined impact of a bio-based
pigment extracted from red beetroot, a composite reinforcing filler,
and a UV absorber when used as additives in wood paints. SEM analyses
have revealed that the additives do not introduce flaws in the coating
but they substantially alter both its color and gloss. Indeed, the pigment
induces a color change of approximately 45 units, whereas the multi-
functional filler leads to a threefold increase in surface roughness. Thus,
the synergy among the three additives must be deliberately tailored
based on the desired aesthetic outcome for the coating.

On the other hand, while the functional filler added to the paint to
enhance its mechanical properties does not notably elevate the coating’s
hardness, it does significantly enhance its resistance to abrasion. This is

14

evidenced by a reduction of approximately 29 % in the mass removed
due to the Taber test after 3000 cycles. This phenomenon is linked to the
low friction coefficient of the PTFE component within the composite
filler, which effectively diminishes material removal processes under
shear stress.

The UV absorber fulfills its intended role, which is to enhance the
color consistency of the bio-based pigment when exposed to solar ra-
diation. Specifically, the BCU sample demonstrates a decreased E color
change after 48 h of exposure in a UV-B chamber, dropping from
approximately 15 units in sample B to only 5.

In conclusion, the diverse liquid resistance tests have demonstrated
that the three additives do not adversely affect the barrier properties of
the coating. Nevertheless, the composite filler leads to a minor reduction
in wettability due to notable changes in the surface texture of the
coating. Nonetheless, the notable propensity of the pigment to fade upon
contact with aqueous solutions poses a significant concern, particularly
in the application of this specific bio-based additive in outdoor paint
formulations.

Ultimately, the array of tests conducted has showcased how each of
the three additives fulfills a distinct function, and their combined utili-
zation in sample BCU yields multiple advantages. These include vibrant
color retention even after exposure to UV radiation and enhanced me-
chanical durability of the coating. Thus, the study underscores the
critical challenges associated with using natural pigments, which often
face issues with chromatic consistency due to external factors like light,
oxygen, and temperature. However, this research proposes a potential
solution to these challenges by employing UV absorbers, which have
been extensively studied and refined at an industrial level. These UV
absorbers can enhance the chromatic durability of the pigment without
compromising the protective properties of the coating. Additionally, the
strategic use of an innovative composite filler enhances the mechanical
properties of the coating without compromising its aesthetics, demon-
strating good compatibility with the bio-based pigment. However,
future research should focus on exploring more environmentally-
friendly alternatives to additives containing PTFE.
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