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Abstract: This study aims to assess the functionality of a bio-derived additive, comprising rice bran
wax infused with green tea, as an environmentally sustainable and adaptable pigment for wood
coatings. Additionally, the effectiveness of the bio-based additive, in conjunction with a specialized
UV absorber to enhance color consistency under harsh conditions, was examined. Aesthetic impact
was analyzed through evaluations of color, gloss, and surface roughness. Moreover, the stability of
the wax-based powder in aggressive environments was characterized by subjecting samples to UV-
B and climatic chamber exposure. The barrier properties of the additive were investigated using a
water uptake test and contact angle measurements, while liquid resistance tests were conducted to
gauge its efficacy. Lastly, the protective role of the bio-based additive was analyzed through scrub
tests and surface analysis using scanning electron microscopy. Findings underscored the versatility
of the green additive as a multifunctional pigment, offering not only color enhancement but also
robust protective capabilities. Its unique combination of color, mattifying effect, barrier enhance-
ment, and protective function position it as an attractive bio-based additive for wood coatings with
functional applications.
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1. Introduction

The wood coatings industry is currently prioritizing the tenets of the closed-loop
economy, focusing on reducing waste by utilizing natural resources and repurposing ma-
terials that were once considered industrial waste [1]. Recent research highlights signifi-
cant efforts by both researchers and industry professionals to develop innovative, eco-
friendly wood protection methods using advanced technologies and sustainable materials
[2]. This involves exploring bio-based organic matrices for environmentally friendly pro-
tective coatings, incorporating sustainable fillers and additives, and utilizing the proper-
ties of natural pigments and dyes [3].

Vegetable oils and their derivatives are emerging as promising alternatives for coating
matrices, potentially replacing conventional polymeric ones [4]. These oils offer additional
benefits such as antibacterial and antifungal properties [5,6], hydrophobic characteristics [7],
self-cleaning abilities [8], and UV protection [9]. Similarly, natural biopolymers like chitosan,
alginate, and cellulose are viable options [10]. The preservatives and impregnators industry is
also shifting towards bio-based materials sourced from plants [11-13] and vegetables [14-16]
to combat harmful fungi affecting wood [17-19].

A key area of interest is the use of bio-based fillers and protective additives in wood
coatings, which can be customized to enhance weather resistance, as seen with materials
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like hemp-based biocarbon [20], lignin [21], and tannin [22]. These additives also strengthen
eco-friendly coatings, with cellulose derivatives showing strong potential [23-25]. Addition-
ally, many natural fillers have notable antimicrobial properties, including extracts from coffee
[26], propolis [27], and essential oils [28]. Another growing focus is the use of alternative and
eco-friendly pigments and dyes. The wood paint industry is increasingly creating coatings
with vibrant colors [29] for unique and appealing aesthetics [30,31]. For example, the coloring
potential of natural pigments from sources like spirulina [32,33], turmeric [34], and wood
waste [35] is being explored, along with microbial pigments [36,37] that offer greater function-
ality and sustainability compared to traditional methods.

Given these considerations, this study seeks to assess the application of a composite
additive for wood paints, characterized as bio-based, which integrates both protective and
aesthetic attributes. This additive consists of ultrafine rice bran wax powder infused with
green tea.

Previous research has explored the functional properties of rice bran wax powders
as bio-based fillers for wood coatings, revealing their outstanding effectiveness in improv-
ing the surface’s hydrophobic properties and reinforcing the coatings” mechanical dura-
bility [34]. Rice bran wax qualifies as a green additive since it is a natural wax derived from
the husk or bran of rice (Oryza sativa), a by-product of rice production. Rice bran is exten-
sively grown and processed globally as a major food crop [38]. The wax is extracted during
the refining of rice bran oil [39,40] through a dewaxing process that encompasses phases
such as gum removal, acid reduction, color stripping, odor elimination, and cold stabili-
zation [40,41]. Owing to its inherent hydrophobic properties, rice bran wax appears to be
a plentiful and economical bio-based filler, augmenting the protective capabilities of or-
ganic coatings. Recent research indicates that the low surface free energy of wax [42,43]
can markedly improve the hydrophobic characteristics of wood [44]. Green tea, on the
other hand, is sourced from the leaves of Camellia sinensis, a species in the Theaceae family.
It is grown in no fewer than 30 nations worldwide [45]. Because of its unique hue, antimi-
crobial properties, and antioxidant activity, green tea extracts are commonly used in skin-
care and cosmetic products [46-48].

Consequently, the company Micro Powders (Tarrytown, NY, USA) has combined the
two bio-based materials, namely rice bran wax and green tea extracts, to develop a powder
specifically designed for color cosmetics applications, called Naturesoft® 880GT.

Thus, this study assesses the efficacy of this green additive in enhancing the properties of
wood coatings, while also considering the aesthetic enhancements introduced by the tea ex-
tract. However, due to the potential for the natural green color of the product to fade when
exposed to light, the research also involves applying the filler in conjunction with a dedicated
UV absorber, called Uwasorb® S130, to prolong the aesthetic durability of the green additive.
This particular additive has been subject to extensive research as a protective element in both
organic [49,50] and hybrid [51] coatings, frequently in combination with amine light stabilizers
[52]. Furthermore, its effectiveness as a protective agent for wood coatings has been previously
validated [53]. Ultimately, the objective of the study is to underscore the potential applicability
of green additives, originally intended for other applications, as viable bio-based reinforcing
and coloring materials, aligning with the environmentally conscious principles of the wood
paint sector. This study shows that rice wax is not merely an industrial byproduct but a ver-
satile additive with the potential to enhance the protective qualities of organic wood coatings.
Furthermore, incorporating green tea into the wax adds aesthetic appeal, transforming it into
an effective high-performance pigment.

2. Materials and Methods
2.1. Materials

The composite filler Naturesoft® 880GT, provided by Micro Powders (Tarrytown, NY,
USA), was used in its original form. The additive is a powder with a sage green hue, de-
rived from Oryza sativa (rice) bran wax combined with Camellia sinensis leaf extract. Its
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granules are irregularly shaped and typically range in size from 6.0 to 10.0 um, with a
density of 0.96 g/cc and a melting point ranging from 82 to 86 °C. Uwvasorb® 5130, supplied
by 3V Sigma (Bergamo, Italy), was used as received. This liquid UV absorber, which
ranges in color from yellow to brownish, consists of 3-[3-(2-H-Benzotriazole-2-yl)-4-hy-
droxy-5-tert-butylphenyl]-propionic acid-poly(ethylene glycol) 300-ester + Bis[(3-[3-(2-H-
Benzotriazole-2-yl)-4-hydroxy-5-tert-butylphenyl]-propionic acid]-poly(ethylene glycol)
300-ester. The additive has a boiling point of 166 °C and a density of 1.17 g/cc. Poplar
wood panels, sized 150 x 150 x 2 mm?, were acquired from Cimadom Legnami (Lavis, TN,
Italy). These panels exhibit a density ranging from 0.40 to 0.42 g/cm? and a moisture content
varying between 6% and 9%. Poplar plywood, selected as the substrate for applying paint,
is esteemed for its superior quality compared to other panel materials [54]. Its exceptionally
sleek surface makes it suitable for painting, laminating, or veneering [55]. Additionally, its
remarkable ease of fabrication, notably its reputation for effortless cutting, sanding, or
screwing, positions it as the preferred material for creating diverse samples intended for a
broad range of characterization tests. Lastly, the water-based acrylic paint, named TECH20,
was provided by ICA Group (Civitanova Marche, AN, Italy). Formulated from materials
obtained from sustainable and renewable sources, this paint has a density ranging from 1.01
to 1.18 g/mL and a viscosity of 50 to 60 s as measured by the Ford Viscosity Cup 5.

2.2. Samples Fabrication

The production of samples started with the poplar wood panels undergoing initial
preparation using 320 grit abrasive paper to eliminate any exposed fibers and achieve a
notably polished surface, enhancing the adherence of the coating and preventing the for-
mation of imperfections. Subsequently, the coatings were applied through spray applica-
tion, following the instructions provided by the manufacturer. Specifically, a material rate
of 100 g/m? was applied under a pressure of 3 bar.

The research encompasses the characterization of four distinct series of samples, the
compositions of which are outlined in Table 1. Two varying amounts of the bio-based ad-
ditive were incorporated into the clear paint to assess their effects on aesthetics and func-
tionality, particularly focusing on barrier and abrasion resistance properties. Specifically,
concentrations of 5 wt.% and 10 wt.% were examined and selected based on preliminary
tests to achieve the desired color in the coating. Consequently, samples G5 and G10 were
produced, respectively. Given the manufacturer’s caution regarding potential color deg-
radation of the bio-based filler upon light exposure, sample G10U incorporated not only
10 wt.% of Naturesoft® 880GT but also 3 wt.% of UV absorber Uvasorb® S130. The amount
of UV absorber was determined based on preliminary tests performed in previous litera-
ture studies [56]. Ultimately, the effectiveness of these three groups of composite coatings
was evaluated in comparison to the behavior exhibited by sample GO, which utilized
transparent acrylic paint without any additives. This sample GO thus acts as a reference
point, aiding in the better understanding and evaluation of the contributions provided by
the bio-based filler and the UV absorber.

Table 1. Composition of samples with corresponding nomenclature.

Samples Nomenclature Additives Incorporated into the Paint Formulation
GO /
G5 5 wt.% Naturesoft® 880GT
G10 10 wt.% Naturesoft® 880GT
G10U 10 wt.% Naturesoft® 880GT + 3 wt.% Uvasorb® 5130

To achieve consistent dispersion of the different additives within the paint, each so-
lution underwent mechanical blending for 30 min prior to application on the wooden sub-
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strate. This mixing process ensured a uniform distribution of the components in the solu-
tion, preventing any instances of settling or uneven distribution. The coating production
involved spraying the first layer and allowing it to cure at room temperature for 4 h. Fol-
lowing this, a second layer was applied to achieve a final compact coating with a thickness
of approximately 100 pm.

2.3. Characterization

Initially, the morphology of the bio-based additive derived from rice bran wax was
examined using a low vacuum scanning electron microscope (SEM JEOL IT 300, JEOL,
Akishima, Tokyo, Japan). The analyses were conducted using an acceleration voltage of
15.0 kV and operating at a working distance (WD) of 10.0 mm. Furthermore, energy-dis-
persive X-ray spectroscopy (EDXS, Bruker, Billerica, MA, USA) was employed to analyze
its chemical composition. Additionally, SEM was employed to examine cross-sections of
the coatings, offering insights into how various additives and their concentrations impact
the structure of the composite layers. To assess the visual characteristics of the coatings
and illustrate the influence of additives on their overall appearance, colorimetric analyses
were conducted using a Konica Minolta CM-2600d spectrophotometer (Konica Minolta,
Tokyo, Japan) with a D65/10° illuminant/observer configuration in SCI mode. Gloss meas-
urements following the ASTM D523/14 standard [57] were performed using an Erichsen
503 instrument from Erichsen Co.Fo.Me.Gra Instruments (Milan, Italy). A total of 9 assess-
ments of color and gloss were performed on 3 samples per series, with 3 measurements
per sample. Furthermore, the aesthetic influence of the additives was evaluated through
surface texture analyses of the coatings using the MarSurf PS1 mobile surface roughness
measurement device (Carl Mahr Holding, Gottingen, Germany).

To assess the long-term aesthetic performance of the bio-based additive under harsh
conditions and the protective efficacy of the UV absorber, samples underwent accelerated
degradation tests in a UV chamber for 48 h. The UV chamber used was a UV173 Box
Co.Fo.Me.Gra (Co.Fo.Me.Gra, Milan, Italy), following ASTM D4587-11 standard proce-
dures [58]. This includes exposure to UV-B radiation (313 nm) at 60 °C. During the expo-
sure period, colorimetric and gloss analyses were conducted to assess the coatings’ visual
uniformity and investigate the influence of various additives.

Likewise, the heat resistance of the paint was tested by analyzing the color and gloss
changes in the samples exposed to severe thermal variations simulated using the climatic
chamber ACS DM340 (Angelantoni Test Technologies, Perugia, Italy). The exposure test
followed the UNI 9429 standard [59] and involved 15 cycles, each consisting of:

e 4 hat+50 °C and relative humidity below 30%;
e 4hat-20°C;
e 16 h at room temperature.

To prevent moisture absorption by the poplar wood substrate, silicone was applied
to seal the five untreated sides of the 40 x 40 x 2 mm? samples. This sealing procedure was
conducted before the experiments to maintain the integrity of the wood substrate.

The impact of additives on the barrier properties of the coatings was initially evalu-
ated using a liquid water absorption test, conducted following the EN 927-5:2007 standard
[60]. Five uncoated surfaces of 40 x 40 x 2 mm? poplar wood panels were effectively sealed
with silicone to prevent water absorption into the wood substrate. Prior to testing, the samples
were conditioned at 65% relative humidity and 20 °C. They were subsequently immersed in a
container filled with water, and the amount of moisture absorbed, measured in grams per
square meter (g/m?), was recorded at intervals of 6, 24, 48, 72, and 96 h. Three samples per
series were included in the test. Additionally, the visual appearance of the samples was
tracked during the test using colorimetric measurements and gloss analysis.
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In a similar manner, the test for resistance to cold liquids was performed to assess
how well the coatings could endure exposure to different chemical substances, in accord-
ance with the UNI EN 12,720 standard [61]. For this examination, filter paper (weighing
90 g/m?) was immersed in separate solutions containing 15% sodium chloride, pure ace-
tone, olive oil, and coffee. Additionally, the coatings’ ability to resist acidic and alkaline
conditions was evaluated using solutions adjusted to pH levels of 1 and 14, respectively,
achieved with concentrated hydrochloric acid (HCI) and sodium hydroxide (NaOH).
These soaked filter papers were placed on the coating surface under a glass cover for a 24
h duration. Subsequently, the glass cover and filter paper were removed, and any residual
liquid on the coating surface was meticulously wiped off. Color and gloss assessments
were carried out concurrently with both the liquid water absorption test and the cold lig-
uid resistance test to evaluate the coatings’ aesthetic uniformity.

In conjunction with these examinations, contact angle assessments were executed accord-
ing to the ASTM D7334-08 standard [62] to analyze how different additives affect the coating’s
ability to repel water. Large-scale images were taken using a Nikon 60 mm lens with an aper-
ture set to /2.8 (Nikon Instruments Europe, Amstelveen, The Netherlands). Contact angle
measurements were performed using the NIS-Elements Microscope Imaging software, specif-
ically Windows Version 4.30.01. Droplets of demineralized water (5 uL) were dispensed from
a syringe, released from 2 cm above the surface. After resting on the coating for 60 s, each
droplet was captured in a photograph, and the wetting angle was determined using the im-
aging software. To ensure statistical validity, 3 samples per series underwent 5 measurements
each, facilitating a thorough analysis of the coating’s surface wettability traits.

Finally, the protective capability of the bio-based filler regarding abrasion resistance was
examined using the scrub test. This experiment involved testing 5 samples per series (meas-
uring 150 x 80 x 2 mm?3) using an Elcometer 1720 Abrasion and Washability Tester (Elcometer,
Manchester, UK), following the ISO 11,998 standard [63]. The test utilized the standardized
sponge Tool 5 weighing 232 g. Importantly, unlike the conventional procedure, this test was
conducted dry, without the use of a cleaning solution. This modification aimed to prevent the
solution from penetrating the polymeric matrix and wood, potentially influencing the results.
Mass loss from the coatings was monitored after 250, 750, 1500, and 3000 cycles, with a fre-
quency of 37 cycles per minute. Furthermore, the impact of the abrasive test on the coating’s
aesthetic properties was evaluated through analysis of color, gloss, and roughness. Moreover,
SEM observations were conducted at the conclusion of the test to evaluate the impact of the
abrasive sponge on the morphology of the samples, specifically examining the role of the bio-
based additive in mitigating the abrasive process.

3. Results and Discussion
3.1. Filler and Coatings Aspect

The structural morphology of the bio-based wax additive was initially examined us-
ing SEM, as shown in Figure 1. The analysis verified the information provided in its tech-
nical data sheet, revealing that the powder is composed of granules characterized by an
irregular shape, with an average size of approximately 10 pm. This size is well-suited for
applications like additives and fillers in paints and organic coatings, where typical thick-
nesses range in the order of tens of um. The EDXS analyses, depicted in Figure Al of the
Appendix A, demonstrate the organic composition of the wax-based additive, primarily
consisting of carbon and oxygen. This suggests that the filler is devoid of any inorganic
elements or contaminants that might affect its performance.
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Figure 1. SEM micrograph of the bio-based filler, acquired in secondary electrons mode.

Thus, the additive was incorporated into the acrylic paint formulation to produce the
four series of samples detailed in Table 1, with their appearances illustrated in Figure 2a.
The additive exhibits a significant coloring effect, notably altering the appearance of the
coating to green-yellow hues. This visual effect becomes more pronounced with increas-
ing additive concentration, evident from the transition from sample G0, which is trans-
parent, to samples G5 and G10, containing 5 wt.% and 10 wt.% of wax, respectively. Sim-
ultaneously, the UV absorber included in sample G10U does not counterbalance the chro-
matic effect of the green tea-infused wax, as samples G10 and G10U exhibit identical ap-
pearances. However, to quantify and qualify the aesthetic distinctions among the four se-
ries of samples, they underwent colorimetric measurements. Figure 2b displays the values
of the three color coordinates L*, a*, and b*. In colorimetry, these coordinates represent
specific color attributes, where:

e  L*represents lightness, varying from 0 (for black objects) to 100 (for white objects);

e  The a* axis represents the red—green axis, with positive values indicating redness and
negative values indicating greenness;

e  Theb* axis represents the yellow-blue axis, where positive values indicate a tendency
towards yellowness and negative values indicate a tendency towards blueness.
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Figure 2. (a) Visual appearance of the samples, (b) respective values of the three CIE Lab coordi-
nates, and (c) variations in color AE relative to the reference sample GO.

The inclusion of the green additive results in a decrease in the L* coordinate, indicat-
ing slightly darker shades. Additionally, as the additive concentration increases, the value of
the b* coordinate rises towards yellower shades. As visually observed in Figure 2a, the simul-
taneous presence of the UV absorber in sample G10U does not yield any aesthetic impact, as
evidenced by the negligible alteration in the values of the three coordinates compared to sam-
ple G10. To emphasize the chromatic influence of the bio-based additive, the color change AE
compared to sample G0 was evaluated, and calculated according to the formula [64]:

AE = [(AL)? + (Aa*)? + (Ab*)?]V/? (1)

The values of AE for the three series of composite coatings are depicted in the graph
of Figure 2c. There is an almost proportional relationship between the additive concentra-
tion and the chromatic alteration of the coating, with AE values nearly doubling as the
wax powder infused with tea increases from 5 wt.% to 10 wt.%. Indeed, sample G5 exhib-
its a color change compared to the reference sample GO of approximately 12 units, whereas
samples G10 and G10U show a AE of approximately 20-21 points. These color change
values can be deemed substantial, particularly in light of the literature considerations,
which define color changes of 1 unit as appreciable even to the human eye [65]. The error
bars in Figure 2b,c are narrow, indicating the high reproducibility of the colorimetry meas-
urements conducted.

However, the wax-based additive also affects the texture of the coating, in addition
to its color. The bio-based powder leads to an important reduction in gloss values, as il-
lustrated in the graph in Figure 3a, indicating a pronounced opacity of the coating. Indeed,
even a 5 wt.% addition of the powder is sufficient to reduce the gloss values of the paint
from 50 to 20. This reduction is further pronounced, albeit not linearly, by doubling the
quantity of green additive. Once again, the UV absorber demonstrates no impact on the
aesthetics of the coating, without influencing the behavior of the wax-based filler. How-
ever, as reflectance values of a surface are often closely linked to its roughness values, the
samples underwent surface roughness measurements to discern whether the varied gloss
values are attributed solely to the presence of wax or to different surface textures. Figure
3b exhibits the results of these analyses. Considering that paint tends to conform to the
surface morphology of the substrate upon which it is applied, the measurements were
carried out both parallel (Ra//) and perpendicular (Ra.l) to the fibers of the wooden sub-
strate, anticipating distinctly different outcomes. Indeed, the Ral values are significantly
higher than those of Ra//, mainly due to the influence of the wooden panel’s morphology.
However, simultaneously, all four series of samples display roughness values that are
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comparable to each other, indicating that the bio-based additive does not impact the sur-
face morphology of the composite layer. This finding further confirms that the variations
in gloss values shown in Figure 3a are not a result of differing roughness in the coatings
but are solely attributed to the presence of the wax-based additive, which demonstrates
noticeable matting capability. Similarly, analogous behaviors have been previously ob-
served in the literature concerning wax-based fillers [32,34].
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Bz G10 7o
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A >
Q a 2.0
@ 2
s x S 159
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Figure 3. (a) Gloss measurements of the four series of samples and (b) surface roughness of the
coatings in parallel (Ra//) and perpendicular (Ra.l) orientations.

Ultimately, the influence of the additives on the structure of the coating was assessed
by examining the cross-section of the samples under SEM, following a brittle fracture pro-
cess carried out in liquid nitrogen. The images in Figure 4 illustrate an example of the
internal structure with a cross-section view of the four sets of samples, emphasizing the
bulk morphology of the coating. As previously described, the coatings in the four sets of
samples have comparable thicknesses, approximately 100 pm. Consequently, both the
wax powder and the UV absorber additives do not influence the deposition process or
alter the rheological properties of the paint. On the other hand, the SEM observations
highlight that the addition of the wax-based powder produces a progressive structural modi-
fication of the layer, where the bulk appears significantly more intricate due to the presence of
various extraneous bodies such as the granules of the green additive. Sample G10 in Figure 4c,
in fact, demonstrates how the brittle fracture process leads to the release of many of these
granules, resulting in a fracture surface that is not linear, akin to sample GO (Figure 4a), but
notably jagged. This phenomenon underscores and emphasizes that substantial amounts of
additives can notably modify the internal structure of the coating. This aspect can be critical in
some cases, leading, for example, to enhanced absorption of aggressive ions and diminished
barrier properties of the composite layer due to a weak interface between the matrix and ad-
ditive. Consequently, these features will be duly considered in subsequent tests pertaining to
the barrier performance of the four series of coatings.
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Figure 4. SEM micrographs of the cross-section of (a) sample GO, (b) sample G5, (c) sample G10, and
(d) sample G10U.
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In conclusion, the bio-based additive demonstrates commendable coloring power,
thereby serving as an eco-sustainable pigment. Additionally, while not affecting the sur-
face morphology of the coating, the wax component of the additive imparts a significant
matting effect, which substantially alters the aesthetics and reflectance of the paint. More-
over, the additive appears to markedly modify the structure of the composite layer, ne-
cessitating thorough analyses of the barrier properties of the final coating upon its appli-
cation. Lastly, the UV absorber appears to have no discernible influence on the aesthetic
characteristics of the coatings, making it suitable for use as a functional additive without
compromising the coloring properties of the tea-infused wax powders.

3.2. Aesthetic Durability of the Additive in Challenging Environments

Because tea extract’s color durability is sensitive to outdoor environmental factors [66,67],
the samples underwent characterization tests in harsh conditions. Figure 5 illustrates the ob-
servable aesthetic alterations of the coatings after exposure to UV-B radiation. Figure 5a de-
picts the progression of gloss values throughout the test, while Figure 5b accentuates altera-
tions in color. Additionally, both graphs feature curves representing the untreated wood sub-
strate, serving as a benchmark material for comparison. The narrow error bars once again af-
firm the reproducibility of both the gloss and colorimetry measurements conducted. Exposing
the samples to a UV-B chamber results in noticeable aesthetic alterations. The reflectance prop-
erties of pure acrylic paint tend to diminish, as demonstrated by the gloss curve of the GO
sample. This behavior, consistent with previous research [68,69], is attributed to photodecay
phenomena affecting the resin. Conversely, the samples incorporating the bio-based additive
exhibit minimal changes in texture, as the wax promptly imparts opaque characteristics onto
the composite coating. Furthermore, all four series of coatings, along with the wood substrate,
exhibit a distinct color change represented by AE (Figure 5b). Poplar wood, in particular,
demonstrates significant color alteration, attributed to photooxidation processes and degra-
dation of cellulose, hemicellulose, and lignin [70-72]. The gradual increase in AE values ob-
served in sample GO is attributed to a slight degradation of the wooden substrate [73], not
entirely shielded by the transparent coating. This phenomenon has been previously docu-
mented in a study [74], highlighting the inability of paints to entirely mitigate photooxidation
effects in wood, especially evident when the coating is transparent. Concurrently, samples
containing the green additive display noticeable color changes, with the degree correlating to
the concentration of wax-based powder. This indicates that UV-B radiation triggers aesthetic
degradation of the bio-based additive. The extent of these chromatic variations is mitigated to
some degree by the UV absorber in sample G10U, resulting in lower AE values compared to
sample G10. However, it is important to note that the chromatic degradation in sample G10U
is still significant, albeit reduced. The UV absorber’s impact is notable during the initial hours
of exposure; however, as the test progresses, its effectiveness diminishes due to the aggressive
nature of the conditions, rendering the protective component ineffective.

=— \Wood 25.] =— Wood
G0 { G0
G5 % G5
G10 20 - G10
G10U T G10U
w 154 +
] /
°
S 5]
5
-— R -
T T T T T T T T T 0 T T T T T T T T
0 [ 12 18 24 0 36 42 48 0 5 12 18 24 30 36 42 48
Exposure time (h) Exposure time (h)
(a) (b)

Figure 5. Evolution of (a) gloss and (b) color during the UV-B chamber exposure test.
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To underscore the deterioration of the wax-based additive infused with green tea, the
same powder underwent the accelerated degradation test. Figure 6 illustrates the visual
changes in the additive before (left) and after (right) 48 h of exposure in the UV-B chamber.
The images clearly depict a significant transformation in the appearance of the additive,
with the majority of the green—yellow component from the tea extract almost completely
faded. Additionally, the temperature within the chamber (60 °C) causes partial melting of
the wax-based powder. Indeed, while rice bran wax has previously shown resilience to
UV-B radiation [34], various components of green tea are notably susceptible to decay.
Green tea consists of 30-42% polyphenols [75], primarily catechins [76], which are partic-
ularly prone to degradation when exposed to light and temperature [77].
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Figure 6. Bio-based additive aspect before and after the UV-B chamber exposure test.

Therefore, given the observed significant degradation of the bio-based additive, it
becomes evident why the coatings G5, G10, and G10U exhibit distinct color changes as
depicted in Figure 5b. Specifically, Figure 7 illustrates the progression of individual color
coordinates of the samples during the accelerated degradation test. The loss of the green
tea color within the composite additive leads to an increase in the brightness of the com-
posite coatings, as demonstrated by the L* graph (Figure 7a). Simultaneously, the initial
green hue (indicated by negative values of a* in Figure 7b) tends to cancel out, along with
a reduction in the yellow component (Figure 7c). The inverse trends observed in the three
coordinates of sample GO compared to those of the three composite samples further un-
derscore that the color loss in the coatings is primarily attributed to the degradation of the
green component of the bio-based additive.
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Figure 7. Evolution of the values of the specific CIE Lab coordinates (a) L*, (b) a*, and (c) b* during
the UV-B chamber exposure test.

Hence, the coloring element of the bio-based additive, such as the infusion of green
tea, emerges as a crucial factor that may constrain its use in paints intended for outdoor
use, exposed directly to solar radiation.

Nevertheless, temperature also holds significant degrading potential. Therefore, the
samples underwent specific thermal cycles in a climatic chamber to further explore this
aspect. As per UNI 9429 standard practice, whitening phenomena and crack development
are pivotal factors in assessing the durability of coatings exposed to environments with
pronounced thermal fluctuations [59]. Hence, the samples underwent colorimetric meas-
urements during the test, and at the conclusion of the experiment, their surfaces were
scrutinized under an optical microscope to assess the presence of possible defects. Figure
8a illustrates the progression of color change in the different samples during the test. With
the exception of the wooden panel, the four coated samples exhibit AE values that plateau
below unity, and are hence considered almost negligible and not visually perceptible.
These values are slightly higher in the presence of the bio-based additive, suggesting that
its colored component may experience minor effects from temperature changes [67], albeit
in residual quantities. Indeed, the examination of the trends in the values of a* in Figure
8b and b* in Figure 8c does not reveal any pronounced whitening phenomena in the coat-
ings. Only a* is directed towards neutral values (0), but it does not indicate the complete
loss of the coloring components of the pigment.
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Figure 8. Change in (a) color, (b) coordinate a*, and (c) coordinate b* of the samples during the
climatic chamber test.

Similarly, the surfaces of the samples do not exhibit specific defects induced by ther-
mal changes, such as cracks, as demonstrated by the images in Figure 9. These images
were captured using an optical microscope equipped with a polarizing filter at 4x magni-
fication, as recommended by the standard, and at higher magnifications, such as 15x
(shown on the right side of the images). No critical issues were observed at any magnifi-
cation. Indeed, the images underscore the morphological contribution of the wax-based
additive in mitigating surface reflectance phenomena of the coating, as previously eluci-
dated and demonstrated by the analyses in Figure 3a.
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Figure 9. Optical micrographs of (a) sample GO, (b) sample G5, (c) sample G10, and (d) sample G10U
acquired after the climatic chamber test at 4x (on the left) and 15x (on the right) magnification.

Hence, taking into account the parameters and categories delineating the extent of
whitening and defects outlined in Table 2, as per the reference standard [59], all series of
samples manifest category 0 for both phenomena. This signifies the absence of whitening
and cracks across the samples. This finding emphasizes that the samples remain largely
unaffected by thermal changes, as they do not experience notable decay. Moreover, the
thermal variations do not induce aesthetic degradation of the bio-based additive. Addi-
tionally, the wax-based powder infused with green tea does not promote crack formation,
demonstrating its good compatibility with the acrylic coating matrix.

Table 2. Classification of whitening phenomena and crack development observed during the cli-
matic chamber exposure test.

Category Whitening Phenomena Crack Development
0 No whitening No alterations
1 Light whitening ~ Defects perceptible solely with a 4x optical system
2 Intense whitening Visible fissures

Ultimately, direct exposure to UV-B radiation poses considerable challenges for the
bio-based additive, resulting in significant degradation of its colored component. Conse-
quently, this results in avoidable aesthetic alterations to the coatings, warranting caution
against outdoor application, even with the presence of the UV absorber, whose protective
effect is limited. However, temperature fluctuations do not pose significant issues for the
coatings, as they retain their aesthetic characteristics and physical integrity.

3.3. Effect of the Filler on the Barrier Properties of the Coatings

The inherent water-resistant properties of wax-based additives [78], along with their
hydrophobic characteristics [79], are acknowledged for their effectiveness in reducing the
absorption of aqueous solutions within wood coatings [32,34,80,81]. Hence, the samples
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underwent water uptake tests to validate the protective efficacy of the wax-based additive.
Figure 10 illustrates the progression of water absorption by the samples during the test,
with the poplar wood panel serving as a reference to underscore the barrier function of
the various coatings. Indeed, the amount of solution absorbed by the wood panel is sig-
nificantly higher than that observed in the four series of coated samples. The coated sam-
ples exhibit a gradual absorption, which decreases slowly over time, indicating a potential
saturation of the protective layers. Simultaneously, there is a noticeable distinction in be-
havior between sample GO and the three samples containing the wax-based additive. The
latter exhibits superior barrier characteristics, evidenced by a reduced amount of water
uptake. Additionally, samples G5 and G10 demonstrate comparable outcomes, indicating
that 5 wt.% of wax-based additive is adequate to significantly enhance the barrier proper-
ties of the acrylic coating. Indeed, at the conclusion of the test, sample G5 demonstrated a
decrease in water uptake of approximately 25% compared to sample GO. The error bars
show remarkably tight values, indicating a high degree of consistency in the results. Sim-
ilar findings were previously emphasized in a prior study [34], reaffirming the excellent
barrier properties of rice bran wax.
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Figure 10. Water uptake evolution during the test.

Indeed, the decreased water absorption not only enhances the barrier properties but also
contributes to the improved aesthetic integrity of the coating. As depicted in the graphs in
Figure 11, the three series of composite coatings exhibit minimal color change (Figure 11a) and
reflectance characteristics (Figure 11b), which remain largely unaffected by the water uptake
test. The heightened absorption of solution in the pure acrylic matrix coating (sample GO) cor-
relates with a noticeable color change and a decrease in the surface’s reflectance properties.
The substantial presence of the bio-based additive powder within the bulk of the coating of
sample G10, as observed in Figure 4, initially raised concerns about the potential percolation
phenomena of aggressive solutions at the interface with the coating matrix. However, these
results demonstrate the excellent compatibility of the additive with the acrylic resin, as previ-
ously confirmed by the exposure test in a climatic chamber.
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Figure 11. Change in (a) color and (b) gloss due to the water uptake test.
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Nevertheless, to better assess the superficial effects of contact with aggressive solu-
tions, the samples underwent resistance tests to cold liquids. The results are depicted in
Figure 12, showcasing the change in color (Figure 12a) and gloss (Figure 12b). The stand-
ard deviation values indicate good reproducibility of the measurements and stable behav-
ior of the samples. According to the reference table of the standard [82], all samples exhibit
excellent results, with color fading levels classified as 0-1, indicating either absent or min-
imal discoloration. Aside from contact with coffee, the coatings containing the green ad-
ditive consistently display a slight rise in color change compared to sample GO0. This is
probably because tea extract is prone to discoloration when exposed for an extended pe-
riod (96 h) to both aqueous and non-aqueous solutions, particularly under extreme pH
conditions [77], such as those tested in this experiment (pH 1 and pH 14). Despite the tea-
based additive component’s susceptibility, the samples exhibited favorable behavior, in-
cluding in terms of gloss (Figure 12b). With the exception of olive oil, which tends to en-
hance the reflectance of the composite coatings, counteracting the mattifying effect of the
wayx, the three series of samples G5, G10, and G10U demonstrated minimal variations in
gloss, certainly lower than those observed in sample GO.
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Figure 12. Change in (a) coloration and (b) development of gloss of the samples after the liquid
resistance test.
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Finally, to evaluate the hydrophobic contribution of the wax-based additive, the samples
were subjected to contact angle measurements. Table 3 presents the findings, emphasizing a
distinct effect brought about by the bio-based additive. Specifically, the inclusion of the wax-
based powder leads to a gradual increase in contact angle values. The addition of 5 wt.% and
10 wt.% of the additive results in approximately 8° and 12° increases in angle, respectively,
thereby enhancing the hydrophobic characteristics of the rice bran wax. Previous studies in
the literature have linked hydrophobic-hydrophilic traits to surface roughness levels [83,84].
Nonetheless, examination of Figure 3b reveals consistent surface morphology across all four
sample series. Thus, the significant contact angle disparities observed in samples G5 and G10
are solely attributed to the hydrophobic nature of the wax, a trait extensively established in
prior research [34,79]. Moreover, the outcome exhibited by sample G10U warrants particular
attention as it aligns closely with that of sample G10. This similarity underscores the signifi-
cant role played by the UV absorber, demonstrating its capacity to positively impact the coat-
ing without adversely affecting other properties. Indeed, it confirms that the UV absorber does
not compromise the functional characteristics of the wax-based additive, ensuring the preser-
vation of its functional features. Nevertheless, given the relatively low contact angle values
observed across all four series of samples, it becomes challenging to definitively attribute hy-
drophobic properties to their surfaces [85]. Nonetheless, it is crucial not to underestimate the
significant impact of the green additive, which demonstrates the capability to notably elevate
the contact angle.
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Table 3. Results of the contact angle measurements (0).

Sample o ()
GO 51.6+22
G5 599+29

G10 63.4+3.2
G10U 61.8 +3.5

In summary, the tests conducted underscored the effective barrier function of the
coatings, which is bolstered by the inclusion of the green wax-based additive. This addi-
tive plays a crucial role in minimizing water absorption, thus maintaining the chromatic
and aesthetic integrity of the composite layer even after prolonged exposure to harsh sub-
stances. While the surfaces may not exhibit purely hydrophobic properties, the protective
efficacy of the bio-based additive remains clear, and its performance is unaffected by the
simultaneous presence of the UV absorber.

3.4. Effect of the Filler on the Abrasion Resistance Properties of the Coatings

The effect of the wax-based additive on abrasion resistance properties was assessed using
a scrub test, with results depicted in Figure 13. The graph shows the evolution of the loss in
coating mass per unit area, defined as L, and calculated according to the formula:

L = (mo - mn)/A ()

where mo and mn represent the weight of the sample before the test and after the nth cycle
of scrubbing, respectively, while A denotes the surface area affected by the abrasion
caused by the movement of the abrasive sponge.

Since the test simulates mild scrubbing processes like repetitive surface cleaning ra-
ther than aggressive abrasion, initial distinctions among sample results become discerni-
ble only after the first 250 cycles, gradually magnifying as the test progresses. Indeed, it is
evident that the mass lost during the test by sample GO consistently exceeds that of the
three composite coatings. This outcome underscores the effective protective function pro-
vided by the wax-based filler. By the conclusion of the test, the enhancement achieved by
the 5 wt.% and 10 wt.% of wax, in terms of reducing mass loss compared to the reference
sample GO0, equated to about 13% and 19%, respectively. Similar findings have been pre-
viously documented in studies examining the protective function of wax-based fillers in
wood paints [32,34]. However, other literature on the utilization of bio-based additives
has not consistently exhibited such reinforcing effects. For instance, polyamide 11 pow-
ders show less conspicuous contributions [68], while cellulose fibers may even diminish
protective performances due to agglomeration issues of the additive [35]. Consequently,
wax-based powders emerge as promising reinforcing fillers [86], often showcasing supe-
rior protective performances compared to other bio-based additives for wood paints avail-
able in the market [3]. In conclusion, the UV absorber does not demonstrate any notable
impact on abrasion resistance. The performance of sample G10U remains comparable to
that of samples G5 and G10, indicating that the presence of the UV absorber does not
significantly alter the abrasion resistance properties observed in the coatings.
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Figure 13. Evolution of the mass loss per unit area L during the scrub test.

Certainly, the abrasive processes can impact the aesthetic qualities of the coatings.
Therefore, the color and gloss consistency of the samples were monitored throughout the
scrub test. Figure 14a illustrates the progression of color change in the samples. Given the
notably low values observed, it can be concluded that the abrasive phenomenon does not
significantly influence the color of the bio-based additive, which retains its green—yellow
hue consistently throughout the test. The abrasive process does indeed influence the re-
flectance properties, as evidenced by the graph depicting the evolution of gloss in Figure
14b. The acrylic matrix experiences a reduction in reflectance (as observed in sample G0),
whereas the composite coatings demonstrate a slight increase in gloss throughout the
abrasive test. This phenomenon is less pronounced in samples G10 and G10U, where the
high concentration of wax-based filler maintains strong opacity, thereby mitigating the
effects on gloss. These phenomena can be elucidated by the morphological changes in-
duced by the abrasion process of the scrub sponge, as indicated by the surface roughness
measurements depicted in Figure 14c. The graph illustrates the progression of roughness
values both parallel (Ra//) and perpendicular (Ral) to the fibers of the wooden substrate.
The roughness values parallel to the substrate fibers (Ra//) remain consistent throughout
the test, as the abrasive sponge moves in the same direction as the fibers. Consequently,
its movement does not induce significant morphological defects in this direction. Con-
versely, the values of Ral are partially altered due to the rubbing action of the abrasive
sponge. This phenomenon is notably evident in sample G0, where the values of Ral un-
dergo a substantial increase during the test, indicating significant morphological altera-
tions. In contrast, this effect is less pronounced in coatings containing the bio-based filler,
and in some instances, there is even a reduction in roughness, suggesting a smoothing or
“flattening” of the surface. Hence, apart from the increased material loss, the abrasive pro-
cess also induces significant changes in the surface morphology of the acrylic matrix. Both
of these phenomena appear to be effectively mitigated by the wax-based additive.
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Figure 14. Evolution of (a) color, (b) gloss, and (c) roughness (longitudinal//and perpendicular 1)
during the scrub test.

To further scrutinize the protective contribution of the filler, the samples were subse-
quently examined under scanning electron microscopy (SEM) at the conclusion of the test.
Figure 15 displays the surface appearance of the coatings after undergoing 3000 scrub test
cycles. The images vividly depict a distinct morphological contrast between sample GO
and the three composite coatings. Sample GO appears significantly impacted by the abra-
sion process, displaying evident surface deformations characterized by typical abrasion
lines caused by the scrub sponge [87,88]. These observations help elucidate the observed
increase in Ral values illustrated in the graph of Figure 14c. In contrast, the gradual in-
clusion of wax-based powder results in a specific phenomenon, as noted in prior research
[32,34]: the motion of the scrubbing pad does not remove material; rather, it triggers the
plastic deformation of the rice bran wax, known for its pliability even at room temperature
[89]. This behavior is characteristic of wax-based additives commonly used to create
smooth surfaces [90]. The pad tends to disperse the wax, occasionally reducing the values
of Ral, thereby mitigating friction between the coating surface and the pad itself. As a
result, the wax’s reinforcing capability arises from its capacity to undergo plastic defor-
mation, thereby reducing surface friction. Thus, the coating experiences diminished ma-
terial loss, as evidenced in Figure 13, as it is not entirely stripped away by the pad but
rather spread across the surface of the composite layer. Polyamide 11-based additives ex-
hibit a comparable phenomenon [68], indicating that materials capable of plastic defor-
mation during third-body streaking processes can notably enhance the abrasion resistance
of wood coatings.
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Figure 15. SEM micrographs of the surface morphology of (a) sample GO, (b) sample G5, (c) sample
G10, and (d) sample G10U, acquired after 3000 cycles of scrub test.
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In summary, the bio-based additive reaffirms the established reinforcing capabilities
of wax-based fillers, effectively reducing mass loss in coatings subjected to abrasion. The
shear stresses generated by the abrasive sponge’s movement result in the plastic defor-
mation of the powder, preserving the surface morphology of the coating. Consequently,
the green additive demonstrates additional protective functionality, complementing its
specific color and barrier effect, making it particularly appealing for use in wood paints.

4. Conclusions

This study examined the suitability of a bio-derived additive composed of rice bran
wax infused with green tea as an environmentally sustainable and versatile pigment for
wood paints. Additionally, the bio-based additive was evaluated in combination with a
dedicated UV absorber, included to enhance the color consistency of the wax-based pow-
der when exposed to solar radiation. The additive exhibited effective coloring capabilities
attributed to the green—yellow tones from the green tea infusion, along with mattifying
properties contributed by the wax component.

However, direct exposure to UV-B radiation led to considerable loss of the colored
component, compromising the aesthetic appeal of the coatings. As a result, caution is ad-
vised against outdoor application, despite the presence of the UV absorber, which pro-
vided some protective benefits but had limitations. On the other hand, fluctuations in tem-
perature did not significantly impact the coatings, as they maintained their aesthetic qual-
ities and structural integrity.

Different tests focused on assessing the barrier properties of the bio-based additive
have consistently highlighted the protective function of the coatings, which is further en-
hanced by incorporating green wax-based powder. This additive plays a pivotal role in
reducing water absorption, thereby preserving the color and aesthetic appeal of the com-
posite layer even after prolonged exposure to harsh conditions. Although the surfaces
may not display purely hydrophobic characteristics, the protective effectiveness of the
bio-based additive remains evident, and its performance remains unaffected by the con-
current presence of the UV absorber.

Ultimately, the bio-based additive confirms the established reinforcing qualities of wax-
based fillers, effectively reducing material loss in coatings subjected to rigorous abrasion. The
movement of the abrasive sponge causes shear stresses that result in the plastic deformation
of the powder, maintaining the surface morphological structure of the coating.

In conclusion, the green additive showcases its versatility as a multifunctional pig-
ment, providing not just color improvement but also robust protective features. Its dis-
tinctive mix of color, mattifying impact, barrier enhancement, and protective function
makes it highly appealing for application as a functional bio-based additive in wood
paints. Therefore, this study paves the way for further research into the impact of other
types of wax-based fillers in paints, leveraging the intriguing functionalities highlighted
by rice bran wax. The infusion with green tea offers the ability to adjust the final color of
the coating based on the amount of filler added. However, the findings indicate that 5
wt.% of additive suffices to achieve desired coloring and effective protective properties.
Future studies will undoubtedly be required to develop effective solutions for limiting the
degradation of the bio-based pigment when exposed outdoors. Nonetheless, the applica-
tion of UV absorbers in this study has yielded promising insights.
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Figure A1. EDXS analysis of the bio-based additive.
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