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Abstract: This work aims to reveal the effect of a high amount of cellulose fibers on the durability
and protective behavior of a bio-based wood paint. The influence of the filler on the morphology of
the coatings was investigated by scanning electron microscopy observations, while the durability
of the paint was evaluated by exposing the samples to UV-B radiation and continuous thermal
shocks. Infrared spectroscopy analysis, colorimetric inspections, adhesion tests and scanning electron
microscope observations were employed to assess the role of the high concentrations of fillers
in affecting the resilience of the acrylic matrix. Moreover, the impact of the filler on the barrier
performance of the coatings was estimated using a liquid resistance test and a water uptake test.
Finally, the mechanical properties of hardness and abrasion resistance of the layers were evaluated
by means of the Buchholz Hardness Indentation test and the Scrub test. Ultimately, this study
demonstrates the pros and cons of using large amounts of cellulose fibers as filler in wood paint:
the work warns against the excessive use of these fibers, which need a threshold limit so as not to
significantly change the coating’s structure and thereby weaken its protective properties.
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1. Introduction

Due to a variety of interesting chemical and physical characteristics [1], as well as the
fact that it is a plentiful and simple element, wood is a material that has been frequently
employed by humans since antiquity [2]. The consumption of wood has increased through-
out time [3] thanks to its high strength-to-weight ratio [4], simplicity of processing [5], and
carbon neutrality [6]. Moreover, wood is recognized for its distinct aesthetic qualities [7].
Thus, today, wood is employed in several industrial fields, such as in construction [8],
architecture [9], the furniture market [10], and interior design [11]. Yet, the lignocellulose
characteristics of this material, such as its high flammability [12] or low durability when
subjected to humidity [13] and solar radiation [14], has frequently decreased, limiting the
use of wood in several industrial domains.

Hence, whether they are used for indoor [15] or outdoor [16] applications, wooden
products are frequently coated with organic coatings, with the aim of withstanding these
decay events and enhancing their lifetime. These varieties of coatings primarily protect the
hardwood material against UV rays [17], humidity variations [18], chemical agents [19],
mechanical damage [20], and the spread of pathogenic organisms such as fungi [21].

The widespread usage of wood in exterior applications has compelled academia
and business to search for novel approaches to improve the various performances of
wood coatings [22]. For instance, some studies revealed that the addition of various
nanoparticles, such as TiO, [23], ZnO [24], SiO; [25], and CeO, [26], has enhanced the UV
light resistance of wood coatings. On the other hand, nanoparticles with high hardness,
stiffness, and thermal stability, such as nanosilica [27], nanoalumina [28], nanoclay [29], and
nanocellulose [30], can be used to increase the mechanical properties and water repellency
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of wood coatings [31]. Moreover, with the application of nanomaterials such as copper
nanopowders [32], nanotitanium [33], and silver [34,35], wood paint can gain significant
antibacterial properties. Finally, using copper [36], silver nanoparticles [37], or combining
fungicidal agents such as propiconazole and thiabendazole [38], the degradation of wood
caused by fungal activity has been significantly reduced.

The circular economy and bio-based resources, two of the most popular topics right
now, are also attracting the attention of the wood coating business. The irresponsible linear
economy of the previous century triggered an irreversible rise in raw material prices and
depletion of resources, which resulted in trash accumulation and irreparable ecological
damage [39]. Today, a new sustainable economy is being developed as a partial answer to
these issues, based on essential components such the circular production/consumption
system, with the purpose of reducing the ecological footprint of the manufacturing appli-
cations [40]. The new strategy aims to maximize waste disposal systems by substituting
petroleum-derived materials with renewable feedstock, including bio-based resources.
While the coatings industry is increasingly focused on ecological and multifunctional alter-
natives to the standard synthetic fillers [41], whose production typically does not consider
the aspects of environmental sustainability [42], the scientific interest in employing natural
additives is constantly growing [43].

From this perspective, cellulose represents a true bio-based resource to be exploited
to increase the performance of wood coatings. Several works used this material in the
form of nanocrystals in order to improve the mechanical properties of organic coatings,
such as the Young’s modulus [44,45], hardness and abrasion resistance [46,47]. Moreover,
some studies have observed an improvement in the thermal stability of the coating [48],
but also an unsatisfactory bactericidal performance [49]. At the same time, cellulose
nanofibers exhibited interesting improvements in the mechanical properties of organic
coatings [20,50-52], as well as UV and oxygen shielding phenomena [53]. However, the
use of this filler is always limited to low concentrations to avoid undesired phenomena of
voids and porosity in the bulk of the coating [54], or a modification of the rheology of the
paint with a consequent sudden increase in viscosity [55]. Furthermore, the production
of nano-sized fillers does not comply with the aspects of sustainable economy and the
large-scale use of bio-based products.

Therefore, this work aims to investigate the possibility of using large quantities of
micro-scale cellulose-based fibers in wood coatings, the production of which respects the
principles of the circular economy. In fact, the cellulose fibers supplied by Rettenmaier Italia
(Castenedolo, Italy) are obtained from wood pulp, employing renewable materials and
wood waste, by means of basic mechanical processes such as grinding, fractionation and
air classification (grain size adjustment). As the actual circular production/consumption
system favors the increasingly massive use of renewable resources, the current application
of limited quantities of fibers as filler in coatings does not produce a real impact on the
economy of the sector. Therefore, this study employs high and unusual quantities of fibers
compared to previous literature works in order to reveal the pros and cons of mass use of
cellulose-based fillers in the paint field.

Three different amounts of cellulose fibers were introduced into a commercial acrylic
bio-based wood paint to evaluate the effect of a high concentration of filler on different
features of the coating. The morphology of the layers was investigated with scanning
electron microscopy (SEM) observations, while the durability of the coatings was estimated
by means of a climatic chamber and UV-B exposure. The eventual decay of the samples
due to these two accelerated degradation tests was monitored with colorimetric analyses,
scanning electron microscope observations, a Cross Cut Test and infrared spectroscopy
measurements. The influence of the cellulose fibers on the barrier properties of the paint
was studied with the chemical resistance test and liquid water uptake test, rating possible
changes on the appearance of the samples. Moreover, the mechanical properties of the
coatings and the role of the fibers were evaluated by means of the Buchholz Hardness
Indentation test and the Scrub test.
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2. Materials and Methods
2.1. Materials

The cellulose fibers ARBOCEL BE 600/30 PU were supplied by Rettenmaier Italia
(Castenedolo, Italy) and used as received. The 150 x 150 x 2 mm?® poplar wood substrates
were supplied by Cimadom Legnami (Lavis, Italy). The acrylic bio-based paint TECH20
was provided by ICA Group (Civitanova Marche, Italy). It is formulated with raw materials
from renewable sources. Sodium chloride (>99.0%) and ethanol (99.8%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA) and used as received. The commercial detergent
disinfectant product Suma Bac D10 Cleaner and Sanitiser (Diversey—Fort Mill, SC, USA),
containing benzalkonium chloride (3.0-10.0 wt.%), and the cataphoretic red ink Catafor
502XC (Arsonsisi, Milan, Italy) were purchased and used for the liquid resistance tests.

2.2. Samples Production

First, the poplar wood panels were grinded with 320 grit sandpaper to ensure a smooth
surface. Subsequently, the bio-based paint provided by ICA Group was sprayed onto the
pre-treated wooden surfaces, and the coatings were allowed to air dry at room temperature
for 4 h. The entire process was repeated two times. Samples F5, F10 and F20 were realized,
introducing 5 wt.%, 10 wt.% and 20 wt.% of fibers into the paint, respectively. Before
the application, the three paint formulations were mechanically stirred for 30 min. The
behavior of the three composite coatings was compared with the performance of sample FO,
free of fibers, used as a reference. The four sample series are summarized in Table 1 with
the samples nomenclature.

Table 1. Samples nomenclature.

Samples Nomenclature Fibers Amount in the Paint Formulation (wt.%)
FO 0
F5 5
F10 10
F20 20

2.3. Characterization

The low-vacuum scanning electron microscope SEM JEOL IT 300 (JEOL, Akishima,
Tokyo, Japan) was used to observe the fibers” appearance and to investigate the surface and
the cross section of the coatings, with the aim of evaluating the effect of the high amount of
fibers on the layers’ compactness and structural morphology.

The samples were subjected to two accelerated degradation tests, simulating exposures
in aggressive environments, to assess the possible role of the cellulose fibers in modifying
the durability of the paint.

The climatic chamber ACS DM340 (Angelantoni Test Technologies, Perugia, Italy), was
employed to simulate extreme thermal changes. According to the UNI 9429 standard [56],
the exposure test consisted of 15 cycles of:

e  Four hours at +50 °C and relative humidity <30%;
e  Four hours at —20 °C;
e  Sixteen hours at ambient temperature.

To limit the moisture absorption by the wood substrate, the 5 uncoated surfaces of
the 40 x 40 x 2 mm?3 poplar wood sample were completely sealed with silicone. The
samples were monitored with colorimetric analyses every 3 cycles of exposure in the
climatic chamber to investigate the effect of the fiber concentration in altering the paint
durability. The colorimetric analyses were performed with a Konica Minolta CM-2600d
spectrophotometer (Konica Minolta, Tokyo, Japan) with a D65/10° illuminant/observer
configuration in SCI mode. Moreover, the changes in the adhesion of the coatings due to
the thermal cycles were evaluated with the Cross Cut Test, following the ASTM D3359-17
standard [57], performed after the exposure in the climatic chamber. According to the
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standard, the samples were carved with the appropriate cutting tool to form a grid of
6 x 6 chess pieces, each measuring 1000 um x 1000 pm. The standardized tape was applied
to the grid and removed after 30 s, with an orientation of 45° with respect to the sample
surface. Thus, the samples were analyzed with an optical microscope Nikon SMZ25 (Nikon,
Tokyo, Japan), to observe possible removal of the coating from the cuts.

The resistance of the coatings to UV light was characterized, exposing the samples in a
UV-B chamber UV173 Box Co.Fo.Me.Gra (Co.Fo.Me.Gra, Milan, Italy) for 200 h, according
to the ASTM G154-16 standard [58]. The possible decay of the layers was assessed with
FTIR infrared spectroscopy measurements and colorimetric analyses. The FTIR spectra
were acquired with a Varian 4100 FTIR Excalibur spectrometer (Varian, Santa Clara, CA,
USA), to assess the chemical modifications of the polymeric matrix.

The effect of different fibers amount on the barrier performance of the acrylic matrix
was studied with the chemical resistance tests, according to the GB/T 1733-93 standard [59].
The layers behavior was estimated by dipping a filter paper in 15% sodium chloride
solution, 70% ethanol, detergent, and red ink, respectively. Subsequently, the filter paper
was placed on the surface of the coatings and covered with a glass cover. After 24 h, the
glass cover and filter paper were removed and the residual liquid on the coating surface
was absorbed. The imprint and discoloration were evaluated with the colorimetric analyses.
Moreover, possible changes in coatings adhesion due to the test solution absorption were
assessed with the Cross Cut Test, carried out before and after the liquid resistance test.
Furthermore, the actual barrier properties of the paints against the water absorption were
rated with the Liquid Water Uptake test, following the EN 927-5:2007 standard [60]. As
for the climatic chamber exposure, the 5 uncoated surfaces of the 40 x 40 x 2 mm? poplar
wood panels were completely sealed with silicone to avoid water uptake phenomena by
the wooden substrate. The samples were preconditioned at 65% RH and 20 °C, after which
they were set to float in a container with water. The mass gain was measured after 0, 6, 24,
48,72, and 96 h to determine the moisture uptake, expressed in g/ m2.

Finally, the influence of the cellulose fibers on the mechanical properties of the acrylic
coating was investigated by means of the Buchholz Hardness Indentation test and the Scrub
test. The Buchholz test was performed following the ISO 2815 standard [61], measuring
the length of the indentation realized by the standardized instrument. The Scrub test was
carried out, employing an Elcometer 1720 Abrasion and Washability Tester (Elcometer,
Manchester, UK), following the ISO 11998 standard [62]. The coatings mass loss was
monitored every 250 cycles (37 cycles per minute), for a total of 1000 cycles, to evaluate
their resistance to abrasion. Unlike that which is described in the standard, the test was
carried out in dry mode, without the aid of a cleaning solution, in order to avoid absorption
phenomena of the test solution in the polymeric matrix and in the wood, with consequent
falsification of the results.

3. Results and Discussion
3.1. Fibers and Coatings Morphology

Figure 1 reveals the aspect of the cellulose fibers, observed by SEM. The fibers were
positioned on the appropriate SEM support, by gluing with conductive tape. The fibers
show irregular morphology, alternating linear shapes with thicker structures, similar to
granules. The latter do not exceed 50 pm in size, while the filamentous structures can reach
and exceed 100 um in length. However, the tendentially two-dimensional morphology
of the fibers makes them an interesting bio-based filler for applications in coatings with
thickness well below 100 pm.
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Figure 1. SEM micrographs of the cellulose fibers. Low magnification on the left (200x) and higher
magnification on the right (500 x) with the focus on the morphology of the fibers.

Thus, the cellulose fibers were introduced in the formulation of the bio-based paint,
increasing the filler content from 5 wt.% to 20 wt.%. The samples were subjected to a brittle
fracture process in liquid nitrogen, with the aim of using SEM to examine the compatibility
of the fibers with the polymeric matrix, and to explore the effect of the high amount of
fibers on the structural morphology of the coatings. Figure 2 shows the SEM micrograph
of both the top view (on the left) and the cross section (on the right) of the four kinds of
coatings. Figure 2a, relative to the reference sample F0, free of filler, exhibits a compact
and defect-free layer, typical of the layers deposited with the spray technique [63], with
thickness of about 140 um. On the other hand, the introduction of cellulose fibers into
sample F5 (Figure 2b) leads to a considerable increase in layer thickness, which reaches
250 um. This clear growth in size is due to the increase in the amount of material in the
paint formulation: since the fibers are particularly light, the volume occupied by the 5 wt.%
is relevant. In fact, while the specific weight of the paint is between 1.01 and 1.18 g/cm?,
the bulk density of the fibers is around 0.22 g/cm?®. Thus, the large amount of fibers is
appreciable both in the top view and, above all, in the cross section of the coating. Despite
the significant presence of fillers within the bulk of the coating, the layer appears free from
macroscopic defects and the fibers show good compatibility with the polymeric matrix.
However, the further increase in fiber concentration causes a substantial change in the
morphology of the composite layer, as evidenced in samples F10 and F20 (Figure 2¢,d,
respectively). The 10 wt.% of filler in sample F10 causes different agglomerations of fibers,
clearly visible both in the top view and in the cross section. Consequently, the layer is
not homogeneous, but shows a morphology characterized by different accumulations
of material. The thickness of the coating is not constant, but varies from 100 to 300 pm.
However, despite this undesirable phenomenon, the coating appears to completely coat the
wooden substrate. Sample F20 also exhibits a layer that completely covers the substrate,
but in this case, the coating does not seem to provide the adequate protective guarantees. It
is incorrect to speak of agglomeration of filler, as the entire coating appears to be composed
mainly of fibers. The amount of fibers is so high as to represent the major component of the
layer. Rather, it appears that the various fibers are interconnected by a thin layer of paint.
These phenomena result in a highly defective coating, with significant interconnected and
open porosity. It is not possible to determine the real thickness of the layer, which is mainly
composed of voids and randomly distributed fibers. A previous work in the literature [55]
has in fact underlined the important issue that has to be taken into account when applying
cellulose fibers as additives in water-based coating systems. Similarly, another study has
suggested employing a low amount of nanofibers to avoid the development of defects and
porosity in the bulk of the coating [54].
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Figure 2. SEM micrograph of (a) sample FO, (b) sample F5, (c) sample F10 and (d) sample F20. Top
view on the left and cross section on the right.

The SEM observations suggest that the protective performance of the coating is re-
duced as the concentration of fibers increases, as they introduce significant defects in the
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polymeric matrix. Thus, it is important to take into account that using a large amount of
cellulose fibers as a filler in paints results in a change in the layer’s appearance.

3.2. Sample Exposure to Different Aggressive Environments

The surface morphology and the texture of the coating can be influenced by this type
of bio-based filler: however, this aspect could represent an aesthetic multifunctionality of
the fibers. Nevertheless, it is necessary to evaluate how this filler, in large quantities, affects
the protective performance of the paint. Thus, the samples were subjected to accelerated
degradation tests, such as exposure to UV-B radiation and extreme temperature changes, in
order to assess the impact of the different amounts of fibers.

3.2.1. UV-B Exposure

Figure 3 represents the FTIR spectra of the four coatings and of the wooden panel,
before and after the exposure of 200 h to the UV-B radiation. The wooden substrate shows
the same peaks in the two spectra. The band between 3400 and 3300 cm !, is representative
to the stretching vibration of the -OH group [64], while the stretching region between
3000 to 2800 cm™! can be associated with the -CH group of cellulose, hemicellulose,
and lignin [65]. The peak at 1729 cm~! corresponds to the stretching vibrations of the
unconjugated C=0 group and specific moieties of the polymeric chains present in the wood,
such as esters [66]. The bands at 1592 cm ! and 1460 cm ™! can be associated with the C=C
benzene ring vibration of lignin and C-H deformation vibration, respectively [67]. The
last two peaks at 1233 cm ™! and 1027 cm ! are representative of the C-O stretching and
the typical C-O-C stretching vibrations of cellulose [68], respectively. The exposure to the
UV-B radiation results in an increase in the intensity of the peak at 1729 cm~!, which is
accompanied by a reduction in the signal of the peak at 1233 cm~!. This phenomenon
corresponds to the decay of the wood panel, represented by the alteration of the cellulose
chemical structure [35].

Oh Wood
—FO0

\f’“VV\NJ/«ﬂf“"“ F5

F10
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Figure 3. Evolution of the FTIR spectra of the samples before and after the exposure to UV-B radiation.

The FTIR spectra of the four coatings are very similar to each other. The presence of
the cellulose fibers can be appreciated by the increase in intensity of the band at 1030 cm !,
which is representative of the cellulose C-O-C stretching vibrations, as a function of the
quantity of filler added to the acrylic layer.

At the same time, the peaks of the wooden substrate are completely covered by the
signal of the acrylic paint. The two peaks at 2928 cm~! and 2857 cm ! refer to the CH; and
CH, stretching vibrations, respectively. The intense peak at 1725 cm™! is attributed to the
carbonyl stretching band. The signal at 1448 cm ™! is representative of the C—H bending.

The intense broad peak ranging from 1260 cm ™! to 980 cm ™! can be explained by the C-O
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(ester band) stretching vibration. Finally, the two peaks at 842 cm~! and 750 cm ™! are
attributed to the C-H and C-C—C vibrations, respectively. The spectra of the four coatings
do not undergo significant changes following UV-B radiation: this result confirms the
excellent resistance of the acrylic paint against photooxidative degradation induced by
UV light [69,70].

Despite the poor durability of cellulose to UV-B radiation, the spectrum of sample
F20, containing a high amount of fibers, does not seem to be affected by exposure in the
UV chamber. However, the appearance of some samples varies significantly during the
UV-B radiation exposure test, as evidenced in Figure 4. The wooden panel reveals a clear
yellowing, due to the decay of the chemical structure of cellulose and lignin. The cellulose
and lignin constituting the poplar wood underwent degradation of their chemical structure,
resulting in a clear yellowing of the surface of the wood panel. This phenomenon seems
to be attenuated owing to the presence of the acrylic-based coating. However, visual
observation of the samples reveals a poor protective effect of the coating containing a high
concentration of cellulose fibers. The porous structure of the layer of sample F20 reveals
the underlying wood, degraded by UV radiation exposure. The irregular and porous
morphology of the coating, observed in Figure 2d, confirms to represent a critical aspect in

Wood FO F5 F10

relation to the protection of the wooden substrate.
F20
) - - -
- - - - - -

2000 pm

Figure 4. Change in the appearance of the coated samples and the wooden reference panel during
exposure to UV-B radiation.

To quantify this aesthetic decay process, the color of the samples was monitored as a
function of the duration of exposure to UV-B radiation. Figure 5 exhibits the evolution of
the total color variation of the samples, AE, evaluated during the accelerated degradation
test. AE has been calculated according to the ASTM E308-18 standard [71]:

AE = [(AL*)? + (Aa*)* + (Ab*)*]!/2, )

The colorimetric coordinates L*, a* and b* correspond to the lightness (0 for black and
100 for white objects), the red-green coordinate (positive values are red, negative values
are green), and the yellow-blue coordinate (yellow for positive values, blue for negative
values), respectively. The uncoated wooden panel shows a clear color change after only
50 h, which remains constant over time, confirming the rapid decay of its chemical-physical
structure. The value of AE of the four coated samples increases during the exposure to
UV-B radiation, a symptom of a slow but constant evolution of the state of the surfaces.
As observed in Figure 4, this phenomenon is more evident with the increase in fiber
content in the polymeric matrix. At the end of the test, the AE of the four coatings stood
between values of 11 and 16. The literature defines a value of AE > 1 as the lower limit
of color change distinguishable even by the human eye [72]. Thus, the appearance of the
samples is significantly affected by the exposure test to ultraviolet radiation. A recent
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work [53] demonstrated that paint containing cellulose fibers shielded the UV rays more
effectively than the original acryl coating, reducing the generation of radicals from the
wood. However, the concentration of fibers in this work is much higher, resulting in a
reduction in the compactness and an increase in the morphological instability of the layer.

30 T T T T T

i Wood

1 ] —&—FO0
25 ] F5

i F10
20 1 —m—F20

delta E
o
1
'_H\
——
-
1

10

T T T
0 50 100 150 200
Exposure time (h)

Figure 5. Color variation of the samples during UV-B exposure.

Ultimately, the acrylic paint revealed good chemical resistance to UV-B radiation,
reducing the decay of the wooden substrate. The presence of the cellulose fibers, especially
in large quantities, partially inhibits the protective role of the acrylic matrix, due to their
tendency to photo-oxidize as a result of their cellulose nature and due to structural changes
in the coating.

3.2.2. Climatic Chamber Exposure

Figure 6 reveals the evolution of the total color variation of the samples, AE, monitored
during the exposure in the climatic chamber. The four sets of samples show an inconsistent
color change, which varies during the test. AE is mainly due to a 1-2 point decrease in
the coordinate L*, associated with an approximately 0.5-1 point increase in coordinate
b*. Absolutely, the values of AE are not so significant as to represent a real change in the

aesthetics of the coatings. Similarly, the wooden panel also does not exhibit a noticeable
color change.

25 T T T ] Fo
: | ] F5
204 1 ] F10
1 T — 1 —v—F20
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1.5 .
w
8 ] ]
© 1.0 ]
© 1 4
05 ]
0.0 -
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Figure 6. Color variation of the samples during climatic chamber exposure.
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The standard [56] refers to Table 2, which divides the samples into three categories
according to the level of whitening and defectiveness (cracks) developed following the
climatic chamber test.

Table 2. Categories for whitening and cracks development following the climatic chamber exposure.

Category Whitening Cracks
0 No whitening No changes
1 Light whitening Fractures visible only with 4 x optical system
2 High whitening Clearly visible fractures

Therefore, according to the standard [56], the samples fall into category 0, as they do
not reveal any relevant whitening phenomenon. Moreover, the samples do not manifest
cracks and breakage due to the continuous changes in temperature exerted by the climatic
chamber. Usually, wood paints can exhibit cracks following the exposure test in the climatic
chamber [35], due to the fragile behavior of the organic coating at low temperatures and the
leaching of moisture into the intrinsic porosity of the polymer matrix. However, as it was
not possible to observe these defects under the optical microscope with 4x magnification,
the four series of samples fall in the series 0 of the standard [56] for the ‘cracks’ category.

This positive result is due to the acrylic paint, which shows good durability, while the
complex morphology of the coatings F10 and F20 has not allowed us to identify particular
defects caused by the high concentrations of fiber. However, in order to evaluate whether
the accelerated degradation test could have caused coating adhesion problems, the samples
were subjected to a Cross Cut Test after the climatic chamber exposure. Figure 7 shows
the Cross Cut Test results on the surface of the four series of coatings. Despite the thermal
changes they have undergone, the four series of samples still highlight excellent adhesion,
equal to level 5B of the ASTM D3359-17 standard [57], which is representative of no material
removal following the measurement.

(b)

() (d)

Figure 7. Cross Cut Test results after exposure to the climatic chamber of (a) sample F0, (b) sample
F5, (c) sample F10 and (d) sample F20, observed with optical microscope.
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Ultimately, all the samples reveal excellent behavior when exposed to continuous
temperature changes, as the coatings do not exhibit relevant whitening phenomena or
development of cracks and fractures. This output is closely connected to the adhesion of
the coatings, which remains very high also following the accelerated degradation test. The
cellulose fibers do not seem to affect the protective performance of the paint in environments
with critical temperatures. Thus, this type of filler could also be employed for outdoor
applications coatings, as long as they are not directly exposed to solar radiation, which
could cause photo-oxidation phenomena in the fibers, reducing the protective feature of
the paint.

3.3. Coatings Liquid Resistance

The effect of functional filler on the barrier properties of wood coatings is usually
investigated by means of the liquid resistance test [73,74]. Table 3 correlates the values of
the measured color change AE with the degree of discoloration shown by the coatings in
contact with specific test solutions [75].

Table 3. Color change values corresponding to the level of discoloration.

Level Degree of Discoloration Color Difference
0 No color change <15
1 Very slight discoloration 1.6-3.0
2 Slight color change 3.1-6.0
3 Apparent discoloration 6.1-9.0
4 Severe color change 9.1-12.0
5 Complete discoloration >12.0

Figure 8 represents the results of the chemical resistance test carried out on the four
samples, including their levels of discoloration. The coatings show a negligible color
change in contact with NaCl, ethanol and detergent solution, as they exhibit degrees of
discoloration equal to zero. The presence of cellulose fibers does not significantly alter
the behavior of the acrylic paint, even at high concentrations. Otherwise, the red ink
leaves a clear halo on the surface of all four samples, whose AE varies by at least 14 points.
Consequently, referring to Table 3, the level of discoloration is equal to 5, the highest,
regardless of the type of sample. The color variation seems to be accentuated by the
presence of the fibers, with a progressive increase in AE from sample F5 to coating F10.
The cellulose fibers, whose remarkable quantity within the bulk of the coating is well
highlighted in Figure 2, represent probable sites of discontinuity in the polymeric matrix,
with a consequent boost of absorption of the test solution.

However, sample F20 shows similar values to the pure acrylic matrix (FO). This
unexpected behavior is clarified by the images in Figure 9, which are representative of
the surface of the samples after the contact with the red ink, acquired with the optical
microscope. The aspect of the layer tends to become more and more red passing from
the sample FO, to F5 and then F10. However, the appearance of sample F20 (Figure 9d) is
different. The layer, largely made up of cellulose fibers, remains white, as the filler does
not absorb the ink. Rather, the latter definitely penetrates the porous morphology of the
coating until it reaches the wooden substrate, which is easily red colored. The colorimetric
measurements offer a result which is partially masked by the light appearance of the
cellulose fibers. The fact that the AE value is similar for samples FO and F20 does not mean
that their coatings offer the same protective performance. The images highlight that the
layer of sample F20 does not possess good barrier properties, despite the liquid resistance
test showing results in line with those of the pure acrylic matrix.
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delta E

NaCl

ethanol detergent red ink

Figure 8. Coatings color changes of the samples after contact with liquids. The numbers above the
columns are representative of the discoloration levels reported in Table 3.

(b)

(d)
Figure 9. Appearance of (a) sample FO, (b) sample F5, (c) sample F10 and (d) sample F20.

Obviously, this liquid absorption is associated with a subsequent reduction in the
adhesion of the coating. Table 4 shows the results of the Cross Cut Test, carried out before
and after the chemical resistance test, according to the ASTM D3359-17 [57]. Prior to contact
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with the test solutions, the four coatings exhibited level 5B adhesion, representative of no
material removal following the measurement. The same result was obtained after contact
with NaCl solution, ethanol and detergent. The absorption of red ink due to the presence
of the cellulose fibers resulted in a decrease in the adhesion degree of the coating F5, F10
and F20 to levels 4B, 3B and 2B, respectively. The material removal range associated with
these three levels is less than 5%, 5% to 15% and 15% to 35%, respectively.

Table 4. Cross Cut Test results before and after the liquid resistance test.

Adhesion Level
Sample
Before the Test NaCl Ethanol Detergent Ink
FO 5B 5B 5B 5B 5B
F5 5B 5B 5B 5B 4B
F10 5B 5B 5B 5B 3B
F20 5B 5B 5B 5B 2B

As the liquid resistance test does not issue quantitative statistics on the real barrier
effect of the coatings, the samples were also subjected to the Liquid Water Uptake test.
Figure 10 reveals the results of the evolution of the water uptake phenomena measured
during the test. The acrylic matrix of the coatings possesses an intrinsic porosity, which
leads to a continuous increase in water uptake during the test for all four samples. The
slope of the curves decreases over time, as a symptom of a partial saturation of the coatings
and possible absorption of the wooden substrate. The graph highlights the role of the
cellulose fibers in favoring the absorption of water inside the polymeric matrix, confirm-
ing the previous results of the liquid resistance test. Despite the low absolute values of
water uptake, as other literature works manifest water uptake values that can even reach
2000 g/m? after 100 h [76], the high amount of cellulose fibers compromises the protective
performance of the acrylic paint. At the end of the test, compared to the pure acrylic matrix,
samples F5, F10 and F20 show an increase in water uptake of 25.4%, 39.1% and 53.5%,
respectively. However, the comparison of the behavior of the four samples with the output
of the uncoated wood panel reveals an insulating behavior of the composite layers. The
wooden panel absorbs high quantities of water, especially during the first few hours of
testing. The water uptake level of the four samples is always significantly lower, suggesting
an effective barrier contribution of the paint. Although this phenomenon is reduced by the
presence of large quantities of cellulose fibers, at the end of the test, it is still possible to
clearly differentiate the behavior of the four coatings compared to the pure wooden panel.
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Figure 10. Evolution of the water uptake during the test.
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In conclusion, it can be stated that the cellulose fibers can significantly influence the
barrier performance of the matrix if employed at a high concentration. The filler introduces
discontinuity in the polymeric matrix, favoring the uptake of liquids: this phenomenon is
accentuated by a substantial change in the layer bulk structure. Thus, the results suggest
limiting the amount of fibers, without exceeding the 5 wt.% employed in sample F5, to
avoid unpleasant structural and rheological modifications of the paint.

3.4. Coatings Hardness and Abrasion Resistance

The graph in Figure 11 shows the average length of the indentations (10 measurements
per sample) produced by the Buchholz disc indenting tool, with the corresponding Buchholz
hardness value. On several occasions, cellulose fibers have exhibited good hardness and
the ability to increase the mechanical properties of polymeric matrix composites [77-79].
Limited quantities of fibers (sample F5) cause an effective improvement of the hardness of
the coating. The cellulose fibers, which are well distributed within the polymeric matrix,
provide it with a better mechanical performance. A gradual increase in fiber concentration,
on the other hand, results in a constant decrease in coating hardness. Although its average
measured value is lower than that of the pure acrylic matrix, sample F10 exhibits large stan-
dard deviation. This phenomenon resides in the non-homogeneous surface morphology of
the coating, which presents various asperities shown in Figure 2c. The average hardness
value is the result of a ‘hard” contribution resulting from the agglomerations of fibers and a
‘soft’ component provided by the acrylic matrix. Otherwise, the 20 wt.% of fibers cause a
substantial decrease in the hardness of the coating. This outcome is due to the structure
of the coating, which is highly porous and not very compact, and thus easily yields to the
action of the Buchholz indenter. Additionally, in this case, the standard deviation of the
mean value is particularly significant, as the non-homogeneity of the coating produces
non-constant hardness values.
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Figure 11. Evolution of the indentation length of the Buchholz test notches, with the corresponding
Buchholz hardness values.

Some literature works describe the increase in the abrasion resistance of paints by
adding cellulose nanofibers [20,52] and nanocrystals [47]. However, the size and quantity of
the filler is always very limited. Therefore, this work investigates the effect of high concen-
trations of cellulose fibers, of non-negligible size, on the abrasion resistance performance of
an acrylic paint.

Figure 12 shows the results of the scrub test carried out on the four coatings. A
contained concentration of fibers (sample F5) involves an effective reduction in the amount
of material removed from the coating compared to the pure acrylic matrix (sample FO).
The hardness of this type of fiber, revealed in Figure 11, plays a key role in contrasting



Coatings 2023, 13, 721

15 of 20

abrasion phenomena. After 1000 scrub cycles, sample F5 exhibits a mass loss reduction of
41.8% compared to the filler-free coating. Sample F10, on the other hand, exhibits a slight
increase in mass loss throughout the test. However, after 1000 scrub cycles, the result of
coating F10 is comparable with that of layer FO. Instead, the outcome of sample F20 is
completely different, as it reveals a very high loss of material after only 250 scrub cycles.
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Figure 12. Loss in coatings mass per unit area, as a function of the number of abrasion cycles.

The behavior of the four samples is easily understood by observing Figure 13, which
displays the SEM micrographs of their surfaces at the end of the test. Figure 13a (sample
FO) reveals the typical traces of abrasion produced by the rubbing of the scrub test sponge.
The surface appearance of sample F5 (Figure 13b) is very similar, but it shows the presence
of some cellulose fibers. Despite the aggressive abrasion process, the excellent coherence
between the polymeric matrix and the cellulose fibers allows the latter to remain well
anchored to the coating. The hardness of the fibers allows them to resist the material
removal process conducted by the scrub test sponge. This phenomenon explains the
superior behavior of sample F5 observed in the graph in Figure 12. Otherwise, the surface
of sample F10 (Figure 13c) shows some important defects. At the end of the test, the coating
possesses large holes, which can even reach the wooden substrate. These holes represent
the location sites of the large agglomerations of fibers shown earlier in Figure 2c. Since
these accumulations represent significant dimensional asperities, they are easily removed
by the continuous movement of the abrasive sponge. Consequently, the material loss
evaluated during the scrub test is higher than that of the pure acrylic matrix. In this case,
the protective properties of the fibers are countervailed by the defects they introduce into
the coating. Finally, sample F20 (Figure 13d) reveals only residual traces of initial coating.
A large part of the surface is in fact composed of the wooden substrate. The morphology
of the coating completely distorted by the high amount of fibers means that the layer
possesses poor adhesion and offers almost no resistance to the passage of the abrasive
sponge. The inherent high porosity leads to the complete destruction of the coating and its
removal during the test. The mass loss is high after only 250 cycles, as most of the coating
has been broken down and removed by the sponge.

The cellulose fibers enable the increase in the hardness and abrasion resistance of
organic coatings, as long as their concentration is kept below a maximum threshold. The
two physical properties are interconnected: the increase in abrasion resistance is mainly
due to the good intrinsic hardness of the fibers. However, both strongly depend on the
structural morphology of the coating. High quantities of fibers upset the structure of the
layer, introducing defects and porosity, which translate into poor resistance to the indenter
and to the movement of the abrasive sponge. Consequently, it is not convenient to use a
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quantity of fibers greater than 5 wt.%, in order to avoid altering the morphology of the
coating and, consequently, its mechanical properties.

abrasion lines

Figure 13. Top-view SEM micrographs of the surface morphology of (a) sample FO, (b) sample F5,
(c) sample F10 and (d) sample F20 after the 1000 scrub test cycles.

4. Conclusions

This work reveals the consequences of employing high concentrations of cellulose
fibers as fillers for wood paints. The bio-based filler involves a change in the rheology of
the paint, with consequent distortion of the structure of the bulk coating. High amounts of
fibers lead to the development of porosity in the layer, which does not appear compact and
does not suggest adequate protective guarantees for the wooden substrate.

The coating undergoes a slight color change following exposure to UV-B radiation,
whose penetration into the acrylic matrix is favored by the presence of the fibers. Moreover,
the bio-based filler, especially in large quantities, partially inhibits the protective role of
the acrylic matrix, due to their tendency to photo-oxidize as a result of their cellulose
nature. Otherwise, the cellulose fibers do not influence the protective properties of the
paint in environments with critical temperatures, as the four series of samples do not
show phenomena of whitening or development of cracks during the test of exposure in the
climatic chamber.

The liquid resistance test and the water uptake test manifest the influence of the
fibers in reducing the barrier performance of the acrylic coating, as the filler introduces
discontinuity in the polymeric matrix, favoring the uptake of liquids.

Finally, the cellulose fibers enable the increase in the hardness and abrasion resistance
of organic coatings, as long as their concentration is kept below a maximum threshold.
In fact, high quantities of fibers upset the structure of the layer, introducing defects and
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porosity, which translates into a concrete reduction in the mechanical resistance of the
composite coating.

In conclusion, this work disseminates the pros and cons of using large amounts
of cellulose fibers. This material is particularly interesting as a filler for wood coatings
because of its ecological nature and good mechanical characteristics, especially in this
historical period when a new sustainable economy is being promoted. However, this work
warns against the excessive use of these fibers, which need a threshold limit so as not to
significantly change the coating’s structure and thereby weaken its protective properties.

Author Contributions: Conceptualization, M.C. and S.R.; methodology, M.C. and S.R.; investigation,
M.C.; data curation, M.C. and S.R.; writing—original draft preparation, M.C.; writing—review and
editing, M.C. and S.R.; supervision, S.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the corre-
sponding author. The data are not publicly available due to the absence of an institutional repository.

Acknowledgments: The authors greatly acknowledge the contributions of Stefano Di Blase (ICA
Group, Civitanova Marche, Italy) and Stefano Beschi (Rettenmaier Italia, Castenedolo, Italy) regarding
the paints and cellulose fibers supply, respectively. The publication was created with the co-financing
of the European Union—FSE-REACT-EU, PON Research and Innovation 2014-2020 DM1062 /2021.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hoadley, R.B. Chemical and physical properties of wood. In The Structural Conservation of Panel Paintings: Proceedings; Part 1:
Wood Science and Technology; Getty Publications: Los Angeles, CA, USA, 1998; pp. 2-20.

2. Radkau, ]J. Wood: A History; Polity Press: Cambridge, UK, 2012.

3. Pakarinen, T. Success Factors of Wood as a Furniture Material. For. Prod. J. 1999, 49, 79-85.

4.  Hao,].; Wu, X; Oporto, G.; Liu, W.; Wang, J. Structural analysis and strength-to-weight optimization of wood-based sandwich
composite with honeycomb core under three-point flexural test. Eur. J. Wood Wood Prod. 2020, 78, 1195-1207. [CrossRef]

5. Kim, J.K;; Pal, K. Recent Advances in the Processing of Wood-Plastic Composites; Springer: Berlin/Heidelberg, Germany, 2010.

6. Salazar, J.; Meil, J. Prospects for carbon-neutral housing: The influence of greater wood use on the carbon footprint of a
single-family residence. J. Clean. Prod. 2009, 17, 1563-1571. [CrossRef]

7. Johnson, G.A. Forest and philosophy: Toward an aesthetics of Wood. Environ. Philos. 2007, 4, 59-76. [CrossRef]

8.  Foliente, G.C.; Leicester, R.H.; Wang, C.-h.; Mackenzie, C.; Cole, I. Durability design for wood construction. For. Prod. ]. 2002, 52,
10-19.

9. Jia, C,; Chen, C; Mi, R;; Li, T,; Dai, ].; Yang, Z.; Pei, Y.; He, S.; Bian, H.; Jang, S.-H.; et al. Clear Wood toward High-Performance
Building Materials. ACS Nano 2019, 13, 9993-10001. [CrossRef]

10. Ratnasingam, J.; Ioras, F. The sustainability of the Asian wooden furniture industry. Holz. Als. Roh-Und. Werkst. 2003, 61,
233-237. [CrossRef]

11. Bo, H.; Hongwu, G.; Guan, L.; Yi, L. The application of technical wood in modern interior decoration. Furnit. Inter. Des. 2012, 4,
14-15.

12.  Lowden, L.A.; Hull, T.R. Flammability behaviour of wood and a review of the methods for its reduction. Fire Sci. Rev. 2013,
2, 4. [CrossRef]

13. Tolvaj, L.; Popescu, C.-M.; Molnar, Z.; Preklet, E. Effects of air relative humidity and temperature on photodegradation processes
in beech and spruce wood. BioResources 2016, 11, 296-305. [CrossRef]

14. Mattonai, M.; Watanabe, A.; Shiono, A.; Ribechini, E. Degradation of wood by UV light: A study by EGA-MS and Py-GC/MS
with on line irradiation system. J. Anal. Appl. Pyrolysis 2019, 139, 224-232. [CrossRef]

15.  Scrinzi, E.; Rossi, S.; Deflorian, F.; Zanella, C. Evaluation of aesthetic durability of waterborne polyurethane coatings applied on
wood for interior applications. Prog. Org. Coat. 2011, 72, 81-87. [CrossRef]

16. Nejad, M.; Cooper, P. Exterior wood coatings. In Wood in Civil Engineering; IntechOpen: London, UK, 2017; pp. 111-129.

17. Bansal, R.; Nair, S.; Pandey, KK. UV resistant wood coating based on zinc oxide and cerium oxide dispersed linseed oil
nano-emulsion. Mater. Today Commun. 2022, 30, 103177. [CrossRef]

18.  Jirous-Rajkovi¢, V.; Mikleci¢, J. Enhancing weathering resistance of wood—A review. Polymers 2021, 13, 1980. [CrossRef] [PubMed]


http://doi.org/10.1007/s00107-020-01574-1
http://doi.org/10.1016/j.jclepro.2009.06.006
http://doi.org/10.5840/envirophil200741/26
http://doi.org/10.1021/acsnano.9b00089
http://doi.org/10.1007/s00107-003-0382-9
http://doi.org/10.1186/2193-0414-2-4
http://doi.org/10.15376/biores.11.1.296-305
http://doi.org/10.1016/j.jaap.2019.02.009
http://doi.org/10.1016/j.porgcoat.2011.03.013
http://doi.org/10.1016/j.mtcomm.2022.103177
http://doi.org/10.3390/polym13121980
http://www.ncbi.nlm.nih.gov/pubmed/34204177

Coatings 2023, 13, 721 18 of 20

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Hochmariska-Kaniewska, P.; Janiszewska, D.; Oleszek, T. Enhancement of the properties of acrylic wood coatings with the use of
biopolymers. Prog. Org. Coat. 2022, 162, 106522. [CrossRef]

Veigel, S.; Griill, G.; Pinkl, S.; Obersriebnig, M.; Miiller, U.; Gindl-Altmutter, W. Improving the mechanical resistance of waterborne
wood coatings by adding cellulose nanofibres. React. Funct. Polym. 2014, 85, 214-220. [CrossRef]

Miri Tari, S.M.; Tarmian, A.; Azadfallah, M. Improving fungal decay resistance of solvent and waterborne polyurethane-coated
wood by free and microencapsulated thyme essential oil. J. Coat. Technol. Res. 2022, 19, 959-966. [CrossRef]

Nikolic, M.; Lawther, ].M.; Sanadi, A.R. Use of nanofillers in wood coatings: A scientific review. ]. Coat. Technol. Res. 2015, 12,
445-461. [CrossRef]

Pacheco, C.M.; Cecilia, B.A.; Reyes, G.; Oviedo, C.; Fernandez-Pérez, A.; Elso, M.; Rojas, O.]. Nanocomposite additive of
5i02/TiO2 /nanocellulose on waterborne coating formulations for mechanical and aesthetic properties stability on wood. Mater.
Today Commun. 2021, 29, 102990. [CrossRef]

Salla, J.; Pandey, K.; Srinivasa, K. Improvement of UV resistance of wood surfaces by using ZnO nanoparticles. Polym. Degrad.
Stab. 2012, 97, 592-596. [CrossRef]

Jalili, M.M.; Moradian, S.; Dastmalchian, H.; Karbasi, A. Investigating the variations in properties of 2-pack polyurethane clear
coat through separate incorporation of hydrophilic and hydrophobic nano-silica. Prog. Org. Coat. 2007, 59, 81-87. [CrossRef]
Janesch, J.; Czabany, I.; Hansmann, C.; Mautner, A.; Rosenau, T.; Gindl-Altmutter, W. Transparent layer-by-layer coatings based
on biopolymers and CeO, to protect wood from UV light. Prog. Org. Coat. 2020, 138, 105409. [CrossRef]

Cheumani Yona, A.M.; Zigon, J.; Ngueteu Kamlo, A.; Pavli¢, M.; Dahle, S.; Petri¢, M. Preparation, Surface Characterization, and
Water Resistance of Silicate and Sol-Silicate Inorganic-Organic Hybrid Dispersion Coatings for Wood. Materials 2021, 14, 3559.
[CrossRef] [PubMed]

Yang, J.; Li, H.; Yi, Z.; Liao, M.; Qin, Z. Stable superhydrophobic wood surface constracting by KH580 and nano-Al,O3 on
polydopamine coating with two process methods. Colloids Surf. A Physicochem. Eng. Asp. 2022, 637, 128219. [CrossRef]
Nkeuwa, W.N.; Riedl], B.; Landry, V. Transparent UV-cured clay /UV-based nanocomposite coatings on wood substrates: Surface
roughness and effect of relative humidity on optical properties. J. Coat. Technol. Res. 2017, 14, 555-569. [CrossRef]

Xu, X.; Liu, F; Jiang, L.; Zhu, J.; Haagenson, D.; Wiesenborn, D.P. Cellulose nanocrystals vs. cellulose nanofibrils: A comparative
study on their microstructures and effects as polymer reinforcing agents. ACS Appl. Mater. Interfaces 2013, 5, 2999-3009. [CrossRef]
Zou, H.; Wu, S.; Shen, J. Polymer/Silica Nanocomposites: Preparation, Characterization, Properties, and Applications. Chem. Rev.
2008, 108, 3893-3957. [CrossRef]

Duan, X; Liu, S.; Huang, E.; Shen, X.; Wang, Z.; Li, S.; Jin, C. Superhydrophobic and antibacterial wood enabled by polydopamine-
assisted decoration of copper nanoparticles. Colloids Surf. A Physicochem. Eng. Asp. 2020, 602, 125145. [CrossRef]

Qian, L.; Long, L.; Xu, J.F. Surface modification of nano-titanium and its effect on the antibacterial property of waterborne wood
coating. In Proceedings of the Key Engineering Materials, Online, 12 March 2014; pp. 88-93.

Cheng, L.; Ren, S.; Lu, X. Application of eco-friendly waterborne polyurethane composite coating incorporated with nano
cellulose crystalline and silver nano particles on wood antibacterial board. Polymers 2020, 12, 407. [CrossRef]

Calovi, M.; Coroneo, V.; Palanti, S.; Rossi, S. Colloidal silver as innovative multifunctional pigment: The effect of Ag concentration
on the durability and biocidal activity of wood paints. Prog. Org. Coat. 2023, 175, 107354. [CrossRef]

Nejad, M.; Shafaghi, R.; Pershin, L.; Mostaghimi, J.; Cooper, P. Thermal spray coating: A new way of protecting wood. BioResources
2017, 12, 143-156. [CrossRef]

Kumar, A.; Vemula, PK.; Ajayan, PM.; John, G. Silver-nanoparticle-embedded antimicrobial paints based on vegetable oil. Nat.
Mater. 2008, 7, 236-241. [CrossRef]

Stirling, R.; Uzunovic, A.; Morris, P.I. Control of black stain fungi with biocides in semitransparent wood coatings. For. Prod. ].
2011, 61, 359-364. [CrossRef]

Ortega, F.; Versino, F.; Lopez, O.V.; Garcia, M.A. Biobased composites from agro-industrial wastes and by-products. Emergent
Mater. 2022, 5, 873-921. [CrossRef] [PubMed]

Razza, F; Briani, C.; Breton, T.; Marazza, D. Metrics for quantifying the circularity of bioplastics: The case of bio-based and
biodegradable mulch films. Resour. Conserv. Recycl. 2020, 159, 104753. [CrossRef]

Sadh, PK; Duhan, S.; Duhan, J.S. Agro-industrial wastes and their utilization using solid state fermentation: A review. Bioresour.
Bioprocess. 2018, 5, 1. [CrossRef]

Sanjay, M.; Madhu, P; Jawaid, M.; Senthamaraikannan, P,; Senthil, S.; Pradeep, S. Characterization and properties of natural fiber
polymer composites: A comprehensive review. J. Clean. Prod. 2018, 172, 566-581. [CrossRef]

Mustapha, R.; Rahmat, A.R.; Abdul Majid, R.; Mustapha, S.N.H. Vegetable oil-based epoxy resins and their composites with
bio-based hardener: A short review. Polym.-Plast. Technol. Mater. 2019, 58, 1311-1326. [CrossRef]

Imchalee, N.; Meesupthong, R.; Torgbo, S.; Sukyai, P. Cellulose nanocrystals as sustainable material for enhanced painting
efficiency of watercolor paint. Surf. Interfaces 2021, 27, 101570. [CrossRef]

Cao, X.; Dong, H.; Li, C.M. New nanocomposite materials reinforced with flax cellulose nanocrystals in waterborne polyurethane.
Biomacromolecules 2007, 8, 899-904. [CrossRef] [PubMed]

Tan, Y; Liu, Y.; Chen, W.; Liu, Y.; Wang, Q.; Li, J.; Yu, H. Homogeneous dispersion of cellulose nanofibers in waterborne acrylic
coatings with improved properties and unreduced transparency. ACS Sustain. Chem. Eng. 2016, 4, 3766-3772. [CrossRef]


http://doi.org/10.1016/j.porgcoat.2021.106522
http://doi.org/10.1016/j.reactfunctpolym.2014.07.020
http://doi.org/10.1007/s11998-021-00573-y
http://doi.org/10.1007/s11998-015-9659-2
http://doi.org/10.1016/j.mtcomm.2021.102990
http://doi.org/10.1016/j.polymdegradstab.2012.01.013
http://doi.org/10.1016/j.porgcoat.2007.01.018
http://doi.org/10.1016/j.porgcoat.2019.105409
http://doi.org/10.3390/ma14133559
http://www.ncbi.nlm.nih.gov/pubmed/34202131
http://doi.org/10.1016/j.colsurfa.2021.128219
http://doi.org/10.1007/s11998-016-9873-6
http://doi.org/10.1021/am302624t
http://doi.org/10.1021/cr068035q
http://doi.org/10.1016/j.colsurfa.2020.125145
http://doi.org/10.3390/polym12020407
http://doi.org/10.1016/j.porgcoat.2022.107354
http://doi.org/10.15376/biores.12.1.143-156
http://doi.org/10.1038/nmat2099
http://doi.org/10.13073/0015-7473-61.5.359
http://doi.org/10.1007/s42247-021-00319-x
http://www.ncbi.nlm.nih.gov/pubmed/34849454
http://doi.org/10.1016/j.resconrec.2020.104753
http://doi.org/10.1186/s40643-017-0187-z
http://doi.org/10.1016/j.jclepro.2017.10.101
http://doi.org/10.1080/25740881.2018.1563119
http://doi.org/10.1016/j.surfin.2021.101570
http://doi.org/10.1021/bm0610368
http://www.ncbi.nlm.nih.gov/pubmed/17315923
http://doi.org/10.1021/acssuschemeng.6b00415

Coatings 2023, 13, 721 19 of 20

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

Vardanyan, V.; Poaty, B.; Chauve, G.; Landry, V.; Galstian, T.; Riedl, B. Mechanical properties of UV-waterborne varnishes
reinforced by cellulose nanocrystals. J. Coat. Technol. Res. 2014, 11, 841-852. [CrossRef]

Santamaria-Echart, A.; Ugarte, L.; Garcia-Astrain, C.; Arbelaiz, A.; Corcuera, M.A ; Eceiza, A. Cellulose nanocrystals reinforced
environmentally-friendly waterborne polyurethane nanocomposites. Carbohydr. Polym. 2016, 151, 1203-1209. [CrossRef] [PubMed]
Jusic, J.; Tamantini, S.; Romagnoli, M.; Vinciguerra, V.; Di Mattia, E.; Zikeli, F.; Cavalera, M.; Scarascia Mugnozza, G. Improving
sustainability in wood coating: Testing lignin and cellulose nanocrystals as additives to commercial acrylic wood coatings for
bio-building. Iforest-Biogeosci. For. 2021, 14, 499. [CrossRef]

Ansari, F; Sjostedt, A.; Larsson, P.T.; Berglund, L.A.; Wégberg, L. Hierarchical wood cellulose fiber/epoxy biocomposites—
Materials design of fiber porosity and nanostructure. Compos. Part A Appl. Sci. Manuf. 2015, 74, 60-68. [CrossRef]

Griineberger, F; Kiinniger, T.; Zimmermann, T.; Arnold, M. Nanofibrillated cellulose in wood coatings: Mechanical properties of
free composite films. J. Mater. Sci. 2014, 49, 6437-6448. [CrossRef]

Wang, X.; Wang, X; Pan, Y.; Zhao, B.; Liang, Z. Preparation and Properties of Paint Prepared with Nanofibrillated Cellulose and
Waterborne Epoxy Resin. BioResources 2022, 17, 802-825. [CrossRef]

Shimokawa, T.; Hishikawa, Y.; Togawa, E.; Shibuya, H.; Kobayashi, M.; Ishikawa, A.; He, X.; Ohki, H.; Magara, K. The effects
of cellulose nanofibers compounded in water-based undercoat paint on the discoloration and deterioration of painted wood
products. J. Wood Sci. 2021, 67, 74. [CrossRef]

Saba, N.; Mohammad, F; Pervaiz, M.; Jawaid, M.; Alothman, O.; Sain, M. Mechanical, morphological and structural properties of
cellulose nanofibers reinforced epoxy composites. Int. J. Biol. Macromol. 2017, 97, 190-200. [CrossRef]

Griineberger, F.; Kiinniger, T.; Zimmermann, T.; Arnold, M. Rheology of nanofibrillated cellulose/acrylate systems for coating
applications. Cellulose 2014, 21, 1313-1326. [CrossRef]

UNI 9429:2022; Finiture del Legno e dei Mobili—Determinazione Della Resistenza Delle Superfici Agli Sbalzi di Temperatura.
UNI—Ente Nazionale Italiano di Unificazione: Milan, Italy, 2022.

ASTM D3359-17; Standard Test Methods for Rating Adhesion by Tape Test. ASTM International: West Conshohocken, PA, USA,
2017; pp. 1-10.

ASTM G154:16; Standard Practice for Operating Fluorescent Ultraviolet (UV) Lamp Apparatus for Exposure of Nonmetallic
Materials. ASTM International: West Conshohocken, PA, USA, 2016.

GB/T 1733-93; Determination of Resistance to Water of Films. Standardization Administration of the People’s Republic of China:
Beijing, China, 1993.

EN 927-5; Paints and Varnishes—Coating Materials and Coating Systems for Exterior Wood—Part 5: Assessment of the Liquid
Water Permeability. European Standard: Plzen, Czech Republic, 2007; pp. 1-18.

ISO 2815; Dterminazione Della Durezza Con il Metodo di Penetrazione Buchholz. UNI—Ente Nazionale Italiano di Unificazione:
Milan, Italy, 2000.

ISO 11998:2006; Paints and Varnishes: Determination of Wet-Scrub Resistance and Cleanability of Coatings. BSI British Standards:
London, UK, 2006; pp. 1-11.

Calovi, M.; Rossi, S.; Deflorian, F; Dire, S.; Ceccato, R. Graphene-based reinforcing filler for double-layer acrylic coatings.
Materials 2020, 13, 4499. [CrossRef] [PubMed]

Fengel, D.; Wegener, G. Wood: Chemistry, Ultrastructure, Reactions; Walter de Gruyter: Berlin, Germany, 2011.

Ghavidel, A.; Bak, M.; Hofmann, T.; Vasilache, V.; Sandu, 1. Evaluation of some wood-water relations and chemometric
characteristics of recent oak and archaeological oak wood (Quercus Robur) with archaeometric value. J. Cult. Herit. 2021, 51,
21-28. [CrossRef]

Ghavidel, A.; Hosseinpourpia, R.; Gelbrich, J.; Bak, M.; Sandu, I. Microstructural and chemical characteristics of archaeological
white elm (Ulmus laevis P.) and poplar (Populus spp.). Appl. Sci. 2021, 11, 10271. [CrossRef]

Gu, Y,; Bian, H.; Wei, L.; Wang, R. Enhancement of hydrotropic fractionation of poplar wood using autohydrolysis and disk
refining pretreatment: Morphology and overall chemical characterization. Polymers 2019, 11, 685. [CrossRef]

Bian, H.; Li, G,; Jiao, L.; Yu, Z.; Dai, H. Enzyme-assisted mechanical fibrillation of bleached spruce kraft pulp for producing
well-dispersed and uniform-sized cellulose nanofibrils. Bioresources 2016, 11, 10483-10496. [CrossRef]

Chiantore, O.; Trossarelli, L.; Lazzari, M. Photooxidative degradation of acrylic and methacrylic polymers. Polymer 2000, 41,
1657-1668. [CrossRef]

Calovi, M.; Rossi, S. Durability of Acrylic Cataphoretic Coatings Additivated with Colloidal Silver. Coatings 2022, 12, 486. [CrossRef]
ASTM E308-18; Standard Practice for Computing the Colors of Objectives by Using the CIE System. ASTM International: West
Conshohocken, PA, USA, 2018; pp. 1-45.

Calovi, M.; Russo, F; Rossi, S. Synergic behavior of graphene-based filler and thermochromic pigments in cataphoretic coatings.
Prog. Org. Coat. 2021, 150, 105978. [CrossRef]

Yan, X.; Chang, Y.; Qian, X. Effect of the concentration of pigment slurry on the film performances of waterborne wood coatings.
Coatings 2019, 9, 635. [CrossRef]

Yan, X; Qian, X.; Chang, Y.; Lu, R.; Miyakoshi, T. The effect of glass fiber powder on the properties of waterborne coatings with
thermochromic ink on a Chinese Fir surface. Polymers 2019, 11, 1733. [CrossRef]

GB/T 11186.3-1989; Method of Measurement of Coating Color. Part III: Calculation of Chromatic Aberration. Standardization
Administration of the People’s Republic of China: Beijing, China, 1990.


http://doi.org/10.1007/s11998-014-9598-3
http://doi.org/10.1016/j.carbpol.2016.06.069
http://www.ncbi.nlm.nih.gov/pubmed/27474671
http://doi.org/10.3832/ifor3782-014
http://doi.org/10.1016/j.compositesa.2015.03.024
http://doi.org/10.1007/s10853-014-8373-2
http://doi.org/10.15376/biores.17.1.802-825
http://doi.org/10.1186/s10086-021-02007-0
http://doi.org/10.1016/j.ijbiomac.2017.01.029
http://doi.org/10.1007/s10570-014-0248-9
http://doi.org/10.3390/ma13204499
http://www.ncbi.nlm.nih.gov/pubmed/33050618
http://doi.org/10.1016/j.culher.2021.06.011
http://doi.org/10.3390/app112110271
http://doi.org/10.3390/polym11040685
http://doi.org/10.15376/biores.11.4.10483-10496
http://doi.org/10.1016/S0032-3861(99)00349-3
http://doi.org/10.3390/coatings12040486
http://doi.org/10.1016/j.porgcoat.2020.105978
http://doi.org/10.3390/coatings9100635
http://doi.org/10.3390/polym11111733

Coatings 2023, 13, 721 20 of 20

76. Kymaldinen, M.; Domény, J.; Rautkari, L. Moisture Sorption of Wood Surfaces Modified by One-Sided Carbonization as an
Alternative to Traditional Fagade Coatings. Coatings 2022, 12, 1273. [CrossRef]

77. Mohamed, Y.S.; El-Gamal, H.; Zaghloul, M.M.Y. Micro-hardness behavior of fiber reinforced thermosetting composites embedded
with cellulose nanocrystals. Alex. Eng. . 2018, 57, 4113-4119. [CrossRef]

78. Graupner, N.; Miissig, J. Cellulose fiber-reinforced PLA versus PP. Int. J. Polym. Sci. 2017, 2017, 6059183. [CrossRef]

79. Vicki, W,; Rajah, T.S.; Selvakumar, S. Synthesis of cellulose from office waste paper and the effect on mechanical properties
of cellulose/kenaf/epoxy composite. In Proceedings of the MATEC Web of Conferences, Osaka, Japan, 21-22 September
2018; p. 05002.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/coatings12091273
http://doi.org/10.1016/j.aej.2018.10.012
http://doi.org/10.1155/2017/6059183

	Introduction 
	Materials and Methods 
	Materials 
	Samples Production 
	Characterization 

	Results and Discussion 
	Fibers and Coatings Morphology 
	Sample Exposure to Different Aggressive Environments 
	UV-B Exposure 
	Climatic Chamber Exposure 

	Coatings Liquid Resistance 
	Coatings Hardness and Abrasion Resistance 

	Conclusions 
	References

