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Growing concerns about indoor air pollution heighten the need to develop depolluting materials to achieve a
healthy built environment. This study developed functional coatings for wooden surfaces using 20 wt% photo-
catalytic biocarbon particles doped with manganese oxide (BC-MnO2) and two different coating materials
(linseed oil and waterborne acrylic). The samples’ surface hydrophobicity and color properties were tested before
and after accelerated aging. The depolluting potential of the samples was evaluated by formaldehyde removal
efficiency test in indoor conditions. Results showed that adding BC-MnO,, particles increased the hydrophobicity
regardless of the coating material’s type. After accelerated aging, the hydrophobicity of all samples increased,
which was attributed to the curing of the oil and acrylic polymers and the increase in surface roughness even-
tually caused by surface damage. The color change (AE) was more intense in the case of uncoated wood and
samples without BC-MnO». However, the BC-MnOz-containing coatings were effective in color preservation (AE
< 2), which was attributed to the anti-UV property of biocarbon. The BC-MnO,-containing coatings exhibited a
promising formaldehyde removal efficiency of up to 24 % and 46 % for oil and acrylic samples, respectively. The
combination of BC-MnO; and acrylic material was more favourable to attracting the formaldehyde molecules,
likely due to the similar polarity. The developed functional coatings exhibited an acceptable ability for wood
protection and formaldehyde remediation and can be potentially used to enhance indoor air quality.

1. Introduction [2] evaluated the total VOC emission from three different types of

furniture polish at room temperature in a test chamber. Results showed

Achieving a healthy indoor environment remains challenging due to
multiple emission sources, increasing the risk of exposure to airborne
toxins. Depending on their formulation and manufacturing processes,
products such as wood furniture, paints, and coatings are known as
potential sources of the release of volatile organic compounds (VOCs).
The presence of VOCs in the built environment reduces the air quality
we breathe, negatively impacting human health and well-being. On
average, an adult inhales 11,000 L of air daily [1]. Therefore, paying
rigorous attention to the quality of indoor air is crucial. One way to
maintain a healthy and comfortable built environment is to use inno-
vative and harmless materials in our buildings.

Wood materials used indoors are generally coated to improve long-
term performance and durability. However, many of the coating mate-
rials used result in the off-gassing of VOCs. For instance, Guo and Murray
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that the maximum total VOC emissions were 4.25 mg/m°>, 4.52 mg/m°,
and 584 pg/m® for aerosol spray, emulsion, and solvent polishes,
respectively. In another example, Stachowiak-Wencek et al. [3] studied
the emissions from different lacquer products in ambient conditions.
They found that the average total VOCs released from the samples after
24 h ranged between 307 pg/m® and 1829 pg/m>. Moreover, they
identified the composition of emitted VOCs and reported the presence of
aldehydes, esters, ketones, aliphatic, aromatic hydrocarbons, alcohols,
glycols, and terpenes. Many of these compounds can negatively influ-
ence human health. Reducing the VOC emissions from coatings can help
to control the indoor air pollution. Moreover, adding a depolluting
function to the coatings can be even better for enhancing and main-
taining the indoor air quality.

Research and development efforts devoted to coating systems have
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experienced rapid growth. As a result, a new generation of products
called functional coatings has emerged. Functional coatings provide
novel functions besides their conventional role of protection and deco-
ration. The global functional coatings market grew to 460 million euros
in 2022 and is forecasted to increase to 680 million euros by 2030 [4].
Common examples of functional coatings include self-healing, anti-mi-
crobial, and depolluting coatings. For instance, VOC adsorbing coatings
can have great potential in air purification, given the high interaction of
air with the coated surfaces. However, research about depolluting
coatings is still minimal. Depolluting coatings are passive removal ma-
terials capable of removing pollutants with no additional energy con-
sumption [5,6].

Biocarbon (BC) is a porous carbonaceous material that showed
promising potential in VOC removal [7]. Prior research [8] found that
BC particles produced from the pyrolysis of Arundo donax could adsorb
formaldehyde efficiently and be reused up to four times using a regen-
erative thermal treatment process. While these findings are attractive,
innovative means of regenerating carbonaceous materials, including BC,
are needed for coating and indoor applications. Using photocatalytic
agents is one potential option for extending the lifespan of the adsorbent
and ensuring continuous pollutant removal. Few studies explored using
carbon-based passive removal materials for VOC mitigation in the built
environment. For instance, Krou et al. [9] utilized cement paste con-
taining activated carbon (AC) to remove acetaldehyde and toluene. They
found that the material reduced the toluene concentration by 37 %
compared to only 5 % for the reference sample without AC. Seo et al.
[10] investigated the toluene removal efficiency of gypsum boards
mixed with AC. They reported a significant increase in pollutant removal
after adding AC to the gypsum. Likewise, Zuraimi et al. [11] studied the
efficiency of commercialized AC-based wallpaper and found a toluene
removal rate of up to 200 mg/m2/h. Research on using porous carbon
materials within coatings is limited. Jeon et al. [12] investigated the
toluene removal efficiency of AC mixed with acrylic polymer applied on
different surfaces (glass, gypsum, and mortar). The research results
showed that the average efficiency of toluene removal of the AC/acrylic
coating was up to 98 % and 96 % when tested in a static laboratory
experiment and real building environment, respectively. These results
indicated the possibilities of carbonaceous materials as a VOC-reducing
substances in indoor environments. However, the saturation of the
adsorbent remains a key challenge that limits the use of carbon-based
passive removal materials for longer periods.

Our prior research [13] examined the formaldehyde removal effi-
ciency of BC particles doped with variable MnO; concentrations (2 %—
13 %). The BC doped with 8 % MnO, exhibited promising formaldehyde
removal efficiency (up to 91 %) and stability in ambient conditions and
under the presence of visible light. The synergetic effect between the
adsorptive property of BC and the photocatalytic activity of MnO; led to
high remediation performance. The integrated
adsorption-photodegradation technology had the advantage of avoiding
the saturation of the BC, which enabled continuous removal of the
formaldehyde. Indeed, the adsorbed formaldehyde was degraded by the
MnO,, and the BC pores were regenerated. Prior studies reported suc-
cessful application of carbonaceous material doped with MnO; in
formaldehyde remediation [13,14]. However, biocarbon-MnO,
(BC-MnOy) particles have not been explored in developing wood coat-
ings for formaldehyde removal. In this study, we aimed to use the pre-
viously prepared BC-MnO; particles to create a functional coating
system for wooden surfaces. The main objectives were (i) to evaluate the
suitability of the coatings to protect wood by assessing changes in sur-
face hydrophobicity and color properties of the substrates after exposure
to accelerated aging, and (ii) to investigate the formaldehyde removal
efficiency of the coatings.
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2. Materials and methods
2.1. Materials

Waterborne acrylic and linseed oil (Samson Kamnik d. 0.0, Slovenia)
were used as materials to prepare the coatings. BC doped with MnO,
particles (BC-MnO;) was used as the functional component of the
coatings. BC was produced by slow pyrolysis of Arundo donax canes at
800 °C for 30 min using a heating rate of 1500 °C/h. The BC’s prepa-
ration process and detailed characterization can be found in Ref. [8].
BC-MnO, particles were prepared using the co-precipitation method
reported in Ref. [14]. The ratio BC:MnO, was optimized in the labora-
tory to achieve the highest formaldehyde removal efficiency. The
BC-MnO, particles were prepared by reaction between 0.411 g of
KMnOy, 0.338 g of MnSOy4, and 2 g of BC in distilled water at 80 °C for 2
h followed by filtration and drying at 80 °C for 24 h. Details about the
preparation and characterization of BC-MnO; can be found in Ref. [13].
The BC-MnO; had a mean particle size of 17.3 + 0.6 pm.

Beech (Fagus sylvatica L) and oak (Quercus robur) substrates with
dimensions of 11 cm x 7 cm x 1 cm were used as surfaces for applying
the coatings. These two wood species were selected due to their common
use in Europe for indoor applications. Formaldehyde solution (37 % w/
v) was purchased from Carlo Erba reagents (Dasti group, Val de Reuil,
France).

2.2. Preparation of the coatings

The acrylic polymer and linseed oil were mixed separately with 20
wt% of BC-MnO, particles. The mixtures were then blended by hand and
then ultrasonicated for 1 min to ensure an even dispersion of the par-
ticles. The BC-MnOj content was optimized in preliminary tests. The aim
was to maximize the content of BC-MnO;, in the coatings’ formulation.
However, adding BC-MnO content higher than 20 wt% generated a
very thick mixture that was hard to handle and apply on a surface. Wood
substrates were cut from the same board to ensure surface homogeneity.

The obtained mixtures (Acrylic-BC-MnO; and 0il-BC-MnO3) were
then applied by brushing on the surface of the substrates. Reference
samples of uncoated wood and wood coated with acrylic polymer or
linseed oil only (i.e., 0 wt% BC-MnO3) were also prepared for compar-
ison. Wood coated without BC-MnO, was selected as reference in this
study instead of uncoated wood given that wood used in building is
usually coated for protection and durability purposes. Ten different
samples were obtained and are described in Table 1.

Coatings were left to dry for 24 h at ambient conditions, then
transferred to a conditioning chamber (Kambi¢ KK-8000 CH-2, Semic,
Slovenia) set at 20 °C and 65 % relative humidity for one week to allow
complete curing of the coatings. Six replicates were prepared for each
sample, resulting in 60 total samples.

2.3. Materials characterization
The viscosity of the coating mixtures with and without BC-MnO; was

Table 1
Description of the prepared coatings.

Substrate Sample coating Coating material BC-MnO,, wt%

Beech Uncoated _ 0
Oil Linseed oil 0
Acrylic Acrylic 0
0Oil- BC-MnO, Linseed oil 20
Acrylic-BC-MnO, Acrylic 20

Oak Uncoated _ 0
Oil Linseed oil 0
Acrylic Acrylic 0
Oil- BC-MnO, Linseed oil 20
Acrylic-BC-MnO, Acrylic 20
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measured according to standard [15] using a rotational viscometer
(ViscoQC, Anton Paar Quantachrome Instruments, Florida, USA)
equipped with a CC12/D18 spindle. Measurements were conducted at a
20%-80 % torque interval and 250 rpm speed. The volume of each
tested sample was 11.8 ml per technical manual requirements, and the
viscosity was determined at 20 °C and 40 °C. Three repetitions were
conducted for each measurement, and average values were reported.

The thickness of BC-MnO,-containing coatings was determined by
microscopic cross-sectional observation using a digital microscope
Keyence VHX-6000 (Keyence corporation, Itasca, IL, USA).

The accelerated aging tests were performed by placing samples in an
artificial weathering machine (QUV/Spray/RP, QLab corporation, Ohio,
USA) equipped with UVA-340 lamps. The coating systems were exposed
to an aging cycle by alternating between 16 h of UV exposure (0.68 W/
m?) and 60 °C followed by 8 h in dark conditions at 60 °C. The cycle was
designed to mimic the typical indoor day conditions (alternation be-
tween light and dark). The aging cycle was repeated seven times, and the
total exposure period was 168 h. Three replicates were used to test the
surface properties (hydrophobicity and color) before and after exposure
to accelerated aging.

The surface hydrophobicity of the coating systems before and after
accelerated aging was assessed by measuring the water contact angle
(WCA) following the sessile drop method. The WCA was measured using
an optical tensiometer (Attention Theta Flex Auto 4 system, Biolin Sci-
entific, Githenburg, Sweden) equipped with a 3D topography module.
Tests were performed at ambient conditions using distilled water. Each
measurement consisted of five water drops of 4 pL each, and the WCA
values were recorded over 10 s after deposition of the drop on the sur-
face. Average values were determined and reported.

The color properties were evaluated on the surface of the coatings
before and after accelerated aging using CIELAB L*a*b* system (light-
ness, red/green, and blue/yellow components). The measurements were
conducted using a Spektromaster 565-45 spectrophotometer (Erichsen,
Hemer, Germany). The system parameters were set by default after
calibration: D65 illuminant, 10° viewing angle, spectral range 400-700
nm; spectral resolution 10 nm; aperture size 11 mm; and fixed geometry
of measurement 45°/0°. The color properties and gloss units were
measured in three random regions of each sample, and three replicates
were evaluated for each sample type. Color change (AE) was determined
after accelerated aging using Equation (1). AE has no unit and is
measured on a scale from 0 to 100, where 0 is less color difference, and
100 indicates complete distortion.

AE=((AL*)*4+(Aa*)?+(Ab*)?)1/2 €h)

Where AL, Aa, and Ab represent the differences between color coordi-
nate values measured for samples before and after accelerated aging.

2.4. Formaldehyde removal potential of the coatings

The formaldehyde removal potential of the coated samples with and
without BC-MnO, was evaluated by static experiment adopted from
Ref. [12]. Uncoated wood substrates were not considered in the form-
aldehyde removal test as the objective of the research was to investigate
the impact of adding BC-MnOs, to traditional wood coatings. For each
test, a coated substrate was placed in a glass chamber with a volume of
25 L. The uncoated parts of the substrate were covered with aluminum
tape to avoid the interaction of the formaldehyde with the uncoated
surface. The chamber contained an electrochemical formaldehyde gas
sensor (Stox-HCHO, EC Sense, Schaftlarn, Germany) with 0.1 ppm res-
olution and 1 s response time to detect the changes in formaldehyde
concentration. Formaldehyde solution was injected, and the chamber
was hermetically closed. The initial formaldehyde concentration in the
test chamber stabilized at 4.91 mg/m® (equivalent to 4 ppm). The
fluctuation of formaldehyde concentrations was tracked continuously
for 8 h, noting that the experimental time was selected based on daylight
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availability. Indeed, previous results showed that the MnO, particles
were only active and capable to photodegrade the adsorbed formalde-
hyde under visible light and not under dark conditions [13]. Experi-
ments were performed in ambient indoor conditions: 23 °C, relative
humidity 40 %, and conventional visible light. The tests were carried out
without a fan in the chamber to avoid disturbing the sensor’s stability by
intensive air circulation in the small test chamber.

The samples’ formaldehyde removal efficiency was determined
based on the initial and residual formaldehyde concentrations after 8 h
using Equation (2).

- G — G
Formaldehyde removal efficiency (%) = —c x 100 (2)

i

Where C; is the initial formaldehyde concentration (mg/ms), and Cy is
the final formaldehyde concentration after 8 h of the experiment (mg/
m3).

A blank test was performed by repeating the same experiment
without the presence of the sample. The reduction in formaldehyde
concentration obtained for the blank was considered when determining
the formaldehyde removal potential of the samples. Measurements from
three replicates were collected, and average results were reported.

The formaldehyde removal capacity (Q) per coating surface area was
determined using Equation (3).

C;—C, \%4
Q (mg /m) == ) <V ©

Where C; is the initial formaldehyde concentration (mg/L), Csis the final
formaldehyde concentration after 8 h of the experiment (mg/L), V is the
volume of the test chamber (L), and SA is the surface area of the coating
(m?).

The sample with the highest formaldehyde removal potential was
tested for five repetitive cycles to evaluate its re-usability. At the end of
each reuse cycle, a new formaldehyde injection was made without
opening the test chamber. The re-emission of the removed formaldehyde
was not a concern given that the BC-MnO;, particles utilized in this study
were found to be capable of degrading the adsorbed formaldehyde into
less harmful intermediates [13]. Given that formaldehyde can naturally
occur in wood, the formaldehyde emissions from the beech and oak
substrates were determined to investigate if natural emissions can
interfere with the removal test results. Wood substrate was placed in the
test chamber without injection of formaldehyde. The emission of
formaldehyde was tracked using the same electrochemical sensor.

2.5. Statistical evaluation

The collected data were analyzed for statistically significant differ-
ences (a = 5 %) using a paired t-test in SPSS software (IBM SPSS statistics
26) to evaluate the effect of accelerated aging on WCA and color prop-
erties, as well as to compare the formaldehyde removal potential of the
coatings on beech and oak.

Table 2
Viscosity values of the coating mixtures with and without BC-MnO,, particles.

Sample ID Viscosity, mPa.s

20 °C 40°C
0il 49.42 +1.08 26.62 + 0.94
Acrylic 125.40 + 0.75 110.87 + 7.05
0il-BC-MnO, 129.24 + 2.14 82.37 £ 0.86

Acrylic-BC-MnO, 1008.05 + 16.64 662.65 + 8.21
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3. Results and discussion
3.1. Properties of the coatings

The viscosity of the coating mixtures determined at 20 °C and 40 °C
are represented in Table 2.

The viscosity of linseed oil at 20 °C (49 mPa s) was similar to the 53
mPa s result reported by Calligaris et al. [16]. The viscosity of acrylic
material (125 mPa s) was higher than that of linseed oil. The obtained
acrylic viscosity value was slightly lower than previous research [17],
where values between 144 and 373 mPa s were reported for waterborne
acrylic and latex materials, respectively. The difference between the
findings may be attributed to differences in the tested coatings’
composition (i.e., solid content, water, etc.). Adding BC-MnO3, particles
increased the viscosity of the linseed oil and the acrylic material by 161
% and 704 %, respectively. This increment was expected because
increasing the solid content in the coatings formulations can result in a
higher viscosity. The increased viscosity is favourable because it will
limit the sedimentation of the particles within the matrix. In this regard,
Belgacem et al. [18] reported that the viscosity of linseed oil-based alkyd
resins measured at 20 °C increased by around 100 % when organosolv
lignin filler particles (20 wt%) were added to the emulsion. Similarly,
Scolaro et al. [19] found that the viscosity of resin coatings increased
after adding TiO, and silver fillers. They indicated that adding fillers
facilitated the cross-linking of the resin polymers, which resulted in
higher compactness of the matrix. The viscosity values from measure-
ments at 40 °C were lower than those obtained at 20 °C regardless of the
sample type. At 40 °C, the linseed oil and acrylic polymers likely started
to loosen and increased mobility under the effect of temperature, which
decreased the viscosity. Generally, the viscosity of liquids tends to
decrease with increasing the temperature due to the increase in kinetic
energy of the liquid molecules. The increase in kinetic energy results in
reducing the resistance to flow and augmenting the molecules’ mobility
which is reflected by a decrease in the viscosity. Prior study [20] re-
ported that the viscosity of linseed oil gradually decreased when tem-
perature was increased from 20 °C to 80 °C which was attributed to the
expansion and decrease in intermolecular attraction between the oil
molecules. In another study, Hamilton and Quail [21]. observed similar
trends and reported that the viscosity of lubricant oil decreased as
temperature increased from 0 °C to 100 °C. They indicated that
increasing the temperature initiated the oxidation and the degradation
of the oil components, which lowered the viscosity.

Coatings viscosity plays an important role in both products’
appearance and performance. A certain viscosity is necessary for
adequate film formation and surface covering. Indeed, a coating with
too high viscosity (i.e., very thick) can be hard to handle and may lead to
high film thickness, which wastes coating’s material and can result in
the formation of drip marks [22]. In contrast, a coating with too low
viscosity (i.e., very thin) may not achieve the desired film build which
will not be satisfactory for surface protection. Therefore, optimizing the
materials viscosity when developing coatings is crucial. The selection of
coatings’ application method is dependent on the materials’ rheology. In
general, higher viscosity is more favourable for brushing and rolling
applications while lower viscosity is better for spraying applications
[23]. However, viscosity measurement alone is not fully sufficient to
decide the suitable application method [22]. The application method
depends on both viscosity and shear rate. For instance, brushing was
estimated to generate a shear rate of approximately 10%-10° s™1 [24].
Based on this, the estimated viscosity for an effective brushing appli-
cation is < 1000 mPa s approximately [23]. Hence, considering the
viscosity measurements obtained for the coating mixtures prepared
during this study (Table 2), all samples were suitable for brushing
application on the wood substrates.

The thickness of the acrylic-BC-MnO; and 0il-BC-MnO coatings was
29 + 7 pm and 27 + 2 pm on beech and 49 + 5 ym and 37 £+ 7 pm on
oak, respectively. The determination of thickness was only possible for
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the coatings containing BC-MnO, particles. However, in the case of
reference coatings (without BC-MnOy), the observation was limited due
to the transparent color of the materials.

3.2. Efficiency of the coatings in wood protection

The WCA values on the samples’ surface before and after accelerated
aging are represented in Table 3.

The uncoated beech exhibited a hydrophilic character, unlike the
uncoated oak which had a relatively high WCA (Table 3). Prior research
[25] reported similar findings for uncoated beech and oak surfaces
(WCA of 56° and 81°, respectively). Tyloses in oak likely contributed to
its increased hydrophobicity since tyloses block the liquids’ penetration
through the vessels.

After coating with linseed oil and acrylic material, the WCA
increased for both species. However, linseed oil further improved the
surface hydrophobicity compared to the acrylic material. The lower
performance of the acrylic material was likely due to its waterborne
character. Additionally, linseed oil has been recognized for its capacity
as an efficient water-repellent for wood protection. Indeed, as a drying
oil, linseed oil can form a protective film on the wood pores and block
the lumen, limiting access to water into the internal wood structure
[26]. Adding BC-MnO, particles to the coatings further enhanced the
surface hydrophobicity (Table 3). The WCA of oil coatings after adding
BC-MnO; increased by 12 % and 9 % for beech and oak, respectively. In
the case of acrylic-based coatings, the WCA on beech increased by 13 %
after adding BC-MnO,, particles, while the WCA on oak increased by only
2 %. The increase in surface hydrophobicity after adding BC-MnO,
particles to the coatings can be attributed to the hydrophobic character
of the utilized BC particles. Specifically, the BC particles had a relatively
high fixed carbon content (76 %) and aromatic feature (results presented
in Ref. [8]), contributing to their hydrophobic nature. Another reason
for the increase in WCA can be the effect of BC-MnOy, particles on the
surface topology (i.e., the effect on roughness). Indeed, according to
Cassie-Baxter theory, the surface roughness forms air pockets between
the liquid drop (i.e., water) and the surface, inhibiting the liquid pene-
tration and increasing the WCA. Amirchand et al. [27] achieved a
superhydrophobic surface (i.e, WCA >150°) by coating with
non-modified BC particles that were dispersed in ethanol via ultra-
sonication and applied on a polyurethane tape. They reported that the
BC particles on the surface created a super-repellent coating by
increasing the roughness and trapping air underneath the water drops.

After the accelerated aging, the WCA of all samples increased
regardless of the coating type and wood species (Table 3). Paired t-test
showed that the increase in WCA after accelerated aging was statistically
significant (P < 0.05) for uncoated, acrylic, and acrylic-BC-MnO,, in the
case of beech and oak (Table 3). For uncoated beech and oak, the in-
crease in WCA after aging was likely due to changes in wood surface

Table 3
Water contact angle results before and after accelerated aging.

Substrate ~ Sample Water contact angle, °
Before accelerated After accelerated P-value
aging aging
Beech Uncoated 52+ 4 78 £5 <0.001"
Oil 108 +1 110 +£2 0.074
Acrylic 87 +1 94 +3 0.026"
0il-BC-MnO, 121 +£13 127 +3 0.408
Acrylic- BC- 98 + 2 107 £1 0.004"
MnO,
Oak Uncoated 93+1 100 + 2 0.007%
Oil 101 +£3 105 +5 0.074
Acrylic 95 +1 109 £5 0.026"
Oil- BC-MnO, 110 £ 2 111 +3 0.225
Acrylic- BC- 97 +2 100 +1 0.035"
MnO,

# Statistically significant difference.
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chemistry caused by exposure to UV and temperature. During wood
drying or exposure to a relatively high temperature, the water-soluble
extractives tend to migrate and concentrate on the surface, which in-
creases the hydrophobicity. Such a trend was reported as a limitation
during wood gluing since extractives on the surface act as a barrier
against adhesive penetration [28]. Similar findings were reported by
Jankowska et al. [29], who investigated surface properties of four wood
species after artificial weathering using UV only for 25 h and a combi-
nation of UV, temperature (70 °C), and water spraying for 30 h and 120
h. They found that the WCA on the sample’s surface increased regardless
of the treatment type. They explained that extractives in the wood
leached (especially when water was involved in the weathering process)
and accumulated on the surface, causing changes in hydrophobicity.

For linseed oil-based coatings (with and without BC-MnO), the in-
crease in WCA after aging was likely due to the polymerization and
cross-linking reactions provoked by exposure to UV and temperature.
Prior research [30] reported that wood treated with linseed oil required
a few weeks of drying to allow polymerization and reach a hydrophobic
WCA (i.e., WCA >90°), in contrast to tung oil, which polymerized
quickly and provided hydrophobicity to the wood surface right after
application. Results were explained by the differences in the oils’
composition, consisting of a non-conjugated double bond system in
linseed oil and a conjugated triene-dominated fatty acid system in tung
oil.

In the case of the acrylic-based coatings (with and without BC-
MnOy), the increase in WCA after accelerated aging was likely related to
chemical changes in the acrylic polymers. A decrease in the WCA would

(a) Uncoated Oil

(b) Uncoated Oil

Acrylic

Acrylic
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be expected if the accelerated aging involved water spraying because of
the waterborne character of the acrylic material. However, the aging
treatment in this study consisted of exposure to UV and temperature
only. Izzo et al. [31] investigated the stability of an aqueous emulsion of
acrylic copolymers mixed with other additives. The samples were sub-
jected to artificial aging using UV, temperature, or humidity. Results
showed that the WCA of all samples increased after the aging treatment
using UV and temperature, which was attributed to the decrease in polar
groups on the paints’ surfaces. They also suspected that part of the waxy
fraction in the coating likely migrated to the surface, increasing the
WCA.

In the case of all samples, the increase in WCA after aging can also be
associated with the eventual increase in surface roughness. The expo-
sure to aggressive UV conditions and temperature likely initiated the
damage on the wood and coatings surface, making it rougher. Jan-
kowska et al. [29] reported that the increase in surface roughness after
exposure to UV and water spray occurred due to cracking and surface
oxidation.

Overall, the addition of BC-MnOy positively impacted the hydro-
phobicity of the samples for both coating materials, and the samples
containing linseed oil and BC-MnO; particles had the best water resis-
tance on both beech and oak.

Images of the samples before and after exposure to accelerated aging
are represented in Fig. 1. Visual evaluation of the samples’ surface
indicated that the original color of the uncoated substrates and sub-
strates coated without BC-MnO, was changed. However, the color
change was not visible for substrates coated with BC-MnO,. The

Oil-BC-MnO, Acrylic-BC-MnO,

0il-BC-MnO,

Acrylic-BC-MnO,

Fig. 1. Images of (a) beech and (b) oak substrates before (pictures on top) and after (pictures on bottom) accelerated aging.
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alteration of color was more visible in the case of beech (Fig. 1 a) than in
oak (Fig. 1 b).

The color change of wood is a common sign of its alteration by the
effect of light that induces chemical modifications on the surface, mainly
lignin depolymerization. Changes in color properties of the uncoated
and coated surfaces after exposure to UV irradiation at 60 °C during
accelerated aging are summarized in Table 4.

Results from the statistical comparison between the different color
parameters before and after accelerated aging using paired t-tests are
represented in Table 5. Values from beech and oak samples were
compared separately. The difference between the compared values was
considered statistically significant if P < 0.05.

The coatings containing BC-MnO, particles had the lowest L*
(Table 4) among all other samples, attributed to the black color of the
BC-MnO; particles. In the case of uncoated substrates and substrates
coated without BC-MnOa, the change in L* after aging was significant for
beech compared to oak (Table 5). The effect of accelerated aging on
beech L* was more visible because beech has a naturally lighter color
than oak. However, when BC-MnO;, particles were added to the coatings,
the change in L* was less intense for both species (Table 4). Thus, adding
BC-MnO, particles provided more UV resistance to the wood surface.

Values of a* (green/red color indicator) and b* (blue/yellow color
indicator) increased after the accelerated aging for uncoated samples
and samples coated with oil and acrylic only (Table 4). The increase in
a* and b* indicated an increase in the degrees of redness and yellowness.
In the case of coatings containing BC-MnO», a* and b* values changed
slightly after accelerated aging. In addition, the a* and b* values of BC-
MnOs;-containing samples were close to 0 (Table 4), indicating that these
samples tended to have a color closer to green and blue shades. Prior
research [25] reported that tung oil coatings loaded with BC particles (5,
10, and 20 wt%) had higher greenness and blueness than the reference
samples. The changes in a* and b* values followed a similar trend as L*
and were more intense in the case of uncoated beech and beech coated
without BC-MnO, compared to oak. The darker color of oak was likely
advantageous in preserving the surface’s optical properties. Thus, the
intensity of changes in surface color depended on the wood substrate’s
original optical properties. The greater surface alteration of beech was
also confirmed by the color change (AE) results (Table 4). Indeed, for
uncoated beech and beech coated without BC-MnO,, AE ranged between

Table 4
Color properties before and after accelerated aging.
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Table 5
Paired t-test results.
Sample type P-values
L* a* b* Gloss
Beech 0.001" 0.001" 0.001" 0.070
Oak 0.464 0.004" 0.001" 0.505

 Statistically significant difference.

16 and 23. A AE higher than 12 is usually an indication of a complete
change in the color, according to Cui et al. [32]. In the case of uncoated
oak and oak coated without BC-MnOg, AE values ranged between 6 and
10, which indicates a visible color alteration (6 < AE > 12) [32].

Coating the surface with linseed oil decreased the AE by 20 % and 36
% in the case of beech and oak, respectively, compared to the uncoated
references. Temiz et al. [33] examined the efficiency of different treat-
ments (chromated copper arsenate, metal-free propiconazole treatment,
chitosan, furfuryl alcohol, linseed oil, and tall oil) in the protection of
pine wood against artificial weathering. They reported that linseed oil
was the most effective in minimizing the color change during 800 h of
exposure to artificial weathering conditions among all other samples.
However, coating with the acrylic material was not beneficial in
reducing the color alteration during the exposure to UV and tempera-
ture, as the obtained AE values were comparable to the uncoated
reference (Table 4). The low performance of the waterborne acrylic can
be attributed to its transparent feature, which did not provide enough
protection to the surface against UV irradiation. Similarly, prior research
[34] reported that the AE of wood coated with transparent acrylic paint
was similar to that of uncoated wood after 200 h of accelerated aging.
They explained that the acrylic paint was transparent, which enabled UV
light transmission to the wood surface underneath the coating and led to
photo-degradation.

For coatings loaded with BC-MnO>, particles, AE values were < 2,
signifying a slight change of color regardless of the wood species and
coating material type (i.e., acrylic or linseed oil). Adding BC-MnO,
particles to the coatings sharply decreases the extent of color change
during accelerated aging. Therefore, BC-MnOy-containing coatings were
highly effective in preserving the wood surface and avoiding alteration.
These findings were attributed to the coatings’ black pigmentation,

Substrate  Sample Color parameters
Before accelerated aging After accelerated aging Color change
(AE)"
L* a* b* Gloss L* a* b* Gloss
Beech Uncoated 75.29 + 8.26 £ 0.12 20.58 + 3.08 £0.11 62.38 + 15.9 + 0.07 34.35 + 2.67 + 0.09 20.42
0.33 0.01 0.09 0.07
oil 70.72 + 10.1 +£0.25  23.96 + 2.90 +£0.08 60.28 + 16.42 + 34.82 + 2.75+0.21 16.33
0.43 0.37 0.29 0.12 0.74
Acrylic 75.53 £ 7.74 £ 0.25 23.82 + 14.33 + 63.66 + 16.12 + 41.48 + 9.80 +£1.78 22.87
0.36 0.16 1.02 0.08 0.06 0.14
0il-BC-MnO, 20.59 + 0.26 £0.01 0.42+0.01 0.51+0.02 2215+ 0.16 + 0.01 0.58 £0.03 0.37 £0.03 1.56
0.19 0.19
Acrylic- BC- 21.48 + 0.44+£0.01 0.23+0.01 1.31+0.11 21.44+ 0.22 £ 0.02 0.29 +£0.07 0.86+0.39 0.23
MnO, 0.26 0.08
Oak Uncoated 60.12 + 8.35+0.23 21.11 + 291 £0.31 57.9 £0.34 10.93 + 30.71 £ 2.64 +0.49 10.18
0.82 0.30 0.14 0.52
0il 51.59 + 12,47 + 28.09 + 3.70 £0.19 5229+ 13.98 + 34.35 + 3.19 £ 0.4 6.47
0.24 0.25 0.44 0.30 0.10 0.64
Acrylic 54.28 + 9.96 £ 0.16 29.96 + 26.22 + 52.34 + 12.89 + 39.46 + 2241 + 10.12
0.29 0.39 2.98 0.65 0.13 0.10 3.53
Oil- BC-MnO, 22.5+0.30 0.22+0.03 027 +£0.02 1.47+0.12 24.09+ —0.01 + 0.32+0.02 1.35+0.18 1.60
0.22 0.02
Acrylic- BC- 22.62 + 0.46 £0.05 0.51+0.05 1.74+0.05 2287+ 0.11 + 0.02 0.78 £0.04 0.93+0.04 0.51
MnO, 0.14 0.04

L* indicates lightness, a* indicates green/red color, and b* indicates blue/yellow color.
2 AE values were determined using average values from L*, a*, and b*, thus, no standard deviations were reported.
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which helped prevent the UV irradiation from passing to the lignin
polymers on the surface and initiating their depolymerization. The ef-
ficiency of black coatings in preserving wood color was previously re-
ported. For instance, Marrot et al. [25] reported that wood coated with
BC-tung oil had a smaller color change after six months of natural
weathering than wood coated with tung oil. Results were attributed to
the ability of BC to act as a UV absorber, which improved the photo-
stability of the wood surface. In another example, Poohphajai et al. [35]
observed a negligible change in the color of wood protected by black
fungi bio-finish after a whole year of outdoor weathering. They
explained that the black pigment (i.e., melanin) produced by the fungi
served as a protective layer against environmental factors that could
initiate wood degradation, including protection against light and UV
irradiation.

Changes in surface glossiness are also an indicator of wood degra-
dation. The change in glossiness after accelerated aging was not statis-
tically significant (Table 5) in the case of all samples. These findings
were different compared to findings from other studies. For instance, it
was reported that exposure to artificial [36] or natural [25] weathering
was correlated with a decrease in the glossiness of wood surfaces.
However, in the reported studies, water spray or rain factors were
involved in the aging process, likely contributing to decreased glossi-
ness. Further investigation of gloss value behaviors over a more
extended period of accelerated aging might be necessary to make proper
conclusions regarding this point.

3.3. Efficiency of the coatings in formaldehyde remediation

The measured formaldehyde emissions from beech and oak sub-
strates are provided in Fig. A1 (Appendix A). The natural formaldehyde
emissions from the uncoated wood substrates were less than 0.01 ppm
regardless of the wood species. Formaldehyde emissions from the used
substrates were negligible and not a concern in this study. Bohm et al.
[37] evaluated the formaldehyde emissions from different wood species
according to EN 717-1 standard. They found that formaldehyde emis-
sions from beech and oak were 0.0068 + 0.001 ppm and 0.0042 +
0.0003 ppm, respectively, which seems to be relatively low. In general,
formaldehyde, occurring naturally in wood, is primarily off-gassed
during the drying phase. In contrast, wood-based composites are
recognized as the primary emission source of formaldehyde indoors
[38]. These emissions are mainly associated with the use of synthetic
adhesive (e.g., urea-formaldehyde) in commercial particle boards and
furniture.

Table 6 represents the formaldehyde removal efficiency and capacity
of the coatings with and without BC-MnOs, particles determined after 8 h
in ambient conditions.

A paired t-test showed a statistically significant difference between
the formaldehyde removal potential of the coatings on beech and oak (P
= 0.021). Regardless of the substrate type, coatings without BC-MnO,
exhibited a relatively low formaldehyde removal efficiency of approxi-
mately 3 % and 6 % for linseed oil and acrylic, respectively. The

Table 6
Formaldehyde removal test results.

Substrate ~ Sample Removal efficiency, Removal capacity, mg/
% m?

Beech 0il 3.0+ 0.3 0.6 + 0.1
Acrylic 6.2+ 1.6 1.23+0.3
0il-BC-MnO, 24.2 £3.0 4.83+0.6
Acrylic-BC- 46.6 £ 5.1 9.29+1.0
MnO,

Oak 0il 3.4+£0.2 0.68 + 0.4
Acrylic 5.7+ 1.1 1.14 £ 0.2
Oil-BC-MnO, 19.6 + 3.7 3.91 £ 0.7
Acrylic-BC- 42.6 £8.9 85+1.8
MnO,
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formaldehyde removal in the case of samples without BC-MnO, was
attributed to the adsorption of pollutant molecules on the surface of the
coatings. Despite the absence of porous adsorbent material in the sam-
ples, some formaldehyde molecules likely interacted with the surface
(linseed oil and acrylic). However, this part was relatively low. The
formaldehyde removal increased after adding BC-MnO particles to the
coatings (Table 6). The removal efficiency of the linseed oil-based
coatings increased by 700 % and 476 % on beech and oak, respec-
tively. Likewise, the removal efficiency of the acrylic-based coatings
increased by approximately 650 % on both beech and oak after adding
BC-MnO,. The variation of formaldehyde concentrations in the test
chamber (Fig. A 2 and Fig. A 3 in Appendix A) showed that the decrease
in formaldehyde concentration was faster in the case of coatings con-
taining BC-MnO, compared to the reference sample. Moreover, the
formaldehyde removal rate was faster in the case of acrylic-BC-MnO,
coatings compared to the 0il-BC-MnO; ones. The formaldehyde removal
potential of the coatings was attributed to the integrated adsorption-
photocatalytic degradation activity of the BC-MnO; particles. The uti-
lized BC has a relatively high adsorptive potential due to its well-
developed microporous structure. The microporous surface area of the
utilized BC is 587.18 m?/g, which enabled the capture of the formal-
dehyde molecules via a pore-filling mechanism [8]. Moreover, the
MnO,, a visible light photocatalyst, degraded the captured formalde-
hyde, resulting in the regeneration of the BC pores and making them
available for further adsorption. The synergetic effect between carbo-
naceous materials and MnO; particles for removing formaldehyde was
previously confirmed. For instance, Zhang et al. [39] used MnO; loaded
on activated carbon paper to remove formaldehyde in ambient condi-
tions and achieved 59 ppm of formaldehyde reduction in 10 h.

Regardless of the wood substrate, the acrylic-BC-MnO; coatings
performed twice better than the 0il-BC-MnO; coatings (Table 6). This
difference in formaldehyde removal was likely caused by the difference
in polarity of the linseed oil and the acrylic material, which influenced
the interaction of the coating with the formaldehyde molecules. Form-
aldehyde, as a polar compound, had likely higher affinity to the polar
acrylic surface, while the apolar oil surface was less favourable for
interaction. This assumption can be supported by the surface hydro-
phobicity results (Table 3), which revealed that linseed oil-coated sub-
strates were more hydrophobic (i.e., apolar) than acrylic-coated
samples. Surfaces with higher hydrophobicity are advantageous in the
case of adsorption of apolar molecules [40], unlike formaldehyde. Prior
research [41] reported that increasing the polarity of activated carbon
via oxidation (i.e., incorporation of oxygen functional groups) contrib-
uted to increasing the affinity to formaldehyde as a polar molecule.
However, the same treatment was not favourable for benzene, a
non-polar compound.

The highest formaldehyde removal capacities, 9.3 and 8.5 mg/m?
achieved by the acrylic-BC-MnO; coatings on beech and oak, respec-
tively, can be considered satisfactory for mitigating indoor formalde-
hyde levels. However, the lifespan of the depolluting coating is
important to optimize the possibility of effective use over a long period.
The re-useability of the acrylic-BC-MnO, sample on beech was evalu-
ated, and its formaldehyde removal efficiency was determined over five
successive reuse cycles, as shown in Fig. 2.

The acrylic-BC-MnO; coating exhibited a relatively stable perfor-
mance in removing formaldehyde up to the fourth cycle. At cycle 5, the
formaldehyde removal efficiency of the coating decreased by 16 %
compared to the fresh sample. The decrease in the coating’s perfor-
mance over reuse cycles can be related to the partial deactivation of the
photocatalyst (MnO3) due to the accumulation of formaldehyde degra-
dation intermediates. Another reason can be the eventual fluctuation of
experimental conditions (temperature, relative humidity, and light in-
tensity), given that the experiments were conducted in ambient condi-
tions. Further research will be implemented to investigate the effect of
external conditions on the coating’s depolluting potential and improve
the material’s remediation capacity.
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Fig. 2. Formaldehyde removal efficiency of acrylic-BC-MnO, coating on beech
after five reuse cycles.

4. Conclusion

Enhancing indoor air quality requires optimized and effective stra-
tegies. Depolluting materials are convenient solutions that help main-
tain healthy indoor air quality without additional energy demands.
Functional coatings were successfully prepared using two materials
(linseed oil and waterborne acrylic) loaded with 20 wt% active BC-
MnO;, particles. The coatings were applied on beech and oak substrates
and evaluated for their capacity to protect the wood and to remove
formaldehyde in indoor conditions. Surface hydrophobicity of the
coatings containing BC-MnO; particles was higher compared to the
reference samples and ranged from 98° to 121° and from 97° to 110° for
beech and oak, respectively. After accelerated aging, the surface hy-
drophobicity of all samples increased, which was attributed to the in-
crease in surface chemistry and roughness. Regarding color properties,
adding BC-MnO,, particles improved color stability against accelerated
aging. It was found that the color change for samples without BC-MnO»
ranged from 16 to 23 and from 6 to 10 in the case of beech and oak,
respectively. However, for samples containing BC-MnO,, the color
change was under 2, attributed to BC’s ability to increase photostability
against UV irradiation. The coating prepared from acrylic and BC-MnO,
particles exhibited the highest formaldehyde removal efficiency (46 %)
among all samples. Moreover, this coating showed acceptable stability
over five reuse cycles. The coatings’ depolluting ability was attributed to
BC’s efficiency as a porous adsorbent and the photocatalytic activity of
MnO, that enabled formaldehyde degradation. Overall, the acrylic-BC-
MnO, sample was the best in terms of wood protection and depolluting
potential. Functional coatings can be a promising way to mitigate
airborne pollutants from the indoor environment due to the large area of
coated surfaces in buildings. Further research should be implemented to
investigate the performance of these coatings at a larger scale within a
building to verify their efficiency in removing VOCs and other polluting
compounds.
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