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A B S T R A C T   

With wood regaining substantial interest as a construction material due to sustainability concerns and aesthetics 
trends, efficient and safe protection methods are needed to prevent the discouloration and the loss of mechanical 
properties of this renewable and UV-sensitive material. In this study, sustainable coatings comprising 0 to 20 wt 
% biocarbon (BC) dispersed in tung oil were developed for wood protection. BC particles were added as ultra-
violet (UV) absorbers and were produced by various carbonization routes. The BC powders were characterized in 
terms of particle size and surface functional groups by Fourier-Transform infrared, and the UV and visible 
absorbance of dispersed BC powders in water solutions were related to these characteristics. 

Two wooden substrates (beech and oak) were coated with the developed coatings and the samples underwent 
six months of onsite weathering. While the total colour change of uncoated samples and tung oil-coated sub-
strates without BC kept increasing over time and resulted in a clear alteration of the wood surface aesthetics, an 
increased BC content in the coatings led to enhanced colour stability, with alteration of the colour close to 2 for 
both wood species after six months of weathering for 10 and 20 wt% BC. 

Coating with tung oil made the wooden substrates, initially hydrophilic, become hydrophobic, and the further 
introduction of biocarbon increased hydrophobicity. However, the increase in BC content was not correlated 
with an increase in water repellence, the highest water contact angle being observed for 5 % BC, and no further 
improvement in hydrophobicity was observed with higher BC content. The weathering negatively affected the 
water repellence of all the samples (i.e., reference samples and coated samples with various BC content). 
However, the introduction of 20 % BC best protected the decrease in water repellence induced by the onsite 
weathering.   

1. Introduction 

Wood as a construction material has regained substantial interest 
due to sustainability concerns and aesthetics trends. However, as a 
biobased material, wood is sensitive to humidity and ultraviolet (UV) 
radiation, which triggers the formation of free radicals and induces 
depolymerization of its lignin and cellulose components [1]. Outdoor 
exposure of wooden materials can result in swelling, mould and fungi 
attacks, discolouration, yellowing, and loss of gloss and mechanical 
properties [2,3]. UV-protective agents are needed to preserve wood 
from the deterioration linked to UV exposure. Synthetic organic and 
inorganic UV filters have been developed and massively commercialized 

for various markets. Due to their release into the aquatic environment, 
organic UV filters are becoming an essential group of emerging con-
taminants, raising concerns about their impact on the environment and 
human health [4]. Inorganic UV absorbers based on metal oxide semi-
conductors (such as TiO2, ZnO, SiO2 and Al2O3 [5]) appear less toxic and 
chemically more stable than organic absorbers when exposed to high 
temperatures and UV. However, some inorganic UV absorbers started 
showing safety concerns recently. For example, the European Union 
published in 2020 the official delegated regulation to classify TiO2 as a 
suspected carcinogen by inhalation. Hence, further research is needed to 
develop efficient but safer and more sustainable UV absorbers. 

Carbon-based materials in different forms (e.g., carbon black [6,7], 
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graphite [8], diamond [8], carbon nanotubes [9]) have been studied for 
use as polymer UV stabilizers because of the combined effects of the 
physical screen, UV absorption, and radical trap, while providing sus-
tainable and consumer accepted solutions. However, while carbon black 
displayed satisfying UV protection of polymers, graphite and diamond 
were found to enhance photooxidative degradation of polyethylene 
films exposed to simulated sunlight, even though they are effective light 
shields [8]. Literature also reports the use of carbon-based materials in 
coatings for wooden substrates. Yuan et al. [10] prepared a transparent, 
metal-free UV coating using graphitic carbon nitride nanosheets as UV 
absorber and cellulose nanofibrils as a film forming carrier. The coating 
presented UV-shielding and hydrophobic properties brought by a ther-
mal chemical vapor deposition process. Łukawski et al. [11] investi-
gated the possibility of using carbon black, graphene and carbon 
nanotubes as water-repellent agents for wooden substrates. They ob-
tained homogeneous carbon nano-materials, organic solvents or water 
coatings with apparent hydrophobicity. However, the authors did not 
evaluate any UV protection properties of the coatings. 

While fossil-based carbons can be used as UV-resistant coatings, bio- 
based carbon would provide a more sustainable carbon source. Bio-
carbon (BC) is a carbon-based product obtained from the carbonization 
(slow pyrolysis process) of organic materials in the absence of oxygen at 
temperatures above 300–400 ◦C [12]. Low-cost organic materials can be 
acquired as side streams from the agricultural or forestry industries and 
be efficiently converted into BC. BC has gained scientific interest thanks 
to its utilization in environmental management and its ability to miti-
gate greenhouse gas emissions, such as sequestration of CO2 and CH4 in 
global carbon pools, and to mitigate N2O emissions, the most critical 
ozone-depleting compound in the atmosphere [13]. The BC properties 
(i.e., size and extension of the porosities, ash content, carbon content 
and structure) can be optimized by adapting the production process 
parameters to target specific applications (e.g., absorption, electrical 
conductivity and soil amendment). BC from various biomass has 
recently shown promising light-absorbing properties for solar-steam 
generation devices [14–18]. This application, though, focuses on 
wavelengths ranging between 400 nm and 2500 nm and does not 
consider the UV radiation range. In another study, Chatzimitakos et al. 
[19] highlighted the UV protection properties of algae-derived carbon 
nanodots, making them promising for sunscreen formulations. 

As sustainable film formers, drying oils are extracted from plants, 
crosslinking at contact with the oxygen in the air. One popular drying oil 
in Asia and America is tung oil, extracted from the tung tree's nut 
(Vernicia fordii). Tung oil consists of conjugated triene-dominated fatty 
acid that polymerizes faster than the non-conjugated double bond sys-
tems (e.g. linseed oil). This formulation results in hydrophobicity shortly 
after being applied to wood [20]. Tung oil is used to protect wood thanks 
to its water-repellent properties. Along with the water-repellent effect, 
Humar and Lesar [21] highlighted tung oil's brown- and white-rot fungi 
protection, and the short-, medium-, and long-term water uptake pre-
vention. However, pure tung oil's relatively long drying time (longer 
than five days) limits its industrial application or requires drying agents 
to be added to its formulation. For example, Yang et al. [22] have shown 
that the curing can be reduced to a few hours using a combination of 
catalysts. 

Given the promising use of BC for UV protection, in this study, we 
aimed develop affordable and sustainable wooden coatings for façades 
or other outdoor applications. Specifically, we developed sustainable 
coatings comprising of 0 to 20 wt% BC dispersed in tung oil for wood 
protection. Two wood species were selected to evaluate the influence of 
the wooden substrate on the results. We investigated the effect of hemp- 
derived BC particles on the hydrophobicity and UV protection of the 
coated wooden substrates. The carbonization process parameters for BC 
production were monitored and related to the UV protection efficiency 
of the resulting carbon materials. 

2. Material and methods 

2.1. Hemp biomass carbonization and characterization of hemp-derived 
biocarbon (BC) 

Hemp (Cannabis sativa L.) stems from the Futura 75 variety, grown in 
2020 in Frankolovo (Slovenia), were supplied by the Vrhivšek farm. The 
stems were cut into 10 cm segments and stored in a dry environment 
before undergoing a carbonization process via a tube furnace (Naber-
therm RSRC 120-1000/13, Nabertherm, Lilienthal, Germany) under an 
inert nitrogen flow rate of 300 L/h. Hemp derived biocarbon (BC) 
samples were prepared following ten different thermochemical con-
version routes, as described in Table 1, to evaluate the influence of the 
process parameters on the visible and UV absorbance of the BC. 

Following the thermochemical conversion, the hemp-derived BC 
from each batch was manually crushed and transferred to stainless steel 
jars with 20 mm diameter stainless steel balls (balls to BC ratio was equal 
to 25). The BC was then ballmilled in deionized water for 30 min at 400 
rpm with a planetary mill (Pulverisette 5, Fritsch, Idar-Oberstein, Ger-
many). Thirty milling cycles (1 min on, followed by 5 min off) were 
repeated to avoid temperature rise. The ballmilling parameters (solvent, 
ratio of milling media:BC, milling time and resting period) were opti-
mized to obtain BC particles as small as possible, using the same 
methodology as Peterson et al. [23]. After milling, the BC samples were 
transferred into Petri dishes and placed in the oven at 105 ◦C to allow 
water evaporation and to obtain BC powder. 

For each batch, BC composition in terms of moisture, fixed carbon, 
volatiles and ash content, and elemental compositions, were reported 
earlier in [24]. The particle size of the different BC was measured to 
check the homogeneity of the powders and validate the ball milling 
efficiency to downsize the particles. Particle size measurements were 
done with a particle size analyser (Horiba Scientific LA-960A2, Horiba, 
Kyoto, Japan) in water suspension after 1 min of ultrasound to ensure 
proper dispersion of the particles. The particle refractive index was 
taken at 1.920. Ultra-violet (UV) and visible extinction of water solution 
containing 125 and 250 mg/L of BC were assessed with UV-VIS Spec-
trophotometer UV7 (Mettler Toledo, Greifensee, Switzerland). Surface 
functional groups were analyzed by Fourier transform infrared (FTIR) 
spectroscopy using an ALPHA FT-IR Spectrometer (Bruker, Billerica, 
MA, USA) equipped with an ATR (attenuated total reflection) module. 
The absorbance spectra were recorded over a wavelength range from 
400 to 4000 cm− 1, at 4 cm− 1 resolution; each spectrum represents an 
average of 32 scans. The average spectra were then collected, and OPUS 
software was used for spectra treatment by smoothing and eliminating 
CO2 and atmospheric water vapor effects. 

Table 1 
Different thermochemical conversion routes followed to produce hemp-derived 
BC.  

BC samples Heating ramp 
(◦C/h) 

Pyrolysis temp 
(◦C) 

Pyrolysis duration 
(min) 

P400-R200-T30  200  400  30 
P600-R200-T30  200  600  30 
P800-R200-T30  200  800  30 
P1000-R200- 

T30  
200  1000  30 

P600-R2000- 
T30  

2000  600  30 

P800-R2000- 
T30  

2000  800  30 

P1000-R2000- 
T30  

2000  1000  30 

P600-R2000- 
T60  

2000  600  60 

P800-R2000- 
T60  

2000  800  60 

P1000-R2000- 
T60  

2000  1000  60  
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2.2. Preparation and characterization of the wood coatings 

Oak (Quercus robur) and European beech (Fagus sylvatica L.) sub-
strates with dimensions 150 × 150 × 20 mm3 were selected to apply the 
coatings by brushing. The moisture content of beech and oak wood was 
determined in accordance with ISO 3130 standard. Three samples from 
each wood species were conditioned in a climatic chamber (Kambič KK- 
8000 CH-2, Semič, Slovenia) for 24 h at 65 % relative humidity and 20 
◦C. After conditioning, samples were weighed, and initial masses were 
recorded. Then, samples were oven-dried at 105 ◦C until achieving 
constant weight. The moisture content was determined using Eq. (1). 

Moisture content (%) =
mi − md

md
× 100 (1)  

where mi and md correspond to initial and dried mass of the sample. The 
moisture content in beech and oak wood were 8.35 ± 0.15 % and 8.29 
± 0.07 %, respectively. 

Density was determined by dividing the initial mass by the volume of 
the samples. The density of beech and oak wood were 724 kg.m− 3 and 
655 kg.m− 3, respectively. 

BIOHEL tung oil (Helios TBLUS doo, Domžale, Slovenia) was used as 
a film former for the coating formulations. The BC powders presented in 
the previous section were mixed for further introduction into the tung 
oil. Different tung oil-based coating formulations were prepared by 
dispersing BC particles in tung oil with various ratios (0, 5, 10 and 20 wt 
% regarding the oil weight). After applications, coatings were left to dry 
for 4 weeks in a conditioning room at 20 ◦C and 60 % relative humidity. 
After drying, each wooden substrate was cut into two pieces of 75 × 150 
× 20 mm3. The edges of all the samples were covered by an impermeable 
resin to present humidity from penetrating through the sides. Half of the 
samples were then fixed on a support to be exposed to natural weath-
ering (later referred as weathered samples), while the other half was 
stored in a drawer, protected from humidity and light (non-weathered 
samples). In addition, uncoated oak and beech substrates were included 
in the study (reference samples). Natural weathering was performed for 
six months on the rooftop of the research center (coordinates 
45.53025373745809, 13.656996645911137) from the 1st of September 
2021 to the 1st of March 2022 (180 days). 

The properties of the coatings (structure, surface colour and wetta-
bility) were measured monthly. Before the measurements, weathered 
samples were conditioned for 24 h in a conditioning room at 20 ◦C and 
60 % relative humidity. The evolution of the surface colour was followed 
by measuring the lightness, red/green and yellow/blue components in 
the CIELAB L*a*b* system with a Spektromaster 565–45 spectropho-
tometer (Erichsen, Hemer, Germany). A D65 illuminant and 10◦ viewing 
angle were selected for the measurements. The reported colour values 
are the average of three different spots. The total colour change ΔE at a 
given time is given by the Eq. (2). ΔE is measured on a scale from 0 to 
100, where 0 is less colour difference, and 100 indicates complete 
distortion. 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL*)
2
+ (Δa*)

2
+ (Δb*)

2
√

(2)  

where: L* represents lightness, with 100 being white and 0 being black; 
a* refers to the red (positive a* values)/green (negative a* values) co-
ordinate; b* refers to the yellow (positive b* values)/blue (negative b* 
values) coordinate; and ΔL, Δa, Δb correspond to differences between 
colour coordinate values measured at a given time and referenced to the 
corresponding value of the initial colour. 

The wettability of the coatings was evaluated by wetting the surface 
with distilled water and measuring the dynamic contact angle with an 
Attension Theta Flex Auto 4 optical tensiometer (Biolin Scientific, 
Gothenburg, Sweden) equipped with a 3D Topography Module. Five 
measurements were performed on each specimen, with a volume of each 
drop set at 4 μL. Additionally, the transverse plane of the specimens and 

coatings were assessed before and after six months of weathering. A 5 
mm was cut from the end of the specimens to avoid evaluating the end 
penetration of coatings. This new face was then polished using a rotary 
sander. The exposed surface and cross-sections were observed with a 
digital microscope Keyence VHX-6000 (Keyence corporation, Itasca, IL, 
USA). A piece of paper was affixed to the wood's surface of the wood 
immediately before imaging to enhance the black surface coating 
contrast in the cross-section. 

3. Results and discussion 

3.1. Biocarbon performance as UV and visible light absorber 

The particle diameter at 10 % (D10), 50 % (D50) and 90 % (D90) of 
the cumulative size distribution and the mean size of the BC powders are 
listed in Table 2. 

Independent of the thermochemical conversion route, the overall 
particle size distribution of the different BC powders was similarly fitted 
in the micro-size range, with the smallest and highest mean size being 
10.8 μm and 37.5 μm, respectively. Nan and DeVallance [25] reported 
an average mean diameter at 22.9 μm with a normal particle size dis-
tribution ranging from 0.5 to 300 μm for their ball milled hardwood BC. 
In the present study, the ball milling effectively reduced and homoge-
nized the BC particle size, whose distribution range was narrower than 
in the mentioned reference. However, D90 ranged between 14.6 and 
82.7 μm (more than five times higher), and D50 ranged between 9.2 and 
21.4 μm (more than two times higher). No correlation was evident be-
tween the process parameters (pyrolysis temperature, heating rate and 
residence time) and the particle size. 

The evolution of the biomass degradation with increasing pyrolysis 
temperature can be seen by comparing the FTIR spectrum of the raw 
hemp biomass with the spectra of its derivative BC powders (Fig. 1). 

Similar spectra were obtained for a given pyrolysis temperature (i.e., 
for all the BC carbonized at 400 ◦C, 600 ◦C, 800 ◦C, and 1000 ◦C) 
regardless of the selected heating rate or residence time. Moreover, the 
spectra of the BC samples carbonized at 800 ◦C and 1000 ◦C were 
similar. 

In the hemp raw biomass spectra, the wideband at about 3300–3450 
cm− 1 corresponded to hydroxyl (–OH) vibrations from water molecules 
and other OH groups in the sample [26,27]. This band disappeared for 
the BC samples due to the evaporation of components containing –OH 
groups during pyrolysis, such as water, alcohol and phenols [28]. The 
band between 2850 cm− 1 and 2920 cm− 1 was assigned to the CH2 
stretching vibrations [29]. This band progressively faded in the BC 
spectra as pyrolysis temperature increased, along with the degradation 
of the main hemp constituents (i.e., hemicelluloses, celluloses, and 
lignin). Similarly, the peak visible in the raw hemp spectra at 1750 cm− 1 

corresponding to C––O carbonyl groups diminished in intensity for the 
BC samples carbonized at 400 and 600 ◦C and completely disappeared at 
800 and 1000 ◦C. Deterioration of the natural polymers was also 

Table 2 
Particles' size and representative diameters of the BC.  

BC samples D10 (μm) D50 (μm) D90 (μm) Mean size (μm) 

P400-R200-T30 6.5 ± 2.6 21.4 ± 0.5 82.7 ± 3.1 37.5 ± 2.1 
P600-R200-T30 6.7 ± 3.1 9.8 ± 1.3 25.2 ± 10.6 15.9 ± 5.4 
P800-R200-T30 3.7 ± 1.0 9.2 ± 2.0 14.6 ± 4.8 10.8 ± 3.1 
P1000-R200-T30 3.1 ± 0.1 11.5 ± 0.2 27.9 ± 6.9 20.8 ± 2.8 
P600-R2000-T30 4.1a 11.4a 40.1a 34.0a 

P800-R2000-T30 3.1a 12.5a 65.4a 27.5a 

P1000-R2000-T30 2.9 ± 0.1 11.3 ± 1.0 49.5 ± 1.5 20.5 ± 0.1 
P600-R2000-T60 3.3 ± 0.1 10.5 ± 0.1 23.1 ± 0.7 28.1 ± 1.3 
P800-R2000-T60 3.2 ± 0.3 10.6 ± 0.8 15.7 ± 4.6 15.0 ± 7.5 
P1000-R2000-T60 2.9 ± 0.0 10.8 ± 0.4 39.3 ± 15.3 21.0 ± 7.3  

a Only one measurement was performed instead of the average of three 
repetitions. 
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evidenced by the disappearance of the peaks from the hemp spectrum to 
the BC spectra, between 1400 cm− 1 and 1500 cm− 1 corresponding to 
aromatic C and aliphatic CH2– groups present in lignin polymers [30], 
and the band at 1385 cm− 1, corresponding to aromatic C–H stretching. 
Moreover, the band at 1050 cm− 1, attributed to the C–O stretching in 
cellulose and hemicellulose [31], was visible only in the raw hemp 
spectrum. The large peak of around 570 cm− 1 obtained for raw hemp 
corresponds to aromatic rings [32] that might be derived from lignin 
polymers. This band was no more visible in the BC spectra due to the 
thermal degradation of lignin during the carbonization process. In the 
BC spectra, a wide band ranging between 1900 cm− 1 and 2200 cm− 1, 
assigned to carboxyl vibrations [33], gradually appeared (not present 
for a 400 ◦C pyrolysis, visible from 600 ◦C and above, and stronger for 
pyrolysis at 800 ◦C and 1000 ◦C). Shafizadeh et al. [34] observed that 
the mainly aliphatic carbon structures in the polymer units of cellulose 
changed after pyrolysis to a mix of aliphatic, alkene, aromatic, carbox-
ylic and carbonyl carbon structures, which justify the rise of carboxyl 
groups found in the BC powders. The band at 1580 cm− 1, related to the 
occurrence of C––C bonds with conjugation of π electrons [35] and 
linked to the presence of alkenes and aromatics [36], was weak for the 
hemp biomass, intensified for BC at 400 and 600 ◦C, and then dis-
appeared for BC at 800 and 1000 ◦C. Additionally, aromatic hydrogen 
structures (C–H stretching [31,33]) were detected near 740 cm− 1 and 
870 cm− 1 in the BC spectra for the powders carbonized at 400 and 600 
◦C, while these bands were absent in the raw hemp spectrum. The FTIR 
spectra highlighted the progressive changes of functional groups 
appearing in hemp biomass undergoing carbonization, indicating the 
dehydration and degradation of lignocellulosic components, the 
appearance of their transformation derivatives and the increase in aro-
matic carbon structures. 

The absorbance of water solutions containing the dispersed BC par-
ticles produced by the different thermochemical conversion routes was 
measured in the UV and visible range (wavelength from 300 to 800 nm). 
Two concentrations were selected (125 and 250 mg/L), with higher 
concentrations leading to the detector's saturation with absorbance 
values largely above 1. For both concentrations and for all the different 
BC considered, the absorbance was roughly constant in the UV and 
visible range of the spectra, slightly increasing with an increase in the 
wavelength. 

Table 3 shows the absorbance values at 300 nm and 800 nm for all 

the BC samples. For each sample, the absorbance at the two chosen 
wavelengths was systematically doubled when the concentration was 
doubled. This result highlights a direct proportion between the con-
centration of the solution and its absorbance. Chatzimitakos et al. [19] 
similarly found a direct proportion between the concentration of algal- 
based carbon nanodot solutions and the corresponding sun protection 
factor in the UV-B region (290–320 nm), with an average nanodot 
particle size of 3 nm. 

The absorption mechanisms of light-absorbing carbon have been 
thoroughly described by Bond et Bergstrom [37]. The optical or elec-
tronic properties of carbonaceous material depend on their molecular 
form, and more specifically are governed by the size of sp2-bonded 
clusters, which are absorbing structures. Increasing sp2-islands size 
decreases the optical gap and increases absorption [37]. In a previous 
study [24], we characterized the different BC samples' microstructure to 
explain their electrical conductivity and highlight changes in micro-
structure in relation to the pyrolysis temperature. Below 600 ◦C, 
amorphous phases predominate in the carbon structure, composed of a 
mixture of sp2 and sp3 bonds, with no long-range crystalline order. 
Between 600 and 800 ◦C, defected graphene structures with sp2-bonded 
clusters start to appear and densify, decreasing the part of the amor-
phous phase until a percolation threshold, allowing electron's mobility 
that kept increasing with the compaction of defected graphene clusters. 
Between 800 and 1000 ◦C, graphite-like structures keep growing and 

Fig. 1. FTIR spectra of the BC powders and hemp raw biomass precursor. Figure in colour online only.  

Table 3 
Absorbance values of the different BC water solutions at 125 mg/L and 250 mg/ 
L.  

Concentration 125 mg/L 250 mg/L 

BC samples AɅ=300 nm AɅ=800 nm AɅ=300 nm AɅ=800 nm 

P400-R200-T30  0.34  0.37  0.58  0.68 
P600-R200-T30  0.32  0.37  0.62  0.73 
P800-R200-T30  0.35  0.41  0.70  0.82 
P1000-R200-T30  0.36  0.38  0.70  0.78 
P600-R2000-T30  0.42  0.49  0.81  0.95 
P800-R2000-T30  0.41  0.50  0.85  0.98 
P1000-R2000-T30  0.42  0.46  0.80  0.90 
P600-R2000-T60  0.43  0.51  0.88  1.03 
P800-R2000-T60  0.41  0.45  0.77  0.87 
P1000-R2000-T60  0.34  0.36  0.65  0.73  
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packing, increasing sp2-islands size. The FTIR analysis in Fig. 1 
confirmed the rise of C––C bonds with conjugated π electrons and aro-
matic hydrogen structures in the BC spectra. Hence, from a structural 
point of view, the absorption of the BC samples should increase with the 
pyrolysis temperature at which they were produced. However, we did 
not observe any convincing relationship between the production process 
parameters of the BC with their absorbance. It may be due to the particle 
size of the different BC samples. Indeed, for an equivalent concentration, 
the size of the particles highly influences their absorbance. The higher 
the particle size, the lower their absorbance. We showed in a previous 
paper [38] that the smallest fraction (0–20 μm) of beech derived biochar 
in water solution concentrated at 200 mg/L displayed an absorbance 
close to 1, while a powder from the same material sieved at 106–150 μm 
gave an absorbance of 0.7 at 500 mg/L. In this study, despite the desire 
to obtain a homogeneous particle size through ball milling, the particle 
size analysis showed some discrepancy from one BC to the other, which 
most probably disturbed an eventual correlation between absorbance 
and production parameters. 

3.2. Performances of biocarbon/tung oil coatings with various biocarbon 
content 

Pictures of the beech (Fagus sylvatica L.) and oak (Quercus robur) 
substrates uncoated and coated with 0, 5, 10, and 20 % BC in tung oil are 
presented in Figs. S1 and S2, supporting information, respectively. Non- 
weathered beech and oak samples (top pictures) are compared with six 
months naturally weathered samples (bottom pictures). 

3.2.1. Coating structure 
Micrographs of the cross-section of the coatings containing 0 % and 

20 % of BC in tung oil are seen in Figs. 2 and 3. In weathered beech 
specimens with 0 % biochar coatings, surface degradation can be seen in 
the form of an uneven surface. This degradation is primarily due to 
uneven UV degradation of earlywood (more degraded) and latewood 
(less degraded). In specimens with 20 % biochar in the coatings, there is 
little to no degradation visible on the surface. The penetration of the 
coating into the wood is most easily seen in those with biochar. How-
ever, very little penetration (<0.5 mm) occurred and is seen to penetrate 
through earlywood vessels. 

In oak, little to no penetration was seen except in earlywood vessels 
that were crosscut and exposed on the coated, tangential face of the 
specimens. Oak can be difficult to evenly stain or treat due to its large, 
ring-porous earlywood vessels, which, species dependent, can have 
tyloses present that block penetration through the vessels. Despite poor 

penetration, the surface coating appears to have protected the surface 
from degradation, as seen in Figs. 2 and 3, and Figs. S1 and S2, sup-
porting information. 

3.2.2. Colour stability 
Average values and evolution of L*, a*, b* and total colour change 

ΔE of the coated beech and oak substrates with onsite weathering time 
are presented in Figs. 4–7, respectively. Values associated with the fig-
ures are reported in Tables S1–S4 of the supporting information. 

For both the uncoated beech and oak reference samples, the lightness 
L* continuously decreased with increasing weathering as shown in a 
general darkening of the surface (Fig. 4). The lightness corresponding to 
the beech surface was higher than for oak due to the natural lighter 
colour of this species (see Fig. S1 for beech and Fig. S2 for oak). With the 
application of tung oil without BC (0 % BC coating), the lightness was 
shifted toward darker tones due to the brownish colour of the tung oil. 
Still, the decreasing trend over weathering time remained, stabilizing to 
a constant value for the last two points (155 and 180 days). This 
observation can be explained by the strong UV and visible light ab-
sorption of tung oil [39]. Moreover, tung oil coating was found an 
effective treatment against wood-decay fungi and water uptake [21], 
slowing down the overall degradation of wood surfaces exposed out-
doors. The addition of biochar in the coating (5, 10 and 20 %) sharply 
lowered the lightness of the coatings (Fig. 4), which remained relatively 
stable between 19.5 and 24.4 over the weathering time. Poohphajai 
et al. [40] reported similar CIE L* values ranging from 23.1 to 24.0 for 
black coatings using biofilms. 

The a* and b* values of the control substrates (beech and oak) 
decreased over the six months of onsite weathering (Figs. 5 and 6), 
meaning a decrease in the red and yellow colours. Photochemical re-
actions and/or photooxidation of the wood constituents induced the 
liberation of chromophoric units and contributed to colour changes on 
the wood surface. Pandey [41] also highlighted the effects of the pres-
ence of extractives on colour changes of wood surfaces. Persze and 
Tolvaj [42] reported an effect of temperature during photo-degradation. 
In our study, the difference in extractives content for beech and wood 
did not noticeably influence the a* and b* values of the reference sub-
strates, which were in the same range regardless of the wood species. 
Moreover, past research [41,42] reported an increase of a* and b* values 
with weathering time. In our study, however, the opposite trend was 
found. The prior referenced studies considered artificial weathering 
performed with xenon and mercury light sources, whereas the onsite 
weathering in the current study induces complex phenomena with the 
combined effect of water, fungi, UV light, oxygen, heat and atmospheric 

Fig. 2. Beech specimens before and after six months of weathering with 0 % 
and 20 % BC coatings. Figure in colour online only. 

Fig. 3. Oak specimens before and after six months of weathering with 0 % and 
20 % BC coatings. Figure in colour online only. 
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pollutants. The application of tung oil at the surface of both wood spe-
cies shifted a* and b* toward higher values but did not change the 
decreasing trend during weathering. Both a* and b* values decreased 
with the addition of BC, stabilizing close to zero with 20 % BC for the 
whole weathering period. 

Overall, the total colour change of uncoated and tung oil-coated 
beech and oak substrates without BC kept increasing over time 
(Fig. 7), and resulted in a clear alteration of the wood surface aesthetics. 
Beech was more affected than oak (ΔE close to 30 and 20 at the end of 
the weathering period, respectively), which can be directly related to the 
differences in the composition of these two wood species. Indeed, Wang 
and Ren [43] correlated the total colour changes with lignin degradation 
and carbonyl formation based on the ratio of lignin/carbohydrate and 

carbonyl/carbohydrate in FTIR spectra. The wooden substrates pro-
tected with pure tung oil resulted in a more remarkable colour change 
than the uncoated substrates. At the same time, Peng et al. [39] report a 
strong UV and visible light absorption of tung oil, which should impart 
higher colour stability to the wood surfaces. However, tung oil is sus-
ceptible to providing nutrients for fungi growth [21], and the latter 
could be responsible for the observed higher colour change. An 
increased BC content in the coatings led to enhanced colour stability, 
with alteration of the colour close to 2 for both wood species after six 
months of weathering for 10 and 20 wt% BC, meaning that the colour 
change is only perceptible through close observation. 

Fig. 4. Evolution of L* of the coated wooden substrates with onsite weathering time. Figure in colour online only.  

Fig. 5. Evolution of a* of the coated wooden substrates with onsite weathering time. Figure in colour online only.  

Fig. 6. Evolution of b* of the coated wooden substrates with onsite weathering time. Figure in colour online only.  
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3.2.3. Wettability of the coating 
The wettability of the coatings was evaluated by measuring the water 

contact angle (WCA) at the coating surface. Figs. 8 and 9 show the 
evolution of the WCA for non-weathered and weathered coatings with 
onsite weathering time, for beech and oak, respectively. A surface can be 
categorized as super-hydrophilic when WCA = 0◦, hydrophilic when 

WCA < 90◦, hydrophobic when WCA > 90◦ and super-hydrophobic 
when WCA > 150◦ [44]. Initially (day 0), both uncoated (control) 
beech and oak surfaces showed a hydrophilic character with WCAs 
around 56◦ and 81◦, respectively. The higher WCA obtained with oak 
control was likely due to the presence of tyloses which block the pene-
tration of liquids (water) through the vessels. After treatment with tung 

Fig. 7. Evolution of Δ E of the coated wooden substrates with onsite weathering time. Figure in colour online only.  

Fig. 8. Evolution of the water contact angle for non-weathered and weathered beech coatings with onsite weathering time. Figure in colour online only.  
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oil, both surfaces gained a hydrophobic property and achieved 101◦ and 
100◦ at day 0 for beech and oak, respectively. Janesh et al. [45] suc-
cessfully used tung oil on spruce wood boards to provide water resis-
tance and reported a WCA increase by up to 48 %, going from 45◦ ± 9◦

to 88◦ ± 3◦ for the uncoated and coated surface, respectively. The water 
repellence for the non-weathered samples tended to increase over time 
as tung oil is a drying oil that keeps crosslinking over time, even if the 
surface was optically dry already at day 0. 

BC/tung oil-coated wooden surfaces displayed increased hydropho-
bicity, presenting higher WCA values compared to specimens coated 
with tung oil only. However, the increase in biocarbon content was not 
correlated with an increase in WCA, since the highest WCA was close to 
super-hydrophobic values for 5 % BC for both oak (143◦) and beech 
(135◦), and no further improvement in hydrophobicity was observed 
either with 10 or 20 % BC. The achieved hydrophobicity of the bio-
carbon/tung oil coatings can be attributed to the synergetic effect of 
tung oil and the increased surface roughness brought on by the carbon 
particles. Indeed, according to the Wenzel model's assumption [46], the 
coating droplets penetrate more easily into the pores developed in a 
rough surface, which provides higher adhesive forces and increases the 

protective effect of the coating against water (i.e. its hydrophobicity). 
Additionally, the hydrophobic nature of BC [47], previously highlighted 
by the moisture content measured by proximate analysis (comprised 
between 1.65 and 2.50 wt% [24]), contributed to the overall hydro-
phobicity of the developed coatings. WCA values were similar for coated 
beech and oak at equivalent BC content and weathering time, which 
means that the wooden surface type did not affect the efficiency of the 
coating. 

The weathering negatively affected the water repellence of all the 
samples considered in the study (control samples and coated samples 
with various BC content). However, the decrease in water repellence 
was not proportional to the weathering time. This observation can result 
from the combination of several phenomena. Firstly, upon exposition to 
onsite weathering, the sample's surface undergoes the effects of com-
bined sun and rain. This weathering induces both degradation of the 
wood's hydrophobic components, such as lignin, under UV light and 
water and leaching of their hydrophobic derivatives (esters, quinones 
and ketones), which makes the wood surface richer in hydrophilic hol-
ocellulose [46]. Moreover, the microcracks formed during weathering 
could favor water penetration and degradation of the surface [35]. 

Fig. 9. Evolution of the water contact angle for non-weathered and weathered oak coatings with onsite weathering time. Figure in colour online only.  
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These alterations will tend to decrease water repellence. Secondly, the 
tung oil kept crosslinking over time, which increased the water repel-
lence for the weathered samples over time. Thirdly, the onsite weath-
ering induced unpredictable weather conditions. Hence, the 24 h of 
conditioning prior to monthly measurements might not be sufficient for 
the wooden surfaces to be completely dry and ensure systematic equal 
conditions. 

Overall, the maximum decrease in water repellence for the reference 
and coatings containing 0 to 10 % BC was measured between 37 and 51 
% for beech, and between 31 and 50 % for oak, respectively. The 
coatings containing 20 % BC performed the best, with a maximum 
decrease in water repellence reaching 25 and 26 % for beech and oak 
respectively. Hence, introducing a sufficient amount of BC limited the 
decrease in water repellence induced by the onsite weathering. 

4. Conclusions 

The absorbance of water solutions containing the dispersed BC par-
ticles, investigated in this study as UV absorbers, was roughly constant 
in the UV and visible range, and was directly proportional to the con-
centration of the solution. Even if the FTIR spectra of BC powders 
carbonized at different temperatures highlighted differences in the 
functional groups, no clear relationship was found between the pro-
duction process parameters of the BC and their absorbance. 

Cross sections of coated beech and oak surfaces highlighted very 
little penetration of the coating (<0.5 mm) and showed that the pene-
tration occurred through earlywood vessels. Despite poor penetration, 
the surface coating visually appeared with microscope observation to 
have protected the surface from degradation. Uncoated samples and 
tung oil-coated beech and oak substrates without BC had an increase in 
the total colour change over weathering time, indicating an evident 
alteration of the wood surface aesthetics. Beech was more affected than 
oak due to the differences in the composition of these two wood species. 
An increased BC content in the coatings led to enhanced colour stability, 
with alteration of the colour close to 2 for both wood species after six 
months of weathering for 10 and 20 wt% BC, meaning that the colour 
change is only perceptible through close observation. 

Regarding the wettability of the surfaces, initially, both uncoated 
(reference) beech and oak surfaces showed a hydrophilic character. 
After treatment with tung oil, both surfaces gained a hydrophobic 
property. The introduction of BC induced an increase in hydrophobicity 
compared to specimens coated with tung oil only. However, the increase 
in BC content was not correlated with increased water repellence. The 
highest water contact angle was observed for the 5 % BC samples, and no 
further improvement in hydrophobicity was observed with higher BC 
content. The weathering negatively affected the water repellence of all 
the samples considered in the study (i.e., reference and coated samples 
with various BC content). However, the introduction of 20 % BC best 
protected the decrease in water repellence induced by the onsite 
weathering. 

Overall, the sustainable coatings developed in this study showed 
promising properties for protecting wooden surfaces in façades or other 
outdoor applications. The coatings with the highest BC content (20 wt% 
in tung oil) led to the least total colour change and preserved most of the 
water repellence of the coatings after 6-months of onsite weathering. 

Since the absorbance of BC particles was found to be proportional to 
their concentration, and the smallest the particles, the highest the 
absorbance, further research using nanosized BC particles is warranted. 
This approach could simultaneously allow decreasing the BC content for 
an equal efficiency, thus opening new paths toward clearer coating for a 
better appreciation of the wood grain. 
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