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tive solutions for enhancing the hydrophobicity, mechanical properties, and blue-
stain resistance of wood surfaces by evaluating the effects of silicon dioxide (SiO,),
zinc oxide (Zn0O), and titanium dioxide (TiO,) particle coatings on Scots pine wood.
Low-concentration particles were applied via an impregnation coating method,
resulting in the formation of a nanocomposite between the wood and the particles.
The coated and uncoated samples were then exposed to blue-stain fungi. To further
analyse the effects, the exposed samples were characterised using scanning electron
microscopy (SEM) to analyse particle morphology and observe fungal colonisation,
and energy-dispersive X-ray spectroscopy (EDS) to determine elemental distribu-
tion. Fourier-transform infrared spectroscopy (FTIR) was used to confirm interac-
tions between the nanoparticles and wood components. Mechanical and physical
tests were conducted to evaluate the durability and resistance of the coated wood
against blue-stain fungi. The results showed a significant improvement in surface
hydrophobicity following coating application, which remained stable even after
exposure to fungi. Moreover, distinct differences in fungal resistance were observed
among the nanoparticle types, with ZnO showing the highest effectiveness. A new
approach was also introduced to assess the mechanical performance of the coat-
ings. This study offers insight into nanoparticle coatings as a sustainable strategy
for enhancing wood surfaces in construction and outdoor furniture applications.
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Introduction

Wood has long been in furniture and construction
applications and is regaining importance due to the
increasing focus on climate change mitigation [1].
As a renewable and biodegradable material, wood is
primarily composed of cellulose, hemicellulose, and
lignin [2, 3] yet remains highly vulnerable to abiotic
stressors such as moisture, ultraviolet (UV) radiation,
and temperature fluctuations, as well as biotic factors
including fungi and insects. These agents contribute to
degradation, discolouration, and a decline in mechani-
cal strength, significantly reducing the service life of
wood-based materials in outdoor use compared to
alternative building options [4].

Furthermore, moisture significantly increases
wood’s susceptibility to fungal colonisation, with
blue-stain fungi and mould being particularly
problematic. These fungi cause blue, grey, or black
streaks on the sapwood [5]. They affect both soft-
woods and hardwoods, including roundwood, sawn
timber, and finished products. Feeding on nutrients
in parenchyma cells, they secrete enzymes and
degrade bordered pits, increasing permeability and
vulnerability to further decay [6]. While they do not
compromise dimensional quality, they reduce aes-
thetics and commercial value, especially in outdoor
applications [6]. Therefore, further development of
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wood properties is important in advancing material
science.

One way to address this issue is by reducing
wood’s moisture absorption and hygroscopicity,
thereby preventing biological deterioration. Conven-
tional wood protection methods [7], including acety-
lation [8], furfurylation [9], DMDHEU [10], and heat
treatment [11], as well as surface coatings such as
paint and varnish, have been developed to enhance
wood durability [12]. Although these methods have
their advantages, only a few have been used in indus-
try [13]. However, these approaches often present
limitations, such as high costs, reduced effectiveness
over time, and environmental concerns [14, 15]. Con-
sequently, their protective effectiveness diminishes
over time, requiring regular maintenance or reappli-
cation to ensure continued performance in outdoor
environments [16].

Recent advancements in nanotechnology offer
promising alternatives [17]. Oxide nanoparticles
such as silicon dioxide (Si0,), zinc oxide (ZnO), and
titanium dioxide (TiO,) [9, 18, 19] are being investi-
gated for their high surface area, chemical stability,
and ability to bond with wood’s hydroxyl groups
[20]. Due to their nanoscale dimensions, they can
penetrate the pores of wood and reinforce the mate-
rial’s internal structure, resulting in more durable
protective systems [21]. These characteristics ena-
ble nanoparticles to enhance hydrophobicity, UV



resistance, mechanical strength, and biological resist-
ance through the formation of organic—inorganic
hybrid composites [22, 23].

This study aimed to evaluate and compare the effec-
tiveness of Scots pine sapwood coatings incorporating
silicon dioxide, zinc oxide, and titanium dioxide in
resisting blue-stain fungal colonisation. Nanoparticles
were synthesised and deposited using a bottom-up
impregnation method, allowing integration into both
the wood surface and matrix [17, 24, 25]. Importantly,
low concentrations of nanoparticles were used to
minimise potential toxicity while maintaining perfor-
mance. Scots pine was selected for its high sapwood
content, which is particularly susceptible to blue-
stain fungi [26], as well as its availability and uniform
properties, making it a standard species for durabil-
ity testing [27, 28]. The resulting coated wood, which
combines natural fibres with inorganic nanoparticles,
forms a wood-based nanocomposite hybrid material
[29] designed to enhance protection and mechanical
resilience against blue stain fungi. Recent research
has focused on nanomaterials in saturation coatings
to develop durable, cost-effective wood protection.
However, few studies compare their effectiveness
against blue-stain fungi. This study addresses that gap
by evaluating wettability and mechanical properties
post-exposure. While crystallinity was not assessed,
it is a target for future research, as it lay beyond the
current study’s scope.

This study aligns with green nanotechnology [30]
by using low concentrations of biocompatible nano-
particles (5i0,, ZnO, TiO,) [31] to enhance wood
protection while minimising environmental impact.
Although generally safe, concerns about poten-
tial leaching into soil and water highlight the need
for long-term assessments [32]. The novelty of our
approach lies in assessing the persistence and func-
tional performance of oxide nanoparticles following
exposure to blue-stain fungi. We conducted a compar-
ative analysis using equal concentrations of SiO,, ZnO,
and TiO, to determine which nanoparticles remained
most effective after exposure to fungi. The compara-
tive result provides a practical and sustainable strat-
egy for developing environmentally friendly wood
protection systems, with an emphasis on long-term
stability and antifungal efficacy under realistic con-
ditions. Our approach supports sustainable material
science by reducing chemical use and promoting eco-
conscious alternatives.

Materials and methods
Materials

Scots pine wood samples were prepared in the Men-
del University workshop. The chemicals for synthesis
were sourced from Thermo Scientific Chemicals and
Lach:Ner. Tetraethyl orthosilicate (98%) and titanium
(IV) n-butoxide (99 + %) were purchased from Thermo
Scientific Chemicals, while ammonium hydroxide
(28-30%), sodium hydroxide (= 99%), zinc nitrate dihy-
drate (=99%), and ethanol (99%) were obtained from
Lach:Ner. All the chemicals were used without further
purification.

Methods

The Scots pine wooden samples were cut into
(5 mm x 20 mm x 50 mm) dimensions. The samples
were then surface finished with sandpaper. After
that, the cut samples were thoroughly washed by
ultrasonication in deionised water for 15 min at room
temperature (23 °C) and dried at 105 °C in a humidity
chamber until their mass remained consistent. Before
modification, all the selected samples were placed in
the vacuum chamber to clean the dirt from the wood
lumen area. All the samples were coated using the
impregnation method (bottom-up) [17, 32], and sub-
sequently, both the coated and uncoated samples were
exposed to blue stain fungi for eight weeks.

Preparation of SiO, nanoparticles coated wood

Si0, precursor, tetraethyl orthosilicate (TEOS) 0.5 M,
was dissolved in 300 mL of ethanol. The samples
were then immersed in this TEOS solution for 1 h.
A hydrolysis solution was prepared separately by
combining 200 mL of ethanol with 0.2 M ammonium
hydroxide (NH,OH). The hydrolysis solution was
gradually added to the mixture, which was stirred
vigorously for 2 h. The samples were then left at room
temperature (23 °C) for 24 h under constant shaking
at 50-100 min™'. Afterwards, the wood samples were
removed from the solution and rinsed with deionised
water. The samples were first dried at 60 °C for 12 h,
then cured at 120 °C for 1 h to set the SiO, impregna-
tion in the wood.
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Preparation of ZnO nanoparticles coated wood

A 0.5 M solution of zinc nitrate dihydrate was pre-
pared by dissolving the precursor in 300 mL of ethanol
under stirring. The samples were then immersed in
the zinc nitrate dihydrate solution. After 1 h, a sodium
hydroxide solution was added dropwise to the mix-
ture, and the samples were left in the solution at room
temperature (23 °C) for 24 h, with constant shaking
at 50-100 min . After this period, the samples were
removed from the solution, washed with distilled
water and ethanol. Subsequently, the samples were
dried in a drying chamber at 60 °C for 12 h, and then
the ZnO-impregnated coating samples were cured at
120°C for 1 h.

Preparation of TiO, nanoparticles coated wood

To prepare a 0.5 M TiO, precursor solution, titanium
(IV) n-butoxide was dissolved in 300 mL of ethanol
under continuous stirring to ensure complete homoge-
nisation. The samples were then immersed in this tita-
nium (IV) n-butoxide solution for 1 h. Another solu-
tion was prepared separately by combining 200 mL of
deionised water with 0.2 M acetic acid. Then the ace-
tic acid solution was gradually added to the mixture
under vigorous stirring and maintained at 60 °C for
2 h. The samples were then left at room temperature
(23 °C) for 24 h under constant shaking at 50-100 rpm.
Afterwards, the wooden samples were removed from
the solution, washed with deionised water, and dried
at 60 °C for 12 h. Finally, the samples were cured at
120°Cfor 1 h.

Coated and uncoated samples were exposed to blue stain.

The uncoated and coated samples were exposed to
blue-stain fungi for eight weeks, in accordance with
the standard EN 152-1 (1990). The fungal species
Aureobasidium pullulans (de Barry) Arnaud (ZIM
L060) and Sclerophoma pithyophila (Corda) Hohn
(ZIM L070). The fungal isolates originate from the fun-
gal collection of the Biotechnical Faculty, University
of Ljubljana and are available to research institutions
on demand [33]. Information regarding the origin of
the fungal isolates and details about identification are
available in the respective catalogue. These two fungal
species develop on wooden products that were either
painted or left uncoated and exposed to fluctuations
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in moisture during service, such as wooden fagades,
window frames, garage doors, and garden furniture.
These two fungi are responsible for 75% of the discol-
ouration of timber in service in the temperate zone
[34]. Therefore, these fungi serve as an excellent model
organism.

Characterisation method

The uncoated samples, both with and without
exposure, as well as the coated samples containing
5i0,, Zn0O, and TiO,, exposed to blue stain, were
characterised.

Scanning electron microscopy (SEM) was conducted
using the Tescan Mira 3 STAN system to observe the
morphologies of particles and fungi on the wood sur-
face. Energy-dispersive X-ray spectroscopy (EDS),
performed using the Oxford Instruments AZtecOne
system, was employed to analyse the elemental
composition and distribution. Before imaging, sam-
ples were sputter-coated with a 10 nm gold layer to
enhance conductivity. SEM analysis was carried out at
an accelerating voltage of 8 kV, enabling high-resolu-
tion visualisation of microstructural features and pro-
viding detailed insights into nanoparticle interactions
with the wood matrix and fungi. Fourier-transform
infrared spectroscopy (FTIR) analysis was carried
out using an ATR-FTIR setup with a Bruker Invenio
S instrument. Each sample was scanned 32 times over
a spectral range of 4000-40 cm™ to investigate the
bonding interactions between inorganic nanoparti-
cles and the organic components of the wood, as well
as to assess the chemical changes in wood properties
resulting from exposure to blue-stain fungi. Addition-
ally, mechanical and physical tests assessed durability
and resistance to blue staining.

Data analysis

Statistical evaluations were performed using R (R
Core Team, 2023). Descriptive statistics were com-
puted with the “dplyr” package [35] to summarise
the contact angle data across different coating groups.
The analysis included the calculation of sample size
(N), mean, standard deviation (SD), standard error
(SE), median, interquartile range (IQR), and range
(min-max) for each group [36]. The normality of each
group was assessed using the Shapiro-Wilk test. The
Buchholz hardness and Young’s modulus datasets



were found to be non-normally distributed in at least
one group; therefore, pairwise comparisons were con-
ducted using the nonparametric Wilcoxon rank-sum
test. In contrast, the contact angle data met the nor-
mality assumption in all groups (p > 0.05). To evaluate
the overall effect of nanoparticle treatment on contact
angle, a one-way ANOVA was performed, revealing a
highly significant difference among groups (p <0.001).
Consequently, post hoc analysis was carried out using
pairwise two-tailed Student’s t-tests between specific
group pairs of interest. To control the false discov-
ery rate due to multiple comparisons, p-values were
adjusted using the Benjamini-Hochberg method.

Data visualisation was performed using the
“geplot2” package [36].

Results and discussion

Figure 1 illustrates the process of impregnating wood
with nanoparticles by leveraging its hierarchical
porous structure across multiple scales. Wood, com-
posed of tubular cells with hollow lumens, exhibits
a naturally porous architecture at the millimetre,

eep the samples in the
solution for 24h for
soaking and

mm scale

micrometre, and nanometer scales. During the pro-
cess, wood samples are immersed in a precursor
solution containing nanoparticles and kept for 24 h,
allowing the solution to penetrate through the lumens
and diffuse into the cell walls. At the micrometer scale,
nanoparticles infiltrate the wood’s internal cellular
network, while at the nanometer scale, they interact
with the cellulose-rich cell walls. After drying and
curing, the nanoparticle-fixed wood cell walls contain
hydroxyl (- OH) groups that are capable of forming
hydrogen or covalent bonds with the nanoparticles,
thereby securing them within the structure [37]. As
the solution penetrates the porous wood matrix, the
nanoparticles undergo in situ polymerisation, forming
nanoparticle-O-nanoparticle (nanoparticles =Zn, Si,
Ti) chains that result in a three-dimensional polymeric
skeleton with close packing. This interaction facili-
tates the integration of nanoparticles into the wood
matrix through a combination of physical entrapment
and chemical bonding, while preserving the original
porous structure of the wood [38, 39].

After impregnation, all the coated and uncoated
samples were exposed to fungi. Where the samples
referred to as Control_A were uncoated and without

um scale

nm scale

Hydroxyl bond with
nanoparticles

Figure 1 Schematic of experimental set-up for preparing wood-based nanocomposite by impregnation coating.
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exposure to blue stain fungi, while Control_B were
uncoated and exposed to blue stain. SiO,, ZnO, and
TiO, were referred to as wood impregnated with sili-
con dioxide, zinc oxide, and titanium dioxide nano-
particles and microparticles, and exposed to blue stain
fungi. All the samples were compared in the results.

Scanning electron microscopy (SEM)

To gain a deeper insight into the wood’s microstruc-
ture and the interaction between nanoparticles, blue
stain fungi and wood, longitudinal sections of both
uncoated and coated samples were examined using
SEM.

Figure 2a presents the surface morphology of
Control_A samples, revealing a smooth surface
with clearly visible pits and aligned wood fibres,

characteristic of untreated Scots pine sapwood. In
contrast, Fig. 2b shows the Control_B sample, where
fungal spores and hyphae extensively colonised the
surface. The fungal growth obscures the underlying
structure, significantly reducing the visibility of pits
and fibres, indicating apparent microbial degradation
compared to Control_A.

Figure 3 presents the surface morphology of
oxide-coated wood samples (SiO,, ZnO, and TiO,)
after impregnation and exposure to blue stain fungi.
All coated surfaces exhibit greater roughness than
the uncoated Control_A sample, indicating suc-
cessful deposition of oxide materials. In Fig. 3a, the
5i0,-coated sample exhibits a relatively uniform dis-
persion of spherical particles (yellow arrows), with
visible wood fibres and no distinct pit structures.
Some signs of blue-stain fungi are present (red circles

Figure 2 High and low resolution of SEM image: a Control_A uncoated and without exposure to blue stain fungi, b Control_B

uncoated and exposed to blue stain fungi.
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Figure 3 SEM image of high (left side), low (middle) resolution and distribution (right side) of coating samples exposed to blue stain
fungi a Silicon dioxide (SiO,), b Zinc oxide (ZnO), ¢ Titanium dioxide (TiO,).

and arrows), suggesting partial antifungal effec-
tiveness, likely due to a surface barrier that did not
completely seal the wood structure [18]. Elemental
mapping confirms the presence of silicon particles on
the surface. Figure 3b shows the ZnO-coated sample,
where fungal structures are absent and the surface
was densely covered with ZnO particles. The lack
of visible pits suggests that the coating effectively

blocked fungal entry and colonisation. Zinc par-
ticle distribution is confirmed through elemental
mapping, indicating consistent surface coverage. In
Fig. 3¢, the TiO, coated sample shows limited fungal
presence, less than in Control_B but more than ZnO,
indicating moderate antifungal performance. This is
likely influenced by particle agglomeration, as the
surface shows denser clustering. Elemental mapping
confirms the presence of titanium.
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Previous study shows that nanoparticles such as
ZnO, TiO, and SiO, can effectively penetrate and
distribute within the wood matrix when their size is
smaller than the wood’s pore diameter (~ 10,000 nm)
or bordered pit openings (400-600 nm) [21, 40]. These
interactions are facilitated by the wood’s high hydro-
philicity, attributed to its abundance of hydroxyl
groups, which enables strong hydrogen bonding with
hydrophilic inorganic precursors [41], as confirmed by
FTIR analysis in this study. This process transforms
the wood surface from hydrophilic to hydrophobic,
thereby enhancing its resistance to environmental
and biological degradation [42, 43], as also demon-
strated by contact angle measurements. Although
SEM images show some particles agglomeration,
which limits precise size measurement, the persistent
presence of particles after fungal exposure suggests
successful integration into the wood matrix [39] and
supports their nanoscale dimensions [44]. Larger or
loosely adhered particles would likely have detached
during fungal colonisation. Overall, SEM analysis
shows that ZnO-coated samples offer the most effec-
tive fungal resistance, TiO, provides moderate protec-
tion, and SiO, is the least effective. These results sup-
port the nanoscale behaviour and protective function
of the oxide coatings, in line with established phys-
icochemical mechanisms. Previous studies show that
ZnO exhibits antibacterial properties in wood [19, 45].

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of Fig. 4 reveal key differences and
similarities among the samples, including uncoated
and unexposed to blue stain (Control_A), uncoated
but exposed to blue stain (Control_B), and coated
samples (Zn0O, 5iO,, TiO,) exposed to blue stain. The
functional group vibrations, including O-H, C-H,
C=0, and C-0, as well as the oxide, reveal chemical
transformations resulting from fungal activity and sur-
face coating with nanoparticles. The O — H stretching
band, observed between 3300-3346 cm™, appears at
3330 cm™ in uncoated wood (Control_A) and shifts
to 3340 cm™ upon fungal exposure (Control_B), sug-
gesting increased hydrogen bonding or formation of
new hydroxyl groups due to polysaccharide degrada-
tion [46]. This band further shifts in coated samples
to 3346 cm™! (SiO,), 3339 cm™ (Zn0O), and 3336 cm™
(TiO,), indicating that all coatings influence the
wood’s hydrogen bonding network, with 5iO, show-
ing the strongest interaction, likely due to hydrogen
bonding or siloxane linkages. The C — H stretching
region (2922-2929 cm™ and 28512868 cm™) [47] rep-
resenting methyl and methylene groups in lignin and
cellulose, also shows subtle shifts. These bands appear
at 2929 cm™ and 2865 cm™ in Control_A and shift
slightly in Control_B to 2929 and 2868 cm™, reflecting
fungal-induced structural changes. Coated samples

Figure 4 FTIR spectra of
uncoated samples with and
without exposure to blue
stain and coated samples
exposed to blue stain.
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exhibit further downward shifts 2922/2851 cm™! for
Si0,, 2929/2855 cm™" for ZnO, and 2928/2860 cm™" for
TiO, suggesting that nanoparticle coatings influence
the molecular environment, with SiO, again showing
the most pronounced effect. The C = O stretching band
at 1693 cm™ remains consistent across all samples but
may show increased intensity in stained wood due
to oxidative lignin degradation and accumulation of
carbonyl-rich metabolites [48]. The C — O stretching
region, indicative of alcohols and polysaccharides,
shifts from 1024 cm™ in Control_A to 1034 cm™ in
Control_B, and 1027, 1025, and 1028 cm" in 5i0,, ZnO,
and TiO, coated samples, respectively, reflecting fun-
gal degradation and potential interactions between
the coatings and the wood’s carbohydrate compo-
nents. Finally, the low-wavenumber peaks at 673,
529, and 466 cm™! in 5i0,, ZnO, and TiO, coated sam-
ples, respectively, correspond to Si — O [49, 50], and
Ti — O [51] vibrations. A prominent peak at 1100 cm™"
characteristic of Si — O — Si asymmetric stretching,
confirming the formation of a silica network on the
wood surface, with potential overlap from native
wood C — O vibrations. These metal-oxygen peaks
serve as definitive fingerprints of nanoparticle coat-
ings, confirming successful surface treatment. They
also help distinguish coated samples from uncoated
controls and demonstrate the chemical integration of
the coatings [52, 53]. The results of the FTIR spectra
reveal that both fungal exposure and nanoparticle
treatments induce measurable changes in the chemi-
cal structure of pine wood. Shifts in O — H,C — H, and
C — O stretching bands confirm enzymatic degrada-
tion by fungi and molecular interactions with nano-
particle coatings. SiO, showed the most pronounced
influence on hydrogen bonding and polysaccharide
structure, while ZnO and TiO, also introduced dis-
tinct modifications without fully inhibiting lignin
oxidation. Additionally, the presence of characteristic
oxide vibrations confirmed the successful application
of nanoparticle coatings. The FTIR result confirms
that functional groups in wood support in situ nuclea-
tion and growth of oxides, leading to the formation
of stable organic-inorganic hybrid composites [9, 18,
19]. The nanoparticles are anchored within the wood
matrix by penetrating the micro- and mesopores of the
cell wall, ensuring close interaction with wood poly-
mers and enhancing resistance to fungal attack [18].
While XRD analysis will be pursued in future work to
confirm crystalline oxide phases, the current results
indicate that the nanoparticles remained embedded

in the wood matrix after fungal exposure. These find-
ings highlight the potential of ZnO, SiO,and TiO, as
protective treatments, with FTIR effectively capturing
wood-coating-fungi interactions.

Durability and Wettability test of exposed
and unexposed blue stain wood samples

Buchholz hardness was measured in fibre direction to
assess how the wood’s anisotropic nature affects its
surface hardness, as shown in Fig. 5a. The analysis of
Buchholz hardness reveals that the resistance of coated
surfaces to plastic deformation was evaluated using
the Buchholz hardness test under a load of 2 kg and
a duration of 30 s. Control_A exhibited higher hard-
ness both along (14.73 + 3.68 um) and across (12.85 +
3.90 um) the fibre direction compared to Control_B
(12.86 + 9.30 um along and 10.12 + 2.47 um across),
with a statistically significant reduction observed
across the fibre (p <0.05). Among the coated samples,
TiO, demonstrated the highest resistance to plastic
deformation (16.34 + 3.77 pm along fibre), which was
significantly higher than Control_B (p <0.05). SiO,
provided moderate, directionally consistent perfor-
mance, whereas ZnO showed limited reinforcement,
especially along the fibre (6.24 +2.29 pum); significantly
lower than Control_B (p <0.05), suggesting a less effec-
tive protective barrier in this configuration. Similarly,
an investigation revealed that high concentrations of
cellulose fibres affected the morphology, durability,
and protective properties of wood paint, highlighting
their impact on coating performance and the chal-
lenges of integration [54]. Another article examined
the effects of ethylene oxide sterilisation. It acceler-
ated ageing effects on the physical and mechanical
properties of beech, elm, and oak wood, focusing on
Buchholz hardness, surface hardness, durability, and
dimensional stability [55]. Our study is the first to
report nanoparticle coatings on wood surfaces, with
a focus on Buchholz hardness. The results show that
hardness varies with fibre orientation, affecting dura-
bility and resistance to indentation.

Young’s modulus was measured to determine the
elastic modulus, which highlights the effects of blue-
stain exposure and subsequent oxide treatments on
the mechanical rigidity of the wood, as shown in
Fig. 5b. Control_A presented a higher value (707.82
+ 94.15 MPa) than Control_B (549.42 + 40.04 MPa),
with a statistically significant reduction observed due
to fungal exposure (p <0.05), confirming structural
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Figure 5 Mechanical and surface properties of wood under three
conditions: uncoated without blue-stain exposure (Control_A),
uncoated with blue-stain exposure (Control_B), and blue-stain
exposed samples coated with SiO,, ZnO, or TiO,. a Buchholz
hardness (left: along fibre, right: across fibre) and b Young’s
modulus were analysed using the Wilcoxon rank-sum test due

@ Springer

to non-normal data distributions, while ¢ contact angle was ana-
lysed using two-tailed Student’s t-tests following a significant
one-way ANOVA, after confirming normality. All bars represent
mean + standard deviation (SD); significance levels are indicated
as p<0.05 (*), p<0.01 (**), p<0.001 (***), and NS (not sig-
nificant).



degradation. Treatment with ZnO restored and
slightly improved rigidity (727.40 + 38.21 MPa), sig-
nificantly higher than Control_B (p <0.05), followed
by TiO, (655.46 + 82.89 MPa, p <0.05), both indicating
successful mechanical stability. In contrast, SiO, dem-
onstrated the lowest modulus (514.05 + 120.29 MPa),
indicating increased elasticity and reduced load-bear-
ing capacity. The results clearly show that compare to
blue-stain exposure significantly reduces wood stiff-
ness, as seen in Control_B [27]. Treatments with ZnO
and TiO, effectively restored or enhanced mechanical
rigidity with statistical significance (p <0.05), demon-
strating their potential for structural reinforcement.
ZnO showed the highest recovery, surpassing even
uninfected wood. In contrast, SiO, was less effective,
indicating limited improvement in mechanical per-
formance. Additionally, previous research evaluated
that fungal attack reduced wood stiffness and over-
all mechanical performance [27, 56, 57]. Our research
proves that nanoparticle coating decreases the ten-
dency for mechanical properties to deteriorate. Our
study examined the effect of fungal attack on the stiff-
ness and mechanical properties of wood. The results
show that nanoparticle coatings help reduce the dete-
rioration of these properties.

Wettability was assessed through contact angle
measurements, which revealed significant improve-
ments in surface hydrophobicity [58] following nan-
oparticle coating, as shown in Fig. 5c. Both controls
were hydrophilic, with Control_A and Control_B
displaying contact angles of 59.28 + 3.17° and 55.61
+ 4.09°, respectively. In contrast, all coated surfaces
exhibited enhanced water repellence, with SiO, achiev-
ing a superhydrophobic state (146.38 + 2.94°) signifi-
cantly higher than Control_B (p <0.001). TiO, (129.96
+9.40°) and ZnO (116.04 + 15.45°) also imparted con-
siderable hydrophobicity, both statistically significant
compared to Control_B (p <0.001). Though SiO, was
most effective in reducing wettability, TiO, offered a
more balanced performance, enhancing surface hard-
ness, restoring structural rigidity, and improving
moisture resistance. The wettability analysis clearly
distinguishes the effects of blue stain exposure and
subsequent oxide treatments. Both Control_A and
Control_B were hydrophilic, with lower contact angles
indicating poor water resistance. Blue stain slightly
reduced the hydrophobicity of the surface, as seen
in Control_B. However, all nanoparticle coatings
significantly improved water repellence. S5iO, stood
out with superhydrophobic behaviour, showing the

highest contact angle, making it most effective at mini-
mising wettability. TiO, and ZnO [58] also enhanced
surface hydrophobicity but to a lesser extent. Nota-
bly, TiO, demonstrated a more balanced performance
by improving water resistance and contributing to
mechanical reinforcement. Figure S1 visually demon-
strates that coatings can effectively alter wettability,
thereby influencing the performance of wood. Simi-
larly, a study found that heat coating reduced the sur-
face wettability of blue-stained wood, as indicated by
increased contact angles and decreased water absorp-
tion [59, 60]. These results highlight the potential of
TiO, as a multifunctional surface treatment, while 5iO,
is ideal when maximum water repellence was desired.

The influence of surface roughness on wettabil-
ity was examined through static water contact angle
measurements across several samples. The uncoated
Control_A surface exhibited an intrinsic contact angle
of 0° = 59.28°, serving as a smooth reference.

To evaluate the role of roughness, Wenzel’s equa-
tion was applied:

cos® =r-cosb° (1)

where 0 is the apparent contact angle on the rough
surface, 0° is the contact angle on a smooth surface,
and r is the roughness factor.

For Control_B, the calculated roughness factor was
r=1, which aligns with Wenzel’s model, where surface
roughness enhances the material’s inherent wettabil-
ity. However, for the coated samples, SiO, (r=-1.63),
TiO, (r=-1.26), and ZnO (r=-0.89), the roughness fac-
tors were negative, which is physically meaningless,
as r must be greater than or equal to 1. These results
from the coated samples suggest that Wenzel’s model
does not apply to these coated surfaces.

The failure of Wenzel’s equation suggests a transi-
tion to the Cassie-Baxter regime, where water droplets
rest partially on air pockets trapped within the surface
texture rather than fully wetting the solid. The Cas-
sie-Baxter equation describes this behaviour:

cos® =f, cos0° + (1—f,) ()

where f; is the fraction of solid in contact with the
liquid. Applying this model yielded f, = (5i0,=3.74,
TiO, =3.35 and ZnO =2.97). Although these values
exceed physical bounds, they indicate that the surfaces
are not fully wetted and instead behave as composite
solid—air interfaces, consistent with superhydrophobic
behaviour. These results demonstrate that increased
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surface roughness, in combination with appropriate
coatings, can significantly enhance water repellency,
particularly when air becomes trapped beneath the
droplet, as described by the Cassie-Baxter model.

From the perspective of surface roughness,
Control_A, being uncoated and unexposed, exhibited
a moderate contact angle (59.28°), representing a rela-
tively smooth and clean surface. Control_B, exposed
to blue stain fungi, showed a slightly lower angle
(55.61°), suggesting increased surface roughness due
to fungal attack, which can create micro-structural
irregularities. In contrast, the coated samples (SiO,,
TiO,, Zn0O), despite also being exposed to fungi, exhib-
ited significantly higher contact angles from Fig. 4c,
indicating that the nanoparticle coatings introduced
functional roughness that, in combination with low
surface energy, promoted superhydrophobic or highly
water-repellent behaviour. This increase in roughness
was visibly confirmed by SEM images, which showed
more textured and hierarchical surface structures on
the coated samples compared to the smoother appear-
ance of the controls.

Colour changes and image analysis of affected
wood

The colour test was performed according to the
CIELAB colour measurement system, where L* rep-
resents lightness, a* represents the green-red axis,
and b* represents the blue-yellow axis. The following
equation defines the colour difference:

AE* = \/ (AL*)? + (Aa*)? + (Ab*)? 3)

where AE* is colour difference, L* is lightness differ-
ence, a* is the chroma change from green to red or in
the other direction, b* is the chroma change from blue
to yellow or in the other direction.

AE represents the total colour difference and was
calculated from the L, a, and b values before and after
coating. It cannot be determined for "before expo-
sure to blue stain" samples, as there is no change to
measure. All results were compared to Control_A
(uncoated and unexposed), which served as the ref-
erence for evaluating the impact of fungal exposure
and nanoparticle treatments. From Table 1, it was
observed that exposure to blue stain fungi resulted
in a dramatic reduction in lightness (L* dropped
from 80.5 to 26.66 in Control_B) and a significant
overall colour change (AE =55.33), confirming severe
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Table 1 The colour changes of the uncoated with and without
exposure to blue stain fungi and coated samples after exposure to
the blue stain fungi

Sample L* a* b* AE
Control(A) 80.5 14.7 21.3 -
Control(B) 26.66 12.8 8.66 55.33
SiO, 69.07 10.5 19.71 12.28
ZnO 54.33 31.13 34 334
TiO, 61.13 12.66 19.46 19.56

discolouration. The SiO2 coating best preserved the
original appearance (L*=69.07, AE =12.28), exhibit-
ing strong resistance to fungal darkening with only
a slight blue hue. TiO, provided moderate protection
(L*=61.13, AE=19.56), also showing a slight bluish
tint. The ZnO coating, which showed the most signifi-
cant deviation from Control_A (L*=54.33, AE =33.4),
effectively prevented blue stain fungi, as no blue tint
was observed. The colour change in the ZnO coating
sample was due to the coating itself, not the fungus.
Overall, coatings reduced the visual impact of fungal
exposure compared to Control_A, with SiO, being
the most colour-stable, TiO, offering balanced perfor-
mance, and ZnO providing the strongest antifungal
protection with noticeable colour alteration as visually
observed in Fig. S2. Blue stain fungi primarily target
the sapwood, causing discolouration with a blue or
greyish tint by infecting the cell walls and disrupting
the wood’s natural appearance [56, 61]. Nanoparticle
coatings, such as those made from SiO,, ZnO, and
TiO,, enhance wood’s resistance to blue stain fungi
by preventing fungal colonisation, limiting moisture
uptake, and preserving the wood’s aesthetic qual-
ity [9, 62]. These coatings work through antifungal
properties, surface modifications that reduce fungal
attachment, and increased water repellence [58, 63].
The effectiveness of these coatings in preventing dis-
colouration depends on factors like composition and
conditions, with nanoparticle treatments improving
colour stability.

The image processing analysis in Fig. 6 was per-
formed using Image] software. The data included
only samples exposed to blue stain fungi, both
Coated and uncoated. The percentages were calcu-
lated based on the total and affected areas of each
sample. The magnitude of these results lies in their
potential implications for understanding the resist-
ance or susceptibility of different materials (samples)



Figure 6 Image of exposed
blue stain fungi samples:

a uncoated (Control_B), b
Silicon dioxide (Si0O,), ¢ Zinc
oxide (Zn0O), d Titanium
dioxide (TiO,).

to the specific factor or condition that affects the area.
For instance, the Control_B sample’s high percentage
of affected area (90.51%) suggests it is highly sus-
ceptible to the tested condition, making it less suit-
able for applications where durability or resistance
is critical.

In contrast, the SiO, coated sample, with a signifi-
cantly lower affected area percentage of 13.21%, along
with ZnO and TiO,, which have affected area percent-
ages of 3.70% and 6.21%, respectively, demonstrates
greater resistance. These materials were more desir-
able for use in environments where minimal impact
or degradation was essential. Image] software was
widely used to analyse fungal degradation on coated
and uncoated materials [64]. Similarly, a previous
study used Image] software to assess mould growth
and blue stain discolouration on coated wood surfaces
by analysing digital images, highlighting its effective-
ness in evaluating fungal resistance and coating per-
formance [65]. In our study, we developed a simple
and objective method for assessing blue stain fungal
growth on coated wood using Image] software. By
analysing digital images to measure affected areas,
we efficiently evaluated the spread of blue stain fungi.
This approach provided a reliable visual and quantita-
tive assessment of fungal colonisation, enabling us to
compare the protective performance of different nano-
particle coatings. The results helped identify coatings

that effectively limited fungal growth and preserved
the wood’s surface aesthetics.

Comparative analysis reveals that ZnO coatings
provide the most effective antifungal protection, TiO,
offers a balanced improvement in mechanical strength
and hydrophobicity, while SiO, excels in preserv-
ing surface aesthetics and achieving hydrophobic-
ity. SEM, FTIR, and Image] analyses confirm that all
nanoparticles were successfully incorporated into the
wood matrix nanocomposite hybrid material [29] and
remained stable following fungal exposure. Although
TiO, likely exists in an amorphous state due to the
relatively low curing temperature, its performance
remains noteworthy. Future research should investi-
gate the effects of varying nanoparticle concentrations,
confirm crystalline phases using XRD or Raman spec-
troscopy, and expand mechanical and physical testing.
These insights could guide material selection for spe-
cific industrial applications, helping to optimise per-
formance, longevity, aesthetics, and cost-effectiveness
based on how different materials respond to the condi-
tions they will encounter.

Conclusion
This research demonstrated the impact of low-concen-

tration nanoparticle coatings on wood, showing sig-
nificant improvements in hydrophobicity, mechanical
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performance and resistance to blue-stain fungi. For the
first time, we assessed the effects of these nanoparticle
coatings on wood’s Buchholz hardness and mechani-
cal performance under fungal attack. Furthermore,
the Image] based method developed in this study
provided an efficient and objective way to evaluate
and compare the effectiveness of coatings. Among the
coatings tested, ZnO emerged as the most effective in
providing fungal protection and mechanical strength,
while SiO, enhanced moisture resistance, and TiO,
offered a balanced performance. Overall, our results
demonstrated that these coatings prevent fungal col-
onisation, reduce moisture absorption, and maintain
the wood’s aesthetic quality, thereby enhancing the
performance quality of the nanocomposite in wood
nanoparticles in construction, furniture, and outdoor
applications.
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