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Abstract: This study investigates the in situ synthesis and
formation of zinc oxide (ZnO), silicon dioxide (SiO,), and
titanium dioxide (TiO,) particles within the wood structure
to modify the wood surface, aiming to improve the hydro-
phobicity, UV resistance, and antifungal properties of Scots
pine and Norway spruce wood. The formation of particles
in the modified wood and untreated wood surfaces was
characterised using scanning electron microscopy (SEM)
with energy-dispersive X-ray spectroscopy (EDS) to study
the microstructure and chemical composition, X-ray diffrac-
tion (XRD) to determine the type of crystallisation, and
attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy to analyse the bonding forces.
Results indicated that TiO, and SiO, treatments significantly
improved both wood species’ surface hydrophobicity and UV
resistance properties compared to ZnO-treated wood. On the
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Graphical abstract

other hand, ZnO treatment enhanced antifungal properties,
offering effective protection against fungal decay in both
wood species, while TiO, and SiO, showed less pronounced
effects. This study showcases the potential of ZnO, SiO,, and
TiO, particle treatments to enhance the surface properties of
natural wood, paving the way for the effective and environ-
mentally friendly development of hybrid wood for various
applications in the wood industry and beyond.

Keywords: in situ synthesis, hydrophobicity, UV resistance,
antifungal properties, surface modification, hybrid wood

1 Introduction

Wood has been valued since ancient times for its unique
chemical and physical qualities. Wood’s renewable nature
and aesthetic qualities make it a highly versatile material
for applications in construction, furniture making, pulp
energy production, and packaging. However, external factors
such as sunlight, rain, temperature fluctuations, insects, and
bacterial and fungal decay can affect the wood’s physical and
chemical properties [1,2]. The porous structure of wood has
inherent limitations and vulnerabilities that risk its long-term
performance [3,4]. Untreated, non-durable wood has several
drawbacks concerning hydrophobicity, susceptibility to ultra-
violet (UV) degradation, and vulnerability to fungal infesta-
tion, all compromising its performance and endurance [5].
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Therefore, enhancing wood’s hydrophobic properties helps
prevent moisture damage, reducing decay and deformation,
thereby improving the durability and extending its service
life in furniture, doors, windows, and outdoor structures [6].
Traditional methods like thermal, enzymatic, plasma, and
chemical treatments are commonly used to improve wood
protection. However, thermal and enzymatic treatments
often target specific properties, which may reduce the dur-
ability or limit the overall functionality [7,8]. Plasma treat-
ments, while effective at modifying the surface, lack depth
and long-term durability and typically require complex pro-
cedures [9]. Similarly, conventional chemical modification
[10] approaches that involve grafting long-chain alkyl groups
onto the wood surface to enhance its natural roughness
encounter difficulties in achieving ideal superhydrophobicity
[11]. This is particularly challenging in the radial and tangen-
tial sections of the wood, where the natural structure lacks
the necessary micro- or nanoscale roughness for optimal per-
formance [12]. Consequently, these methods fail to provide
durable, effective protection after cutting the wood. In this
context, this research focuses on enhancing natural wood for
outdoor use by incorporating zinc oxide (ZnO), titanium
dioxide (TiO,), and silicon dioxide (SiO,) to improve hydro-
phobicity, UV resistance, and durability through stable inor-
ganic—organic hybrid composites. Organic-inorganic hybrid
composites, which combined the advantages of polymers and
inorganic compounds, are widely studied for their unique
properties and applications in catalysts, coatings, solar cells,
and sensors [13-15]. Due to its multifunctionality, hybrid
wood material gained popularity among researchers in
recent years [10,11]. Studies explored the fabrication and char-
acterisation of magnetic wood [16,17] with nanoparticles,
highlighting applications in electromagnetic absorption,
heating, and wearable devices using materials like ZnO,
CuO, and CaCOs [18-20].

Incorporating inorganic particles into wood offers a
multifaceted approach to enhance its durability and long-
evity. Particles such as ZnO, SiO,, and TiO, protect wood
against environmental factors like moisture, UV radiation,
and fungal degradation [21]. With their high surface area
and wide bandgap, ZnO particles effectively block UV
radiation, safeguarding against discolouration due to
lignin degradation [22]. Additionally, their fungicidal prop-
erties influence fungal growth [11,19]. SiO, particles, known
for their thermal stability and dispersibility, contribute to
wood protection and find applications in various fields,
including drug delivery and surface coatings [23]. How-
ever, high concentrations of both ZnO and SiO, particles
pose respiratory hazards, necessitating caution in handling
[24]. TiO, particles, renowned for their photocatalytic
activity and UV absorption, offer self-cleaning properties
and environmental remediation benefits. Despite their
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safety in topical applications, airborne exposure to TiO,
particles raises respiratory concerns [25]. Even though
there is no regulation for the quantity of particles, a low
concentration was used in the respective study to achieve
the best results and avoid health hazards. Nevertheless,
incorporating these particles into wood presents a compre-
hensive strategy to enhance its resilience against environ-
mental stresses [26]. Although significant progress has
been made in developing wood-inorganic composites, a
research gap remains in understanding how different
wood species respond to various particle treatments.
Most existing studies focus on the functional properties
of treated wood but overlook the species-specific structural
and chemical interactions with inorganic particles. To
address this gap, our study aimed to enhance resistance
to fungal degradation while exploring the compatibility of
two commonly used gymnosperm species, Scots pine and
Norway spruce, with ZnO, TiO,, and SiO, treatments. These
species differ in anatomical features such as resin canal
presence, parenchyma cell distribution, and grain texture
[27], which may influence their interaction with impreg-
nated particles. By comparing treated and untreated sam-
ples using scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM-EDS), X-ray
diffraction (XRD), and attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy analyses and
performance tests for hydrophobicity, UV resistance, and
antifungal activity, this research provides new insights into
species-specific responses and offers targeted solutions for
improving wood durability in outdoor applications.

2 Materials and methods

2.1 Materials

Norway spruce (Picea abies) and Scots pine (Pinus sylves-
tris) wood samples were made from trees cultivated in the
Czech Republic and Slovakia. These two wood species were
chosen, as non-durable conifers like spruce and pine are
frequently used in construction applications in Europe.
Ethyl alcohol (99%), sodium hydroxide, zinc acetate dihy-
drate, hexamethylenetetramine (HMTA), hexadecyltri-
methoxysilane (HDTMS), zinc nitrate hexahydrate, and
acetic acid (99.8%) were bought from Lach:mner. Tetraethyl
orthosilicate (TEOS, 98%), titanium(IV) n-butoxide (98+%),
and ammonium hydroxide (NH,OH) for analysis (28-30 wt%
solution of NH; in water) were bought from Thermo Scien-
tific. Distilled water (DW) was used throughout the study.
All the chemicals were used without further purification.
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2.2 Sample preparation

Pine and spruce wood samples were cut into sizes of (0.5 x
2.0 x 5.0) cm® and (1.5 x 2.5 x 5.0) cm®. Then, the samples
were cleaned ultrasonically in deionised water for 15 min
and dried in a chamber at 105°C until a constant mass was
achieved.

2.3 Preparation of the ZnO-modified wood
composite material

ZnO0 particles in wood were synthesised using zinc acetate
dihydrate, sodium hydroxide, and HMTA. Zinc acetate
dihydrate was initially dissolved in 200 ml of ethyl alcohol
to prepare a 0.05M solution. The solution was stirred at
60°C in a magnetic stirrer for an hour. Then, dried wood
samples were immersed in the solution under a vacuum of
0.01 MPa for 30 min. Afterwards, the samples were left to
be soaked at room temperature (23°C) for 2h. A 04M
sodium hydroxide (NaOH) solution was prepared in a sepa-
rate beaker by dissolving pellets of NaOH in 100 ml of DW.
This NaOH solution served as the base for the precipitation
reaction. After that, an adequate amount of NaOH solution
was added slowly into the solution with the soaked sam-
ples, causing the formation of a white precipitate. The
samples were left to soak in the solution for 24h.
Afterwards, at 80°C, the samples were dried for approxi-
mately 4h. In the synthesis process, the samples were
impregnated with ZnO seeds. The treated samples were
used for subsequent ZnO growth under hydrothermal con-
ditions. For that, the seed-coated samples were impreg-
nated with zinc nitrate hexahydrate (0.02 M) and HMTA
(0.02 M) solution mixture (1:1 ratio) made with a standard
aqueous amount of deionised water for 6h at 80°C. The
resultant wood samples were properly rinsed with deio-
nised water. Finally, the samples were cured at 105°C for
24 h. The hybrid wood of ZnO-wood composite was thus
prepared using this procedure.

2.4 Preparation of the TiO,-modified wood
composite material

TiO, particles were synthesised using the sol-gel process. A
solution of 0.05M titanium(wv) n-butoxide with 200 ml of
ethanol and 100 ml of DW formed a homogeneous solution
A with continuous stirring. Solution B was prepared by
mixing 0.02 M solution of acetic acid and 100 ml of ethanol.

Enhancing the superhydrophobicity, UV-resistance, and antifungal properties of natural wood surfaces

_— 3

Then, solution B was slowly added to solution A at 80°C.
The precursor mixture was continuously stirred using a
magnetic stirrer for 2h. Afterwards, the wood samples
were immersed in the precursor solution for 30 min in a
vacuum chamber at 0.01 MPa. Then, the samples were
taken from the vacuum chamber and left in the solution
at room temperature (23°C) for 24 h. After soaking, the
sample was washed with distilled water (DW) to remove
the impurities and dried at 80°C in a heating chamber for
6 h. The TiO,-impregnated samples were immersed in the
ethanol solution of 0.02M hexadecyltrimethoxysilane
(HDTMS) for 1h at 80°C. Then, the samples were dried at
room temperature (23°C) for 2 h. After 2h, the samples were
cured at 105°C for 24 h. The hybrid wood of TiO,-wood com-
posite was thus prepared using the procedure.

2.5 Preparation of SiO,-modified wood
composite material

The sol-gel method involves the reaction process to pro-
duce SiO, in wood, using 0.05M solution of TEOS and
0.02 M solution of NH,OH. This method included the hydro-
lysis and condensation of TEOS with NH,OH as a catalyst.
Solution A was prepared by mixing TEOS with 50 ml of
ethanol, while solution B was made by combining NH,OH
with 350 ml of ethanol. Solution A was added to solution B
slowly dropwise, and then the precursor mixture was con-
tinuously stirred at 50°C using a magnetic stirrer for 2h.
The dried wood samples were immersed in the precursor
solution for 30 min in a vacuum chamber at 0.01 MPa.
Then, the samples were taken from the vacuum chamber
and left in the solution at room temperature (23°C) for 24 h.
Afterwards, they were retrieved from the solution and vig-
orously cleaned to remove impurities. The SiO,-vacuum
impregnated wood samples were immersed in 0.02 M solu-
tion of HDTMS and 300 ml of ethanol mixture for 1h at
80°C. Then, the samples were dried at room temperature
(23°C) for an hour. After 2 h, the sample was cured at 105°C
for 24 h. The hybrid wood of SiO,~wood composite was
thus prepared by this procedure.

2.6 Characterisation and testing methods

Both species’ samples were divided into two groups:
untreated and treated samples. The samples were charac-
terised by the following procedures: SEM analysis, XRD
analysis, determination of water uptake, and antifungal
assay. However, for the resistance against UV radiation
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and wettability tests, the samples of both species were
divided into two parts: in the first part, we measured the
difference between treated and untreated samples before
exposing them to UV light, and in the second part we mea-
sured the difference between the treated and untreated
samples after exposing to UV light for 336 h.

2.6.1 SEM analysis

To observe the microstructural characteristics of the mate-
rials, the samples were prepared in longitudinal sections for
both untreated and treated samples by cutting them with a
sharp blade. These sections were then mounted onto conduc-
tive carbon tape and coated with a layer of 15 pm thick gold
using a sputtering technique. Subsequently, the analysis was
performed using a scanning electron microscope (Mira-STAN
instrument from Tescan), with an acceleration voltage of 5 kV
and a beam current of 10 pA to observe the samples in detail.
EDS was carried out using an Oxford Instruments AZtecOne
system to analyse the composition and distribution of ele-
ments within the samples.

2.6.2 XRD analysis

XRD analyses were performed using an Empyrean diffract-
ometer (PANalytical, The Netherlands) with Cu Ka radia-
tion. Measurements were performed at a tube current of 40 mA
and a tube tension of 45kV, using a 26 step size of 0.006°, and
the measurement time was 120 s per step. Data were collected
over a 20 range of 10° to 70°. The results were analysed using
HighScore (PANalytical, The Netherlands) diffraction software.

2.6.3 FTIR analysis

ATR-FTIR spectroscopy was performed with a Bruker Invenio
S. The sample and background scans were each conducted 16
times, with data collected in the range of 4,000-400 cm™. The
measurement time was 15s in transmittance mode. OPUS
software was used to analyse the results.

2.6.4 Water uptake tests

A KRUSS Processor Tensiometer K100 was used to carry out
short-term water uptake tests under room conditions. The
K100 operates by putting the cross-section of samples in
contact with the surface of water and precisely measuring
the changes in their weight over time due to capillary
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sorption of water. This enables the determination of water
uptake rates and capacity, providing valuable insights into
the material’s behaviour when exposed to liquid water.

Water uptake tests were carried out with untreated and
treated samples of both species. The sample size was (0.5 x 2.0 x
5.0) cm®. Using equation (1), water uptake was calculated:

_mis
w= "L ®

where m is the mass of samples and A is the axial surface
area of the sample.

During water absorption tests with the KRUSS
Processor Tensiometer K100, radial measurements were
typically conducted when assessing water uptake perpen-
dicular to the wood grain. Tangential measurements, on
the other hand, were carried out when assessing water
absorption parallel to the wood grain. These measure-
ments provide insights into how water penetrates wood
fibres of different orientations. Our research experimented
with transverse parts of each sample.

2.6.5 Colour change

The colour change was measured to determine the influ-
ence of particle treatment on the samples as a result of
exposure to UV radiation. This is one of the several tests
used to assess the UV resistance. UV irradiation was carried
out in a UV chamber (OSRAM Ultra-Vitalux 300 W lamp
with radiation wavelengths between 315 and 400 nm;
self-constructed at the University of Ljubljana). Treated
and untreated wood samples, with dimensions of 0.5 x
2.0 x 5.0 cm®, were arranged at uniform intervals and
exposed to fungal cultures for a period of three weeks.
The colour of the specimens was measured with a spectro-
photometer BYK-Gardner GmbH, Spectro-guide 45/0,6801.
According to the CIELAB colour measurement system,
L* represents lightness, a* represents the green-red axis,
and b* represents the blue-yellow axis. The following
equation defines the colour difference:

AE* = J(AL")? + (Aa*)? + (AbY)?, )]

where AE* is the colour difference, AL* is the lightness
difference, Aa* is the chroma change from green to red
or in the other direction, and Ab* is the chroma change
from blue to yellow or in the other direction.

The symbol A represents the differences between sam-
ples’ initial and final colour parameters after treatment or UV
irradiation. L*, a*, and b* denote the average values obtained
from three locations on each sample. Five measurements
were done for each treated and untreated sample.
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Figure 1: SEM image and EDS micrograph: (a) and (b) spruce and pine surface morphology; (c) and (d) spruce and pine elemental composition.

2.6.6 Contact angle (CA) measurements

The CAs of water were measured with the Biolin Scientific
Attension Theta equipment. The wood samples measuring
05 x 2.0 x 5.0) cm® were used for the test. All samples,
both the untreated and treated ones, ie. unexposed and
exposed to UV were utilised. DW droplets, each with a volume
of 6 ul, were applied to measure the water CA on the wood
surfaces. The CA values were recorded at room temperature
for 0-60 s after application. Five droplets of DW were used
for the CA measurements on the tangential surface of each
sample.

2.6.7 Durability test

The treated and untreated samples of pine and spruce (1.5
x 2.5 x 5.0) cm® were placed on an autoclave before sterilisa-
tion at 121°C until it reached 0.15 MPa pressure. In the mean-
time, we prepared a nutrient medium for fungi, which was 21
of water and 78 g Difco™ potato dextrose agar. After that, the
jars for the experiment were prepared with a mixture of
55ml for each. Then, they were autoclaved for sterilisation
at 121°C until they reached 0.15MPa pressure. After that,
steam-sterilised treated and non-treated specimens were
exposed to brown rot fungus (EN113) — Gloeophyllum trabeum

(Pers.) Murrill (ZIM L018) [28] — for 20 weeks according to the
modified Bravery procedure (1996) [29]. The experiment was
performed with five replicate specimens per treatment.

2.7 Statistical analysis

After verifying the normality assumption and homogeneity
of variance in the data, a one-way analysis of variance
(ANOVA) was done to measure the impact of different
treatments on fungal mass loss. Following ANOVA,
Tukey’s method was applied for post-hoc comparisons to
identify significant differences between specific treatment
pairs in the antifungal test.

3 Results and discussion

3.1 Morphology analysis

The structural modifications of wood samples before and
after treatments with ZnO, TiO,, and SiO, were analysed by
SEM and EDS. The analysed images present longitudinal
part of the samples. The analysis was performed to
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Figure 2: ZnO-treated samples: SEM images of spruce (a) and pine (c); EDS micrographs with a composition ratio of spruce (b) and pine (d).

understand the morphology and composition of the treated
and untreated samples [12].

From the SEM analysis (Figure 1(a) and (b)), a smooth
cell wall was observed for spruce and pine untreated (con-
trol) samples. From the EDS micrographs (Figure 1(c) and
(d)), it was observed that only carbon and oxygen elements
were present along with peaks for gold as the samples
were gold coated for better resolution [30].

In Figure 2(a), from SEM analysis, it was observed that
ZnO particles in spruce wood cells tend to aggregate into
clusters, forming a layer on the cell wall surface. In con-
trast, in pine wood samples, ZnO exhibited a flower petal-
like configuration (Figure 2(c)). Figure 2(b) and (d) displays
the EDS micrographs of Zn composition in spruce and pine
samples. The micrographs reveal Zn peaks, along with
those of carbon (C), oxygen (0), and the conductive gold
(Au) coating. The Zn content was measured as 20.7% in
spruce and 22.6% in pine.

SEM analysis of TiO,-modified hybrid wood samples
revealed that TiO, particles exhibit a spherical mor-
phology, forming nano- and microparticle clusters across
the cell walls of both spruce and pine, as shown in Figure

3(a) and (c). EDS micrographs in Figure 3(b) and (d) display
prominent peaks for titanium (Ti), along with carbon (C),
oxygen (0), and gold (Au) coating, confirming the presence
of Ti-based compounds in the analysed regions. The Ti
content was measured as 24.9% in spruce and 24.0%
in pine.

The SEM analysis of SiO,-modified wood samples,
shown in Figure 4(a) and (c), revealed that the SiO, parti-
cles formed small, porous spheres clustered among the
fibres and distributed along the cell walls. The EDS micro-
graphs in Figure 4(b) and (d) display prominent peaks for
silicon (Si), along with carbon (C), oxygen (0), and conduc-
tive gold (Au) coating. Si content was measured as 28.2% in
spruce and 13.8% in pine, as depicted in Figure 4(d), with
distribution mapping confirming the presence of Si.

The EDS analysis of modified spruce and pine samples
with ZnO, TiO,, and SiO, revealed distinct distribution pat-
terns, as shown in Figure 5(a—f). ZnO, present in Figure 5(a)
and (b), was uniformly distributed in both wood types,
with the Zn Lo , emission line being the key to identifying
the presence of Zn. This line results from electronic transi-
tions in Zn, where electrons drop from the L-shell to the K-
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Figure 3: TiO,-treated samples: SEM images of spruce (a) and pine (c); EDS micrographs with a composition ratio of spruce (b) and pine (d).

shell, with the subscript 1 2 indicating fine spectral split-
ting due to spin—orbit coupling. The Ti Kal line, associated
with Ti from TiO, (Figure 5(c) and (d)), revealed localised
clusters, showing that TiO, adhered to specific areas within
the wood’s cellular framework. The characteristic X-ray
emission lines Zn Loyz, Ti Kay, and Si Koy confirmed and
visualised the distribution of ZnO, TiO,, and SiO,, respec-
tively, providing insights into their interactions within the
wood matrix. For SiO,, Figure 5(e) and (f), the Si Ko, line
revealed a mixed distribution, with some regions showing
concentrated silica deposits and others a more uniform
dispersion, highlighting the distinct interaction mechan-
isms of each modification.

Previous research using SEM analysis demonstrated
the successful and uniform deposition of ZnO nanorods
on wood surfaces, significantly enhancing the UV resis-
tance, photostability, and overall durability of wood coat-
ings for outdoor use [31,32]. Similarly, another study
revealed that densely packed, well-aligned ZnO nanorod
arrays provided uniform coverage, leading to remarkable
superamphiphobic performance and superior ultraviolet
resistance [33]. Additionally, the accumulation of ZnO,

TiO,, and SiO, was found to enhance the surface roughness,
improving the dimensional stability of the wood. In con-
trast, our research highlights the formation of ZnO, TiO,,
and SiO, particle cluster structures in the cell wall of the
samples, which impart superhydrophobicity, UV resis-
tance, and antifungal properties, showcasing distinct mul-
tifunctional enhancement.

3.2 Structural analysis

The XRD patterns of untreated and treated spruce and pine
samples are presented in Figures 6 and 7, respectively. XRD
patterns of both untreated and all treated samples showed
broad diffraction peaks at 26 values of approximately 16.5°,
22.4°, and 35.5°, assigned to cellulose reflections, which
usually confirmed the wood samples [34,35]. In the XRD
patterns of treated spruce and pine samples using TiO,
or SiO, precursors, namely S_S, S_T, P_S, and P_S samples,
as shown in Figures 6 and 7, no additional diffraction peaks
were not confirmed in the XRD patterns compared to the
untreated samples. The XRD patterns of spruce samples
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Figure 6: XRD patterns of treated and untreated (control) spruce wood
samples.
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Figure 7: XRD patterns of treated and untreated (control) pine wood
samples.

treated using the ZnO precursor showed diffraction peaks
at 26 values of 31.6°, 34.4°, 36.3°, and 56.7° (S_Z, Figure 6)
corresponding to the (100), (002), (101), and (110) reflec-
tions, respectively, of the crystalline ZnO form described
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by the ICSD card No. 01-078-2585, which was an indication
of the formation of crystalline ZnO in the S_Z sample. In
contrast, the XRD patterns of the pine sample treated using
Zn0 precursor (P_Z in Figure 7) show less defined reflec-
tions at 20 values of approximately 34.4° and 36.3°, sug-
gesting that some crystalline phase was formed. Due to
the lack of additional diffraction peaks, the crystalline
Zn0 could not be confirmed in this sample.

The results did not show any clear crystalline phases of
TiO, and SiO,, but in the EDS spectra, it was observed that
both elements are present in the samples of both species.
Thus, it can be assumed that the particles of TiO, and SiO,
are in the amorphous phase [36-38]. From the previous
study, it is notable that although XRD effectively identifies
the crystalline phase, EDS assesses the complete elemental
composition, capturing both crystalline and amorphous
materials [39]. For further confirmation of the elemental
compositions, FTIR analysis was made.

3.3 FTIR analysis

FTIR spectra were acquired from the wood surface before
and after treatment with three distinct types of particles:
TiO,, Si0y, and ZnO. Interestingly, the changes observed in
the spectra were remarkably similar across all particle
treatments. Therefore, we proceeded to analyse them col-
lectively. This analysis is depicted in Figures 8 and 9.

The peak corresponding to the stretching vibration of
hydroxyl groups —-OH was observed at wavenumber

y i T
\ /’___\’/____ — —\ﬁ\'f“q"“"-”\‘— '"nl ; /V\L I
14 o i I.'l . I
=7 by

Transmittance(%)

0.8 -

T
1021

— ., L,y
4000 3600 3200 2800 2400 2000 1600 1200

—
800 400

wavenumber(cm™)

Figure 8: FTIR spectra of treated and untreated (control) spruce wood samples.
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Figure 9: FTIR spectra of treated and untreated (control) pine wood samples.

3,340 cm™ in untreated pine samples (P_C), while it was
observed at 3,330 cm™ in untreated spruce samples (S_C).
It was noted that the O-H stretching vibrations shifted in
all treated samples of both species. The bands at 2,920 and
2,858 cm™, corresponding to asymmetric CH; and sym-
metric CH, stretching vibrations, respectively, were found
in the pine control (P_C) samples [40]. In contrast, a
2,901cm™ band, attributed to C-H stretching vibration,
was observed in spruce control (S_C). The C=C bond

(lignin and aromatic compound) was not detected in P_C
but was present in S_C at 1,664 cm™L In untreated pine, the
C-0—C (cellulose) bond appeared at 1,024 cm ™", whereas in
untreated spruce the C-0 bond was observed at 1,021 cm™.

Pine treated and modified with ZnO (P_Z) and spruce
treated with ZnO (S_7) typically confirmed characteristic
absorption peaks in the range of 400-600cm™, corre-
sponding to the stretching vibrations of Zn-O bonds.
Therefore, it was assumed that the absorption peak at

Pine

Spruce

Change of Mass (%)

Treatment
—=— Control
—— Zn0O
—— TiO2

—— 5i02

0 50 100 150 200 0

Time (sec)

50 100 150 200

Figure 10: Water uptake of untreated (control) and treated wood samples of pine (left part) and spruce (right part).
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Figure 11: Colour changes showing the difference between untreated
and treated samples due to UV exposure. Deviation plots present the
standard deviation.

495 cm ™! was consistent with the known vibrational modes
of ZnO0, specifically related to the stretching of Zn—-0 bonds
observed in both modified wood species. The bands below
1,000 cm™* were attributed to Ti-O stretching vibrations
characteristic of TiO,. Peaks at 1,160 and 1,120 em™! were
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associated with Ti—-O-C bonds, and it was assumed that
these peaks resulted from the reaction between Ti-OH
and wood -OH in pine (P_T) and spruce (S_T) [41,42].
Around 1,080-1,100 cm™}, the most intense and broad
peak corresponding to the asymmetric stretching vibra-
tions of the Si-O-Si bond of SiO, was observed. A strong
band around 1,106 cm™ [40,43] attributed to the asym-
metric stretching vibrations of the Si-O-Si bonds and a
weaker band around 900 cm™ associated with the sym-
metric stretching vibrations of the Si—O-Si bonds were
observed in both modified wood pine (P_S) and spruce
(8_S) [44].

From Table 1, it can be observed that ZnO, TiO,, and
Si0, particles demonstrated effective nucleation within the
cellulose fibres, initiating growth processes upon immer-
sion of the wood samples in a reaction solution. This reac-
tion solution contained precursors of ZnO, TiO,, and SiO,,
which interacted with the wood surface through hydrogen
bonds, a process augmented by hydrothermal energy [45].
Differences in deposition between spruce and pine were
observed, attributed primarily to variations in their
hydroxyl group compositions, which facilitated the adher-
ence of particles to the wood’s —~OH groups [46]. Such
bonding notably enhanced the stability and durability of
the deposition [42].

Before exposed to UV

After exposed to UV

175+

751 ; L b

—

auld

Treatment

g ——

=== Control

== 700

Contact angle

=== TiO2
- Si02

aonidg

40 60 0
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Figure 12: (Top left corner) CAs of the untreated (control) and treated pine wood samples before UV exposure and (top right corner) CAs of these
samples after UV exposure. (Bottom left and right corners) CAs of the untreated (control) and treated pine wood before and after UV exposure,

respectively.
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Figure 13: Mass loss of untreated (control) and ZnO, SiO,, and TiO, treated wood of pine and spruce after exposure to the fungus. Significance codes:

p < 0.001(**); p < 0.05(*).

3.4 Water uptake testing

Water uptake testing revealed that the treatments effec-
tively reduced water absorption across hoth species of
wood samples, demonstrated by absorption rates over
time. The methodology involved submerging the cross-sec-
tions of treated and untreated samples in water, with

Table 1: Description of FTIR peaks and their corresponding group

measurements conducted using a tensiometer to assess
water uptake across the grain. For each sample, no repeti-
tion has been done. According to the findings in Figure 10,
treated samples with TiO, and SiO, particles exhibited
superior water repellence compared to those with ZnO
particles and control samples in both wood species. More-
over, the literature suggests that particle coating with the

Wavenumber (cm™) Functional group/bond Samples Description

3,340 -OH (hydroxyl group) P_C Stretching vibration in untreated pine

3,330 -OH (hydroxyl group) S.C Stretching vibration in untreated spruce

2,920 CHs5 (asymmetric stretching) P_C Present in pine control

2,858 CH, (symmetric stretching) P_C Present in pine control

2,901 C-H (stretching vibration) S C Observed in spruce control

1,664 C=C (lignin and aromatic compounds) S C Present in untreated spruce; not detected in untreated pine
1,024 C-0-C (cellulose) P_C Observed in untreated spruce

1,021 Cc-0 s C Observed in untreated spruce

495 Zn-0 Pz Stretching vibrations of Zn-0 bonds in ZnO-treated
400-600 Zn-0 PZ,S7 Characteristic absorption peak range for ZnO
Below 1,000 Ti-0 PT,ST TiO, stretching vibration characteristic

1,160 Ti-0-C P_T Reaction product of Ti-OH and wood-OH in pine
1,120 Ti-0-C ST Reaction product of Ti-OH and wood-OH in spruce
1,080-1,100 Si-0-Si (asymmetric stretching) PS,S.S Intense broad peak for SiO,

1,106 Si-O-Si (asymmetric stretching) P_S,S_S Strong band for SiO,

900 Si-0-Si (symmetric stretching) P_S,S_S Weaker band for SiO,
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HDTMS saline group enhances superhydrophobic proper-
ties, contributing to the observed effects [47]. The treated
pine samples displayed marginally higher hydrophobicity
than spruce, consistent with prior studies indicating spe-
cies-specific variations in response to hydrophobic treat-
ments. The decreased water absorption observed with SiO,
and TiO, treatments compared to ZnO treatment was par-
ticularly noteworthy, indicating substantial adhesion of
hydrophobic metal oxide and particles to the wood cell
walls [48]. This adherence hindered water access to cell
lumens in the treated wood samples [30,49], leading to a
diminished water uptake capacity. Furthermore, these par-
ticles increasingly obstructed pits and micropores within
the cell wall [50]. Therefore, the water uptake results are
consistent with the morphology studies.

3.5 UV resistance analysis

The measurements of colour change were conducted to
assess the UV resistance stability of both treated and
untreated samples on the surface of pine and spruce
woods. The results show the difference of colour in the
surface of the samples before and after UV irradiation of
504 h (Table 2 and Figure 11). A positive Ab* value indicates
that the surface of the sample exposed to UV radiation
became yellowish. Aa* in a positive direction means a shift
towards reddish tones [36,51]. Compared to the untreated
samples, these changes were less pronounced in the treated
samples. Also, the overall colour difference (AE*) was lower
after UV irradiation of the treated wood sample surface than
in the untreated ones for each treatment. The improved UV
resistance in the treated samples was observed due to the UV
absorption properties of ZnO, TiO,, and SiO, [51]. This result
aligns with the findings of previous studies by Sun et al,
Rassam et al, and Temiz et al. [52-54].

Table 2: Difference in chromatic coordinates between treated and
untreated samples before and after UV exposure

Samples AL* Aa* Ab*

Control spruce -17.40 (£3.82)  10.35(¢1.29)  17.23 (+2.37)
Control pine -14.16 (£3.67)  7.15 (£1.25) 8.62 (£3.09)
Zn0 treated spruce  —9.95 (+3.26) 8.16 (11.84) 11.15 (+1.76)
ZnO0 treated pine =7.47 (+1.64) 5.27 (£1.39) 7.77 (£2.61)

TiO, treated spruce  —7.93 (+2.63) 6.42 (£1.09) 9.20 (£2.73)
TiO, treated pine -11.75 (+3.87)  3.96 (¢3.42) 3.55 (£1.00)

SiO, treated spruce  —6.78 (+3.76) 417 (£2.02) 7.81 (£5.19)

SiO, treated pine -7.31 (+4.50) 4.52 (£3.26) 5.49 (+4.23)
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The values are obtained by comparing the samples’ L*,
a*, and b* before and after UV exposure for both pine and
spruce. Standard deviation values are provided in
brackets.

UV radiation significantly impacts lignin in wood,
leading to photodegradation, characterised by molecular
breakdown and free radical formation [55,56]. Further-
more, SiO,-treated samples, in terms of colour difference,
exhibit better prevention against UV than both TiO, and
Zn0 treated samples. Si impregnation enhances UV resis-
tance by forming a protective barrier that prevents UV
penetration, stabilising the wood’s structure and
increasing its hydrophobicity [57].

3.6 Hydrophobicity

The water CA measurements were conducted on both
untreated and treated samples of spruce and pine, as
well as after their exposure to UV radiation, as explained
in Figure 12. Initially, the untreated (control) samples of
both species exhibited hydrophilic properties, which also
remained after UV irradiation. Specifically, before UV
exposure, the initial CA was approximately 94° for spruce
and 92° for pine. After exposure to UV radiation, the initial
CA decreased to approximately 86° for spruce and 75° for
pine. However, the treated spruce samples over time
exhibited CAs ranging from approximately 134° to 117°
for ZnO, from 156° to 146° for TiO,, and ~150° for SiO,. After
exposure to UV light, these values showed negligible
changes, with the values of CAs from about 105° to 80°
for ZnO, from 143° to 142° for TiO,, and from 140° to 139°
for SiO; in spruce. In pine, the CAs before UV exposure
were approximately 132° to 128° for ZnO, 157° to 156° for
TiO,, and 152° for SiO,. Following UV exposure, the values
slightly decreased, approximately from 115° to 112° for ZnoO,
150° for TiO,, and from 151° to 141° for SiO,. The results
showed that the treated samples remained hydrophobic
even after UV exposure, with minimal changes observed.
Particle formation on the sample surface caused increased
roughness, as seen in SEM images. This roughness contrib-
uted to the CA results, demonstrating the lotus leaf effect
and aligning with Cassie-Baxter theory [58] as treated sam-
ples of both species’ CAs were approximately <150° due to
the presence of an air pocket on the surface of the treated
hybrid wood [43]. The decrease in the water CA in wood
due to UV radiation was primarily due to the photodegra-
dation of lignin, which was highly sensitive to UV exposure.
It was found in a previous study that UV exposure leads to
the breakdown of lignin molecules and the formation of
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Table 3: Calculation of both the solid area fraction (f,) and the air area
fraction (f,)

Wood type Particles CA (°) f A

Spruce Zn0 134 0.328 0.672
Spruce TiO, 156 0.093 0.907
Spruce Sio, 150 0.144 0.856
Pine Zn0 132 0.343 0.657
Pine TiO, 157 0.082 0.918
Pine Sio, 152 0.121 0.879

new, hydrophilic functional groups such as carbonyl and
carboxyl. These changes increase the hydrophilicity of the
wood’s surface, reducing the water CA and enhancing the
surface wettability [59]. Therefore, the results in Figure 9
indicate that the treatments decreased lignin degradation
on wood surfaces due to UV irradiation while providing UV
resistance.

To gain deeper insights into the superhydrophobic
characteristics of the treated wood surface, Cassie’s equa-
tion was utilised. This equation was commonly used for
surfaces with heterogeneous roughness and low surface
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energy, characteristics often associated with superhydro-
phobicity. In this context, f (equation (3)) represents the
fraction of the solid surface in contact with the liquid,
while (1 - f) was the fraction of air in contact with the
liquid at the surface. 6; and 6 denote the water CAs on
the rough surface and smooth surface, respectively. Cassie’s
equation was used to calculate the fraction of air pockets at
the surface of superhydrophobicity [43,60]:

CosOc = f(CosH + 1) - 1. 3

In this study, the water CA 6; on the spruce wood
surface treated with particles was approximately 134° for
Zn0, 156° for Ti0,, and 150° for SiO,. For pine wood, the CAs
were approximately 132° for ZnO, 157° TiO,, and 152° for
SiO,. The water CA (0) of smooth, untreated wood surface
was approximately 94° for spruce and 92° for pine. Using
Cassie’s equation, we calculated the fraction of air in con-
tact with the liquid at the surface. To determine the air
area fraction (f;), we used the fact that the sum of the solid
area fraction (f;) and the air area fraction f, is equal to 1in
equation (4) [61] (Table 3):

L=QA-f). @

Figure 14: Fungi resistance experiment images of treated and untreated wood.
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The f, value represents the fraction of the solid surface
area in contact with the liquid, and the f, value represents
the fraction of the surface area that is in contact with air.
Furthermore, the study investigated the environmental
stability and durability of the superhydrophobic hybrid
wood surface. The samples were stored in air for a
minimum of 6 months, during which the water CA of the
wood surface remained stable without notable changes,
demonstrating excellent durability under atmospheric
conditions. Images are provided in the supplementary
(Figures S1 and S2).

3.7 Fungicidal properties

The results depicted in Figure 13 demonstrate the perfor-
mance of the treated wood samples against the fungi com-
pared to untreated ones. Specifically, wood samples treated
with ZnO, SiO,, and TiO, solutions exhibited clear inhibi-
tion zones, indicating inherent antifungal characteristics in
both species. Notably, this effect was found to be species-
specific. In spruce, significant improvement in antimicro-
bial properties was observed with ZnO treatment, whereas
changes with TiO, and SiO, treatments were less evident.
Conversely, significant changes were observed in pine
across all three treatments, with ZnO showing the highest
efficacy. The notable increase in mass for both species with
Zn0 treatment suggests the fundamental role of ZnO in
enhancing the composite’s antifungal efficacy [62].

Based on the mass losses, the wood can be classified
into durability classes (EN 350) [63]. Spruce and pine wood
treated with TiO, and spruce wood treated with SiO, can be
classified into the group of the least durable wood-based
materials (Durability class 5), while wood species treated
with ZnO and pine wood treated with SiO, can be classified
as very durable (Durability class 1). The difference between
the durability of SiO,-treated pine and spruce can likely be
attributed to the permeability difference [64]. Pine sapwood
was more permeable than spruce wood; thus, there are likely
higher retentions of SiO, in pine wood. On the other hand,
the fungicidal properties of Zn are well known, resulting in
the high durability of treated wood [65] (Figure 14).

4 Conclusions

This study highlights the effectiveness of in situ synthesis
techniques using inorganic and metal oxide particles in
enhancing various wood properties. SEM, EDS, and FTIR
analyses confirmed the successful incorporation of ZnO,
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TiO,, and SiO, into the wood structure, resulting in hybrid
wood. Although XRD results were not clearly visible due to
the non-destructive nature of the tests, the treatment pro-
cesses reduced the porosity and increased the surface
roughness, leading to enhanced water repellence in the
TiO,- and SiO,-treated samples compared to the ZnO-
treated samples. Among these, SiO,-modified wood exhib-
ited the best UV resistance, with minimal colour change.
The CA of TiO,- and SiO,-treated wood remained stable
after UV exposure, while ZnO-treated samples showed sig-
nificant alterations. All treatments improved antifungal
properties, with ZnO showing the most pronounced anti-
microbial effects, particularly in spruce. Pine also showed
improvements with all treatments, with ZnO being the
most effective.

Overall, SiO,-modified pine wood demonstrated
superior water repellency, UV resistance, and antifungal
protection, while TiO, provided exceptional superhydro-
phobicity and UV resistance. ZnO-treated wood was the
most effective in providing antifungal protection for both
wood species. These enhancements in hydrophobicity, UV
resistance, and antifungal properties contributed to the
wood’s overall durability, offering internal and surface pro-
tection against fungi and water damage, ensuring longevity
even when used for furniture or outdoor applications, and
reducing maintenance requirements in humid environments.

Further research is needed to understand how these
improvements work fully and refine the synthesis process
for practical applications across diverse sectors, including
the wood industry, electronics, and energy storage.
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