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Abstract

Aim of study: In this research, the surface of Fagus orientalis (beechwood) was chosen as a substrate due to its
widely used strong biostructure in the wood industry. It was functionalized with ZnO, TiO,, and FAS-17
nanoparticles to enhance its service life.

Material and methods: FAS-17 (Trimethoxysilane) and ammonium hexafluorotitanate were purchased
from Sigma-Aldrich, and zinc borate from Etimine S.A. Methanol, ethyl alcohol, hydrochloric acid, sodium
hydroxide, and zinc oxide were provided by TEKKIM. Characterization methods included FTIR, TG/DTA,
XRD, SEM, and EDX. Hydrophobicity was determined by water contact angle using KSV Cam101. UV-
Vis analysis used a Shimadzu UV-160 spectrophotometer, surface roughness was measured with a Marsurf
M 300 device (1SO 4287), and color analysis was performed with a Datacolor Elrepho 450 X spectrometer
(ASTM 2021).

Main results: The thermal stability of wood was significantly improved through the hydrothermal
deposition of ZnO/TiO2 nanoparticles. Additionally, hydrophobization was achieved using Triethoxy-
1H,1H,1H,2H,2H,2H-perfluorodecylsilane (C14H19sF1303Si), referred to as FAS-17.

Research highlights: The study demonstrated that the introduction of ZnO/TiO; nanoparticles improved
the thermal stability of wood. Furthermore, the use of FAS-17 resulted in effective hydrophobization. The
thermal stability of wood was improved with ZnO/TiO; nanoparticles. In addition, hydrophobization was
supplied by FAS-17.
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Fagus orientalis Yiizeyinin ZnO/TiO2/FAS-17 Bazl

Nanopartikiillerle islenmesi

Oz

Caliymanmin amaci: Bu arastirmada, kayin agacinin (Fagus Orientalis) yiizeyi, ahsap endiistrisi
tarafindan yaygin olarak kullanilan gii¢lii biyoyapist nedeniyle bir substrat olarak segilmistir. Hizmet
Oomriinii artirmak amaciyla, ZnO, TiO; ve FAS-17 nanopartikiiller ile fonksiyonellestirilmistir.

Materyal ve yontem: FAS-17 (Trimetoksisilan) ve amonyum hekzaflorotitanat Sigma-Aldrich'ten ve
¢inko borat Etimine S.A.'dan satin alinmustir. Metanol, etil alkol, hidroklorik asit, sodyum hidroksit ve
cinko oksit TEKKIM tarafindan saglanmistir. Karakterizasyon ydntemleri arasinda FTIR, TG/DTA, XRD,
SEM ve EDX yer almistir. Hidrofobiklik KSV Cam101 kullanilarak su temas agisi ile belirlenmistir. UV -
Vis analizinde Shimadzu UV-160 spektrofotometresi kullanilmus, yilizey piiriizliliigii Marsurf M 300 cihazi
(ISO 4287) ile olgiilmiis ve renk analizi Datacolor Elrepho 450 X spektrometresi (ASTM 2021) ile
gerceklestirilmistir.

Temel sonuglar: Ahsabin termal stabilitesi, ZnO/TiO, nanopartikiillerin hidrotermal olarak
yerlestirilmesiyle Onemli Olclide iyilestirilmigtir. Ayrica, FAS-17 olarak adlandirilan Triethoxy-
1H,1H,2H,2H-perfluorodesilsilan (C14H19F1303Si) kullanilarak etkili bir hidrofobizasyon saglanmustir.

Arastrma vurgular:: ZnO tabanlhi nano biyomimetik akilli yiizeyin sentezi, ahsap malzemeye
hidrofobik bir 6zellik kazandirmustir. Lignoseliilozik yiizeyin bu yeni fonksiyonel 6zelligi, hijyenin
onemli oldugu her tiirlii alanda tercih edilmesini saglayabilir.

Anahtar Kelimeler: Fagus Orientalis, Hidrotermal yontem, ZnO/TiO2/FAS-17 Nanopargaciklar
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Introduction

Wood has been used by humans for
various purposes since ancient times and is
considered one of the oldest materials. Its
structure  consists of cellulose fibers
embedded in a lignin matrix, which gives it
unique properties and makes it an intelligent
material. Intelligent materials, also known as
smart materials, have the ability to respond to
external forces and transform them into
different energy forms. When the stimuli are
removed, they can return to their original
state. Examples of smart materials include
piezoelectric materials, shape memory alloys,
magnetic shape memory materials, and pH-
sensitive hydrogels (Qader et al., 2019;
Cansiong Guerrra & Escobar Avilés, 2021).

Lignocellulosic materials, including wood,
exhibit volume changes in response to
moisture. They can expand in moist or
aqueous regions and return to their initial state
when dried, which classifies them as smart
materials (Ugolev, 2014). Wood is highly
sought after for its natural, reliable, and
aesthetic features in various applications
Bennert et al., 2005). However, wood is not
resistant to fire, moisture, and light irradiation
(Li et al., 2013). Its hydrophilic nature and
porous structure make it susceptible to fungi
and wood insects (Ramazanoglu & Ozdemir
2022). Therefore, improving its durability,
self-cleaning properties, and thermal stability
is crucial for expanding its applications and
lifespan (Li et al., 2013; Ramazanoglu &
Ozdemir, 2022).

Surface coating methods such as
impregnation, combining, and synthesis have
been used to enhance the thermal stability of
wood by applying inorganic materials to the
surface (Qu et al., 2021; Niu & Song, 2021;
Ramazanoglu & Ozdemir, 2021b ; Ma et al.,
2022). The hydrothermal method, which
involves physical and chemical interactions,
has been utilized to improve the adhesion
stability of inorganic materials such as TiO,
ZnO, and SiO; on wooden surfaces (Ali et al.,
2021; Kutnar, 2011; Rahimi et al., 2011).

In this research, the hydrothermal method
was employed to achieve strong adhesion of
ZnO, TiO,, and FAS-17 nanoparticles to the
wood surface. ZnO and TiO2 nanoparticles
were crystallized on the lignocellulosic
surface to improve thermal stability.
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However, the water contact angle (WCA)
results indicated that the surface was more
hydrophilic than desired. To address this,
FAS-17 was used to reduce the hydrophilic
nature caused by ZnO and TiO2 nanoparticles.
Additionally, a low-temperature process was
chosen for cost-effectiveness in large-scale
applications. A combination of zinc borate
and ammonium hexafluorotitanate was used
as a source for the aggregation of ZnO, TiO;
nanoparticles, and FAS-17 on the
lignocellulosic surface. These nanoparticles
were tested using TGA analysis to assess their
effectiveness as intelligent fire barriers.
Furthermore, surface hydrophobization was
achieved using FAS-17, which has not been
extensively studied in the literature.

Material and Methods
Materials

Beech samples were obtained from a
commercial market in Kahramanmaras,
Turkey. The reagents used in the experiment
included trimethoxysilane (heptadecafluoro-
1,1,2,2-tetradecyl)
(CF3(CF2)7CH2CHQSi(OCHg)g), known as
FAS-17, and ammonium hexafluorotitanate
(NH4)2TiF6, both obtained from Sigma-
Aldrich. Zinc borate (2Zn0O-3B203-3.5H,0)
was supplied by Etimine S.A. (Battenburg,
Luxembourg). Methanol (CHsOH), ethyl
alcohol (EtOH), hydrochloric acid (HCI),
sodium hydroxide (NaOH), and zinc oxide
(Zn0O) were sourced from TEKKIM (lIstanbul,
Turkey).

Methods
The Fourier transform infrared
spectroscopy  (FTIR)  technique  was

performed using a Perkin Elmer 400FT-
IR/FR-FIR instrument to analyze the wood
samples. Thermogravimetric analysis (TGA)
was conducted using the Hitachi Exstar and
SII TG/DTA 7300 models in a nitrogen
atmosphere with a flow rate of 50 ml/min.
Approximately 10-11 mg of wood sample was
used for three trials. The modification studies
were characterized using X-ray diffraction
(XRD) with a Rigaku Rint 2000 instrument,
scanning electron microscopy (SEM), and
energy dispersive X-ray (EDX) analyses with
a Zeiss Eva 50 ED instrument. Water contact
angle (WCA) was measured using a KSV
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Cam101 Scientific Instrument in Helsinki,
Finland. The UV-Vis absorption spectra were
recorded using a Shimadzu UV-160
spectrometer. Surface roughness analysis was
performed using a Mahr Marsurf M 300
device in accordance with 1SO 4287
standards.

Color analysis was carried out using a
Datacolor Elrepho 450 X device, following
the ASTM 2021 standard.

Preparation of Wood Specimens

The wood samples were cut into
dimensions of 15 mm (longitudinal) x 10 mm
(tangential) x 2 mm (radial), and
subsequently, they were washed with distilled
water in an ultrasonic bath for 30 minutes.
Afterward, the samples were dried in an oven
for 2 days at a temperature of 103 = 2 °C, as
illustrated in Figure 1.

30 min. ultrasonic bath

48h 103=2°C

Figure 1. Pretreatment of the wood samples

Positioning of ZnO and TiO, Nanoparticles
On Wood Surface

To precipitate the ZnO/TiO, nanoparticles
on the lignocellulosic surface, a reaction
solution of 50 ml was prepared, consisting of
1.2 M zinc borate (2Zn0O-3B,03-3.5H,0) and
0.4 M ammonium hexafluorotitanate
((NH.).TiFs), as depicted in Figure 2. The pH
of the solution was adjusted to 3 by adding a

few drops of a 0.3 M hydrochloric acid
solution. Subsequently, the samples were
subjected to a hydrothermal treatment for five
hours at a temperature of 90 °C, followed by
cooling to room temperature (as shown in Fig.
2). Finally, the samples were removed and
washed three times using an ultrasonic bath,
and then allowed to dry for one day at a
temperature of 60 °C (Gao et al., 2015b).
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Figure 2. Schematic illustration for the synthesis of the ZnO and TiO; nanoparticles on the wood

surface using a hydrothermal treatment

Hydrophobization of ZnO/TiO; Treated Wood
Samples by FAS-17

To hydrophobize the surface, a solution
was prepared by combining 20 ml of methanol
with 0.20 ml of FAS-17. The solution was
then hydrolyzed by adding 60 ml of distilled
water. Subsequently, the wood samples
treated with ZnO/TiO, were immersed in this
solution for a hydrothermal process lasting
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five hours at a temperature of 80 °C (as shown
in Fig. 3). After the hydrothermal treatment,
the reactor was cooled to room temperature,
and the samples were removed and washed
with ethyl alcohol to eliminate any unreacted
agents. Finally, the wood samples were dried
at 60 °C for 24 hours until the ethyl alcohol
had evaporated, resulting in a hydrophobic
surface (Gao et al., 2015b).
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ZnOTiO2 treated wood  Hydrolized FAS-17
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¥ Heat treatment S

Figure 3. Schematic representation of the hydrophobization

Results and Discussion
Analysis of the X-ray Diffraction (XRD)
Spectra

The X-ray diffraction (XRD) spectra of the
wood samples treated with the hydrothermal
process using the reactor solution containing
0.4 M ammonium hexafluorotitanate and 1.2

M zinc borate are presented in Figure 4. The
characteristic peaks of untreated wood are
shown in Figure 4a, and they appear at 16.4°
and 22.5°, which can be attributed to cellulose
(Burhenne et al., 2013; Yeo et al., 2019; Bader
at al., 2020; Xiang et al., 2021).
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. e Hydrothermally treated
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- -00 “1 \ - -6
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Figure 4. XRD spectrum of untreated and treated wood samples

After the hydrothermal treatment, the XRD
peaks observed at 13.0°, 21.7°, 28.2°, 38.1°,
44.2°, 64.7°, and 77.9° indicate the presence
of crystal structures on the wood surface
(Hsieh et al., 2022; Beyene etal., 2020). These
peaks are indicative of the presence of ZnO
and TiO. nanoparticles on the wood surface.
Different forms of TiO, have been discussed
in the literature, and distinguishing between
them can be challenging. The anatase and
rutile structures have characteristic reflection
peaks around 20 values of 25.28° (d101 of
anatase) and 27.4° (d110 of rutile),
respectively. On  the other hand,
distinguishing between anatase and brookite
can be more difficult as their peaks are closer
together. The brookite phase exhibits a peak at
approximately 20 = 30.81° (d121), while the
anatase phase exhibits a peak at around 260 =

62.57° (d204) (Di Paola et al., 2013).

Based on the provided references (Aad et
al., 2013; Cui et al., 2017; Nakayasu et al.,
2022), Figure 4 displays the XRD spectra of
both untreated and hydrothermally treated
wood samples at 90 °C for 5 hours. It has been
noted by Di Paola et al. (2013) that TiO,
nanoparticles can exist in  various
polymorphic forms. The peaks observed at
13.0°, 28.2°, and 38.1° in the XRD spectra
correspond to the ZnO hexagonal wurtzite
structure, as indicated by the JCPDS card 36-
1451 (Sun et al., 2013). As mentioned earlier,
XRD is a valuable technique that can
differentiate between different polymorphic
forms of TiO,, and specific peak angles can
provide information about the presence of
particular forms of TiO- or ZnO.
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Scanning Electron Microscopy (SEM) and

Energy Dispersive X-ray (EDX) Analysis
Figure 5 showcases SEM photos and EDX

spectra of three different samples: untreated

wood (a), wood treated with ZnO
microparticles and TiO, nanoparticles (b), and
hydrophobized ZnO/TiO; treated wood (c).
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Figure 5. The SEM images and EDX spectrums of (a) native wood; (b) ZnO/TiO, treated wood,;
and (c) hydrophobized ZnO/TiO, treated wood via FAS-17
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In Fig. 5a, the EDX spectrum of untreated
wood exhibits peaks corresponding to carbon
and oxygen, indicating the presence of the
cellulosic structure, as well as gold peaks
attributed to surface coating. Fig. 5b's EDX
spectrum indicates the presence of peaks
related to titanium (Ti) and zinc (Zn),
indicating the coverage of ZnO and TiO;
nanoparticles on the wood surface (Gao et al.,
2015a). Fig. 5c's EDX spectrum shows peaks
corresponding to titanium (Ti) and zinc (Zn),
suggesting the functionalization of FAS-17 on
the wood surface (Gao et al., 2015a). From the
SEM images, it can be observed that grass-
like ZnO nanoparticles are present in Fig. 5b
(Li et al., 2013). However, in Fig. 5c, wax
crystalloids  covering the  ZnO/TiO;
nanoparticles are not visible due to
insufficient magnification.

Thermogravimetric Analysis (TGA)

Figure 6 illustrates the thermogravimetric
(TG) and derivative TG (DTG) plots for
samples treated with FAS-17 and the reactor
solution containing zinc borate
(2Zn0-3B»03-3.5H,0) and  ammonium
hexafluorotitanate ((NH.)-TiFe).

In the TG curves, similar behavior is
observed up to 100 °C, which can be
attributed to the removal of water from the

samples (Zhai et al., 2016). The DTG plot
shows a shoulder at 295 °C (Fig. 6a),
indicating hemicellulose depolymerization,
while thermal decomposition of cellulose
occurs at 359 °C (Ouajai & Shanks, 2005). In
the DTG plot, distinct and sharp endothermic
peaks are observed at 338 °C for the wood
treated with ZnO/TiO; and at 390 °C for the
hydrophobized wood via FAS-17 (Figs. 6b
and 6¢). These peaks correspond to the weight
losses observed in the TG curve. It is noted
that the untreated sample experiences a higher
weight loss. The depolymerization of FAS-17
acts as a protective barrier for the wood, while
the ZnO and TiO, nanoparticles act as
catalysts, accelerating the pyrolysis time by
forming a protective layer on the wood
surface. The combined effect of ZnO/TiO;
and FAS-17 contributes to catalysis, resulting
in reduced pyrolysis time. After combustion,
the untreated sample loses 98.7% of its
weight, whereas the ZnO/TiO; treated sample
loses 85.0% and the ZnO/TiO/FAS-17
treated wood loses 54.5% of its weight.

These TG and DTG plots provide insights
into the thermal behavior of the samples,
highlighting the protective and catalytic
effects of ZnO/TiO; nanoparticles and FAS-
17 treatment on wood decomposition.
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Figure 6. The thermogravimetric analysis (TG/DTG) spectrum of the (a) solid wood; (b)
ZnQOITiO; treated wood; and (c) hydrophobized ZnO/TiO; treated wood via FAS-1
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Surface Roughness 130%, and 156%, respectively (as shown in
The hydrothermal method operates as a Fig. 7a). Additionally, when the samples
closed system, enabling reactions to occur underwent ultrasonic baths (as shown in Fig.
under pressure within a temperature range 7b), their surface parameters increased by
suitable  for  crystallization on the 107%, 104%, and 122%, respectively. These
lignocellulosic surface. Moreover, it offers a changes in surface roughness resulted from
cost-effective  approach for large-scale the formation of cavities within the wood cells
production. Following the attachment of TiO; and channels subsequent to the ultrasonic
and ZnO nanoparticles onto the surface baths (Ozdemir et al., 2018a;b; Ramazanoglu
through hydrothermal treatment, the surface & Ozdemir, 2019; Ramazanoglu & Ozdemir,
roughness parameters (Ra, Rz, and Rmax) 2020a;b).
exhibited significant increases of 148%,

Surface Roughness
— B0
E 50
= 40
o 30
% 20
S =
[
[1}]
gnRa 6.46
5 @Rz 36.0
™ BRmax 46 2

Surface Parameters

Figure 7. The surface roughness parameters of the (m) native wood; (a) ZnO-TiO; treated
(without ultrasonic bath; (b) ZnO-TiO- treated wood; and (¢) ZnO/TiO./FAS-17 treated wood.

Upon hydrophobization of sample b using Color Analysis
FAS-17 (as shown in Fig. 7b), the Ra and Rz Figure 8 illustrates the comparison
values decreased by 16.2% and 1.88%, between massive wood (m), ZnO/TiO,-
respectively, while the Rmax values increased treated wood (a), and ZnO/TiO,-treated wood
by 23.1%. The initial increases in roughness, hydrophobized by FAS-17 (b). The color
without hydrophobization and after the parameters, namely yellowness, brightness,
ultrasonic bath, are attributed to the and whiteness, were measured for the solid
accumulation of ZnO and TiO; nanostructures wood (m) and determined to be 27.5%,
on the solid surface (Gao et al., 2015; 32.7%, and 39.8%, respectively. For the
Ramazanoglu, 2020; Ramazanoglu & ZnO/TiO-treated  surface  (b),  these
Ozdemir, 2022). Notably, alterations in the parameters were found to be 28.6%,26.3%,
surface parameters subsequent to and  32.2%, respectively. After the
hydrophobization with FAS-17, which acts as hydrophobization with FAS-17 (c), the color
a final layer covering other nanoparticles, play parameters were measured as 34.9%, 27.6%,
a vital role in achieving water repellency (Li and 36.1%, respectively. These changes in
etal., 2013; Huang et al., 2011; Ozdemir et al., color following each treatment (as shown in
2018a; b). Such nanostructures are observed Fig. 9a) indicate the successful presence of
on the leaves of hydrophobic plants, such as Zn0O, TiOy, and FAS-17 nanoparticles on the

lotus and rose (Ramazanoglu & Ozdemir, wood surface (Ozdemir et al, 2018b;
2021a; b). Ramazanoglu & Ozdemir, 2019; 2020b; 2022;
2023)
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Figure 8. The color parameters of massive wood (m), ZnO/TiO, treated-wood (a), and (b)
ZnO/TiO,@FAS-17-treated wood

Figure 9. The color parameters of massive wood (m), ZnO/TiO, treated-wood (a), and
ZnOITiO,@FAS-17-treated wood (b)

Water Contact Angles
The water contact angles of massive wood
after each treatment step have given in Fig. 10.

Figure 10. Massive wood (m), ZnO/TiO,-treated wood (b), FAS-17 (c), and (d) ZnO/TiO2/FAS-
17 treated wood

The water contact angle (WCA) of the on the wood surface (Gan et al., 2015; Cui et
massive wood was initially measured at Oy al., 2017; Ramazanoglu & Ozdemir, 2022).
84.7° before the hydrothermal reaction. After The wood surface treated with FAS-17
exposure to the [2Zn0O-3B;0s-3.5H>0 obtained a water contact angle of Oy 128°
/(NHa4),TiFs] reaction solution, the WCA (Figure 10.c). After the hydrophobization of
value decreased by 29.3% and was measured the ZnO/TiO,-treated wood with FAS-17, the
as Oy 59.9°. This decrease indicates the water contact angle increased by 52.7% and
functionalization of ZnO/TiO, nanoparticles was recorded as 0y 91.5° (Fig 10.d.).
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Conclusion

Wood, as one of the earliest materials
utilized by humans for various purposes, such
as heating, hunting, and shelter, has been a
popular choice in human living spaces. Its

naturalness, easy  availability, and
functionality have made it a preferred
material. However, wood has inherent

weaknesses, particularly in terms of its
resistance to fire and water. Therefore, this
study aimed to enhance the water and thermal
resistance of wood.

Based on the obtained data, it was
observed that the thermal stability of the wood
improved by 45.5%. Additionally, the surface
hydrophobicity was enhanced by 8.02%.
These improvements are significant in
increasing the longevity and durability of
wood and wood-based materials. Further
research should focus on exploring the
functionalization of the wood surface under
optimal nanoparticle synthesis conditions.
This can contribute to extending the service
life of wood and wood-based materials.

The multifunctionalization of wood
surfaces can have several benefits. It can
reduce maintenance costs and minimize the
extensive use of chemicals to protect wood-
based materials from outdoor conditions.
Furthermore, this approach can have positive
environmental implications by reducing
chemical usage. By enhancing the resistance
of wood to water and thermal degradation, we
can promote sustainable and long-lasting
utilization of this valuable natural resource.
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