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Exploring the potential of nanotechnology for sustainable wood preservation

Dogu Ramazanoglu®®* ', Ferhat Ozdemir®

Abstract: Wood preservation plays a vital role in maintaining wood products' structural and aesthetic properties. Traditional
methods, including chemical treatments, preservatives, and coatings, have been utilized for wood protection, but sustainable
alternatives are sought due to their negative environmental and health impacts. The utilization of nanomaterials presents a promising
avenue for wood protection. In this study, nanoparticles were applied to lignocellulosic materials using the impregnation method
to enhance solid wood’s water and fire resistance without needing additional energy. This research aimed to identify a cost-effective
and energy-efficient approach for large-scale wood production while introducing innovative and competitive materials in the wood
industry. Surface modification and characterization analyses, including SEM-EDX and Optical Profilometer studies, TGA-DTA
analysis for thermal strength assessment, % water uptake test for water resistance evaluation, and PCE-CSM 10 spectrophotometer
measurements to determine color change parameters, were conducted. Functionalized wood surfaces treated with zinc oxide (ZnO),
chitosan (Ch), and tin dioxide (SnOz2) nanoparticles exhibited water uptake values of 64%, 71%, and 73%, respectively. Following
the salinization process using TEOS, the water uptake values decreased to 58%, 59%, and 60% for the respective surfaces. Based
on the TGA and DTA results, the W-ZnO-TEOS sample demonstrated superior mass protection, with a significant weight loss of
62.1% (5.717 mg) at 340-375°C and 14.4% (1.328 mg) at 381-439°C. This was followed by the W-SnO2-TEOS sample, which
exhibited a weight loss of 46.3% (7.050 mg) at 301-353°C and 15.4% (2.345 mg) at 431-469°C. The W-Ch-TEOS sample displayed
a weight loss of 66.4% (8.242 mg) at 342-365°C and 18.8% (2.335 mg) at 448-476°C. Overall, the W-SnO-TEOS sample
demonstrated the highest water resistance, while the W-ZnO-TEOS sample exhibited the most effective fire protection capabilities.
Keywords: Nanoparticles, Nanotechnology, Sustainability, Water resistance, Wood Preservation

Siirdiiriilebilir ahsap koruma icin nanoteknoloji potansiyelinin arastiriimasi

Ozet: Ahsabin korunmast, ahsap iiriinlerin yapisal ve estetik 6zelliklerinin muhafaza edilmesinde biiyiik 6neme sahiptir. Geleneksel
yontemler arasinda kimyasal islemler, koruyucular ve kaplamalar yer alsa da, cevresel ve saglik agisindan olumsuz etkileri
nedeniyle siirdiiriilebilir alternatiflere ihtiyag duyulmaktadir. Nanomalzemelerin kullanimi, ahsap korumasi igin yeni potansiyeller
sunmaktadir. Bu ¢aligmada, lignoseliilozik malzemelere emprenye yontemiyle nanopartikiiller uygulanarak masif ahsabin su ve
yangin direnci artirtlmistir ve bu islem i¢in ek enerji gerekmeksizin gergeklestirilmistir. Bu ¢alismanin amaci, biiyiik dlgekli tiretim
icin daha maliyet-etkin ve enerji tasarruflu bir yaklagim belirlemek ve ahsap endiistrisinde yeni ve rekabet¢i malzemeler sunmaktir.
Yiizey modifikasyonu ve karakterizasyon ¢alismalari, SEM-EDX ve Optik Profilometre analizleri, termal mukavemet i¢in TGA-
DTA analizi, su direnci igin % su alim testi ve renk degisim parametrelerini belirlemek igin PCE-CSM 10 spektrofotometre
kullanilarak gergeklestirilmistir. Cinko oksit (ZnO), Kitosan (Ch) ve kalay dioksit (SnO2) nanopartikiilleri ile islevsellestirilmis
ahsap ylizeyler, sirasiyla %64.0 %71.0 ve %73.0 su alma degerleri sergilemistir. TEOS ile silanizasyon islemi sonrasinda ise su
alma degerleri ilgili yilizeyler i¢in %58.0 %59.0 ve %60.0 olarak belirlenmistir. TGA ve DTA sonuglarma gore, W-ZnO-TEOS
numunesi en yiiksek kiitle korumasini gostermis ve 340-375°C'de %62.1 (5.717 mg), 381-439°C'de ise %14.4 (1.328 mg) agirhik
kayb1 yaganmigtir. Bunu takiben, W-SnO2-TEOS numunesi 301-353°C'de %46.3 (7,050 mg) ve 431-469°C'de %15.4 (2.345 mg)
agirlik kaybi sergilemistir. W-Ch-TEOS numunesi ise 342-365°C'de %66.4 (8.242 mg) ve 448-476°C'de %18.8 (2.335 mg) agirhik
kayb1 gostermistir. Genel olarak, W-SnO2-TEOS numunesi en yiiksek su direncini sergilerken, W-ZnO-TEOS numunesi yangin
korumasi agisindan en etkili oldugu belirlenmistir.

Anahtar kelimeler: Nanopartikiiller, Nanoteknoloji, Siirdiiriilebilirlik, Su direnci, Ahsap Koruma

1. Introduction

Wood, extensively utilized in various fields including
furniture, construction, and paper manufacturing, faces
challenges from insects, water, and fire, impacting its
aesthetic and structural characteristics. Conventional
protective approaches involving chemical treatments and
coatings can have adverse consequences for the environment

and human health (Clausen et al., 2004). Consequently, the
exploration of sustainable alternatives (Krishnan and
Adhikari, 2014; Kim et al., 2018) becomes crucial to ensure
the durability and eco-friendliness of wood-based products.
Utilizing nanotechnology presents a promising
alternative for wood protection, where the application of
nanoparticles and nanocomposites onto wooden surfaces
(Fan et al., 2013; Fan et al., 2014) can enhance resistance
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against decay and various forms of damage, while
simultaneously improving the mechanical properties of wood
(Ojanen and Kiérki, 2010; Krishnan and Adhikari, 2014; Kim
etal., 2018).

Biopolymers, including chitin, chitosan, starch, gelatin,
and zein, offer a promising alternative for wood coating
formulations due to their commercial viability and protective
effectiveness (Bulian and Graystone, 2009). A notable
advantage of employing biopolymers in wood conservation
and protection lies in their strong compatibility with polar
adhesives. Additionally, these biopolymers exhibit enhanced
biodegradability at the end of their lifecycle, and the
inherently polar surface of wood exhibits favorable affinity
towards protein-based or cellulose-derived biopolymers.

To overcome challenges related to the utilization of
biopolymers in wood protection coatings, effective methods
have been developed. These challenges include water
insolubility, solubility in acid solutions, and the high
viscosity of biopolymer solutions. One successful approach
involves the use of ionic liquids as efficient solvent media for
biopolymers, enabling improved preservation of wood
surfaces and enhanced protection against UV radiation
(Stasiewicz et al., 2008; Garcia et al., 2010; Croitoru et al.,
2015; Patachia et al., 2012).

Chitosan, derived from crustacean shells, has shown
promise as a wood preservative, either alone or as an additive
in antifungal formulations, exhibiting efficacy against wood
decay fungi and mold fungi (Laflamme et al., 2000; Alfredsen
et al., 2004; Eikenes et al., 2005; Larney et al., 2005; El-
Gamal et al., 2016). Studies have found that chitosan with
high molecular weight demonstrates greater effectiveness
against wood decay fungi, while its effectiveness against
mold fungi can be enhanced by combining it with other
polymers like polyethylene glycol (PEG) for improved
physical and chemical stabilization on the wood surface
(Eikenes et al., 2005; Reddy et al., 2012; Nowrouzi et al.,
2016).

Utilizing lignin, a biopolymer extracted from wood, as a
UV stabilizer in wood coating formulations presents an
intriguing approach (Schaller and Rogez, 2007). The phenols
released from lignin can be absorbed by treated wood
surfaces, effectively acting as biocides against rot fungi
(Chirkova et al., 2011). Lignin ester-based derivatives,
obtained through reactions with lauroyl chloride, can serve as
efficient hydrophobization agents in protective coatings for
wood surfaces (Herrera et al., 2016). High-lignin-content bio-
based polyurethane systems offer high-performance coatings
with improved thermal stability, excellent film-forming
ability, enhanced hydrophobization properties, and strong
adhesion to wood surfaces (Griffini et al., 2015).

The application of ultrasonic waves induces a
phenomenon known as the "sponge effect,”" resembling the
squeezing and releasing motion of a sponge, enabling the
rapid extraction of moisture from liquid-immersed materials
(Ramazanoglu and Ozdemir, 2020a; 2020b; 2020c; Wan et
al., 1992). This effect, coupled with the mechanical and
physical impacts of ultrasound, contributes to enhanced
diffusion effects (Floros and Liang, 1994). The formation of
microscopic new channels within porous materials as a result
of ultrasonic treatment reduces the diffusion boundary layer
and promotes increased mass transfer (Tarleton, 1992;
Tarleton and Wakeman, 1998; De La Fuente-Blanco et al.,
2006).

Recent investigations have highlighted the significant
reduction in drying time and overall acceleration of the
process by employing ultrasonic baths as a pretreatment
(Ramazanoglu and Ozdemir, 2020d; 2021; 2022; Duan et al.,
2008; Aversa et al., 2011; Jangam, 2011; Mothibe et al.,
2011). This effect is attributed to various factors, including
heightened mass transfer rates (Garcia-Perez et al., 2009; Xu
et al., 2009; Carcel et al., 2011; Garcia-Perez et al., 2011),
improved water penetration (Bantle and Eikevik, 2011; He et
al., 2012), increased wood-specific permeability coefficient
(Tanaka et al., 2010), disruption of cellular adhesion,
formation of wider cell gaps, rupture of cell walls, and
creation of larger channels (He et al., 2012).

This study aims to increase the resistance of solid wood
to water and fire by using the synergic effect of both
positively charged biopolymer chitosan, ZnO, SnO;
nanoparticles, and Tetraethyl orthosilicate (TEOS) on the
wooden surface without requiring additional energy under
room conditions. The goal is to provide a more realistic, cost-
effective, energy-efficient, and low-labor approach that can
increase the competitiveness of large-scale production and
provide affordable and high-quality materials for consumers.

The findings demonstrate  that incorporating
nanoparticles in the impregnation process offers a partial
enhancement in solid wood's resistance to water and fire at
ambient conditions, without the need for additional energy.
This approach holds promise as a cost-effective and
sustainable solution for safeguarding wooden materials in
large-scale applications. Moreover, the application of
nanotechnology can improve wood's mechanical properties
and prolong its lifespan, thereby increasing its appeal in the
construction, furniture, and paper manufacturing sectors.

2. Materials and methods
2.1. Materials

In this study, wooden stirrers made of 100% Birchwood
(originating from China) with a thickness of 1.00 mm, width
of 5.00 mm, and length of 110 mm were purchased from a
local market. Chitosan (Cas no: 9012-76-4), Acetic acid
(CH;COOH % 99.8-100.5 Cas no: 27225-2.5L-R), and
Tetraethyl orthosilicate (TEOS) (Cas no: 86578-1L % 99.0)
were purchased from Sigma ALDRICH company.
TK.200650.05001 Ethyl alcohol (EtOH) 96% Teksoll Extra
pure, TK.090250.05001 Isopropyl alcohol (2-Propanol), and
TK.92008501002 Zinc Nitrate Hexahydrate
[Zn(NO,),.6H,0] Extra pure were purchased from TEKKIM
company, and Tin(Il) chloride dihydrate (SnCl,.2H,0) was
purchased from MERCK company.

2.2. Methods
Preparation of wood samples

Wood samples were washed with pure water in an
ultrasonic bath (Figure 1) for 15 minutes at 25°C using an

ultrasonic frequency of 40 kHz. Then, they were dried at
105+2 °C until the weight was not changed.
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Preparation of solutions

1 gram of chitosan (Ch) was dissolved in 200 ml of 3%
acetic acid (CH3COOH) solution (Figure 2) as shown below.
A 200 mL solution of 0.5 M Zinc Nitrate [Zn
(NO3)2.6H20] was prepared for application to the wooden

samples, while a 200 mL solution of 0.5 M Tin (II) Chloride
Dihydrate (SnCl2.2H20) was prepared in a mixture of water
and ethanol (2:1 ratio). The preparation of the wooden
surfaces and solutions is shown schematically in Figure 3.

Solutions were prepared by adjusting the pH to 2-3 using
37% hydrochloric acid (HCI) (Figure 3a) to ensure the
positive charging of the nanoparticles in the solution (Zhou
and Fu, 2020). Then, wooden samples with dimensions of
1.00 X 5.00 X 110 mm, which were negatively charged due
to the presence of hydroxyl groups on their surfaces, were
immersed in three different solutions containing positively
charged particles (Figure 3b). The samples were left in the
solutions for 90 minutes, during which time the positively
charged particles were absorbed by the wooden samples
through electrostatic forces and self-adhered to the
lignocellulosic surface (Figure 4). Afterward, the wood
samples were washed with distilled water and dried in an
oven at 60°C for 1 hour.

Figure 2. Preparation of chitosan solution.
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Figure 3. Schematic representation of the preparation of
wooden substrate and solutions
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Subsequent to treatment with tin, zinc, and chitosan
solutions, wood samples were impregnated with a TEOS
solution, prepared in accordance with the methodology
outlined in Figure 3c (TEOS: EtOH = 1:2 V/V) for a duration
of 90 minutes. Following impregnation, the wood samples
were subjected to a second round of washing with distilled
water. To facilitate the drying process, the samples were then
placed in an oven set at 103+2°C for 1 hour, as depicted in
Figure 5. While the weight measurements of the wood
materials were conducted both before and after modification,
they were not performed under any specific conditions.
Notably, the samples were not subjected to conditioning in
the climatic chamber.

Surface Roughness

An optical profilometer device (Phase View brand) was
utilized to take surface roughness measurements, is a non-
invasive approach to measuring the surface profile, height,
and shape of objects (Figure 6). The method involves
illuminating the object's surface with a profilometer and then
measuring the amount of reflected light. This data is then
utilized to generate a three-dimensional image of the surface,
which can be utilized for various applications, including
detecting surface defects, measuring surface heights, and
determining surface roughness. Two common profile
parameters used in optical profilometry are Ra, which
denotes the average roughness of the surface, and Rz, which
denotes the average maximum height of the profile.

Color measurements

The color analysis of the wood samples was conducted at
the Fibrobeton R&D center using a PCE-CSM 10
spectrophotometer (Figure 7). The color alteration observed
on the lignocellulosic surface serves as an indicator of surface
functionalization. The PCE-CSM 10 spectrophotometer
quantifies colors based on the CIE Lab* color space standard.
This standard provides an objective definition and
measurement of the lightness (L*), the position between
red/green (a*), and the position between yellow/blue (b*) for
a specific color (ASTM-D2244-21, 2021).

Figure 4. Impregnation method.

e Gl

Fiﬁure 5. Final dried samples obtained by treatment with
TEOS.

Figure 7. PCE-CSM 10 spectrophotometer device.
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Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a common
analytical technique used to measure how the weight of a
sample changes with temperature. It is used to study the
thermal behavior of materials, such as the amount and rate of
weight loss, the temperatures at which degradation or
decomposition occurs, and the residue weight after
processing. TGA has a wide range of applications in many
fields, such as materials science, chemistry, and
environmental science, to determine thermal stability,
composition, purity, and contamination of materials. The
technique is based on the principle that the weight of a sample
changes due to physical or chemical processes (such as
evaporation, oxidation, and decomposition) when heated.
This study compared the thermal stabilization of wood
samples functionalized with nanoparticles using the
impregnation method. Thermogravimetric and differential
thermal analyses (TGA/DTA) were conducted using a DTG
60H - DSC 60TGA model device from the Shimadzu brand
(Figure 8).

SEM & EDX Analysis

Moreover, imaging and measurements for Scanning
Electron Microscopy-Energy Dispersive X-ray Analysis
(SEM-EDX) were performed using FEI brand equipment,
specifically the Quanta FEG 250 model (Figure 9), at the
Scientific and Technological Research Application and
Research Center (DUBIT).

Water uptake (%)

The wood samples' water uptake ratio (%) was
determined by measuring their weight after being submerged
in water for 24 hours (as shown in Figure 19) and applying
formula (1):

_ Mw-Md
T Md

N4 x 100 (1)

Here, Md represents the initial weight of the sample in
grams, Mw is the weight of the sample after being immersed
in water in grams, and SW is the water uptake ratio expressed
as a percentage.

Figure 8. DTG 60H device.
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Figure 9. SEM-EDX device.

3. Results and discussion
3.1. SEM & EDX Analyses

The SEM and EDX images of the massive wood (W)
representing the control sample are given in Figure 10.

The carbon (C) and oxygen (O) peaks observed in the
EDX spectrum in Figure 10 are attributed to the elements
abundant in the main components of wood, cellulose,
hemicellulose, and lignin, due to their structural properties.
Since there is no coating or nano-accumulation on the wood
surface, the lumens and channels are clearly visible.

Figure 11 shows the SEM image and EDX analysis of the
wood surface that was impregnated with chitosan solution
positively charged by adding HCI for 90 minutes.

As a result of the EDX spectrum analysis, the emergence
of the nitrogen (N) peak due to the attachment of chitosan to
the lignocellulosic surface was observed. The N amount of
1.31% may belong to the chitosan on the surface, and the
chlorine amount of 1.03% may be attributed to the HCI acid
used for pH adjustment. Additionally, it was determined that
the lumens were closed due to the accumulation of chitosan
on the surface (Figure 12).

When positively charged ZnO nanoparticles accumulate
on the lignocellulosic surface, the EDX spectrum analysis
reveals that 42.4% C, 45.8% O, and 9.76% Zn are adsorbed
by the surface. Compared to the solid surface, the ZnO
accumulations are observed in the SEM image to accumulate
along the lumens and channels (Figure 13).



Figure 10. Elemental analyses of the massive (W) surface
with SEM and EDX images.

Figure 11. SEM & EDX analyses of the wood-chitosan (W-
Ch) surface.

[ { r ll e z: Zn
Figure 12. SEM & EDX analyses of the wood-ZnO (W- ZnO)
surface

SEM and EDX analyses of the massive sample immersed
in a solution containing positively charged SnO, particles are
given in Figure 13.

According to the EDX results, it was determined that tin
(Sn) particles are located on the wood surface at a rate of
25.73% due to electrostatic forces of negatively charged
hydroxyl groups. In addition, the SEM images show SnO,
particle adhesions (Figure 14).

Wood samples impregnated with positively charged
chitosan solution were treated with tetraethyl orthosilicate
ethanol (TEOS/EtOH) solution for 90 minutes to enhance the
hydrophobization of the surface. This treatment, known as
silanization, was the final step in the functionalization
process. According to SEM and EDX analyses, silanization
was successful, as evidenced by the appearance of peaks for
21.29% silicon (Si) and 0.26% fluorine (F) in the EDX
spectrum after the treatment (Figure 14). Furthermore, the
waxy layer that provides hydrophobization was observed in
the SEM image after silanization. The carbon and oxygen
peaks observed in the EDX spectrum were typical of
lignocellulosic structures, and the presence of a 1.27%
nitrogen (N) peak was due to chitosan accumulation prior to
silanization (Figure 14).

It is observed that the silanization process is successful on
wood surfaces impregnated with zinc and tin solutions by
treating them with a Tetraethyl orthosilicate Ethanol
(TEOS/EtOH) solution for 90 minutes. Silan peaks were
detected at a rate of 19.86% on the surface containing ZnO
particles (Figure 15), and at a rate of 33.05% on the surface
covered with SnO; particles (Figure 16).
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Figure 13. SEM & EDX analyses of the wood-Tin dioxide
(W- Sn0Oy) surface
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Figure 14. SEM & EDX analyses of the wood-chitosan-
TEOS (W-Ch-TEOS) surface

Element

(4] 4573
S 10.86

L A
!

143 .1 . Vo 3se  nee  ese b aes sw sm  se -
Figure 15. SEM & EDX analyses of the wood-ZnO-TEOS
(W-ZnO-TEQS) surface
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Figure 16. SEM & EDX analyses of the wood-Tin dioxide-
TEOS (W-SnO,-TEOS) surface

3.2. Color analyses

The color measurement parameters are shown in the
graph in Figure 17.

The color change parameters of the wooden samples were
compared to the control sample, which had L*, a*, and b*
values of 78.1, 5.53, and 16.7, respectively.

In the case of the wooden surface coated with Zn
particles, an increase of 3.87% was observed in the L*
parameter, indicating a whiter appearance. There was also an
increase of 26.8% in the a* parameter, indicating a change in
red/green color tones, and a 6.34% increase in the
yellow/blue color values. However, in the Zn-TEOS sample,
a 4.35% decrease in the L* value, a 37.1% increase in the*
value, and a 6.22% increase in the b* values were observed.

For the wooden surface functionalized with Sn particles,
the L*, a*, and b* color parameter values decreased by
9.69%, and 58.0%, and increased by 15.9%, respectively,
when compared to the control sample. In the Sn-TEOS
sample, the L* and a* parameters decreased by 9.77% and
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after

to 0.87 pm. Similarly,

%
impregnation with SnO, particles, the surface parameters of

decreased by 24.8

7.41%, respectively. There was a 0.41% increase in the b*

color parameter of the Sn-TEOS sample.

the W-SnO; sample were measured as Ra: 0.23 um and Rz:

As a result of the location of Ch particles, a 14.4%

decrease was observed in the L* value of the lignocellulosic

0.90 pm, respectively, showing a decrease of 30.5% and

22.3% (Figure 18).

surface compared to the control sample. It is possible to say

The surface roughness parameters, Ra and Rz, of the W-
Ch, W-ZnO, and W-SnO, samples, after being modified by
silanization with TEOS, were determined and presented in

Figure 19.

that there was an increase of 66.0% and 20.0% in the other
color parameters a* and b*, respectively. All color parameter
values of the Ch-TEOS sample increased by 1.43%, 7.59%,

and 9.88% in L*, a*, and b* values, respectively, when

compared to the control sample.

Ra (average

roughness parameters

surface

The
roughness) and Rz (average maximum height of the profile)

were evaluated for W-Ch, W-ZnO, and W-SnO, samples

3.3. Optical profilometry

after silanization with tetraethyl orthosilicate (TEOS), as
shown in Figure 19. The results demonstrated that the

As profile parameters, Ra (average roughness of the

surface) and Rz (average maximum height of the profile)

average surface roughness value Ra of the W-Ch-TEOS
sample was measured to be 0.09 pm, with an Rz value of 0.39

could be used as an objective approach to evaluating surface
morphology in this study. The surface parameters of the
control sample (W) were measured as Ra: 0.34 um and Rz:

representing a reduction of 72.8% and 22.3%,

]

pm

compared to the solid samples. Similarly, the

respectively,

surface parameters of the W-ZnO-TEOS sample were
decreased by 41.0% and 30.4%, measuring 0.20 um and 0.81

1.16 um. The surface parameter values of the W-Ch sample
intervened with positively charged chitosan particles were

um, respectively, compared to the control sample. In the case

determined as Ra: 0.25 pm and Rz: 1.05 pm. Here, it was

of W-SnO,-TEOS, the Ra value was found to be 0.17 um,

observed that there was a 24.7% decrease in the arithmetic
average roughness value Ra of the surface after impregnation

and the Rz value was 0.68 um, which represents a decrease

of 47.6% and 41.5%,

respectively, compared to control W.

decrease in the mean

maximum height value of the profile (Rz). When the location
of zinc oxide (ZnO) particles on the wood surface was

with chitosan, while there was a 9.39%

These findings suggest that silanization with TEOS can

effectively modify the surface roughness of the wood

samples.

, it was determined that the Ra
value decreased by 30.3% to 0.23 pm and the Rz value

compared with the control
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W-Ch

W-Sn02

Ra: 023 ym
Rz: 0.90 ym

Figure 18. The measured surface roughness parameters are
Ra and Rz values of W, W-Ch, W-ZnO, and W- SnO,

samples.

Ra: 0.34 ym
Rz:1.16 ym

Ra: 0.20 ym
Rz 0.81 ym

W-Ch-TEOS

Ra: 017 ym
Rz: 0.68 ym

Figure 19. The surface parameters after silanization by

TEOS.

3.4. Thermogravimetric analysis

TGA and DTA graphs of W, W-Ch, W-ZnO, and W-SnO,
were given in Figures 20 and 21.

The TGA (Thermogravimetric Analysis) curves of the
control (W) and functionalized W-Ch, W-Zn0O, and W-SnO,
samples exhibit similar oscillations up to 100°C. This may be
attributed to the departure of water molecules from the
lignocellulosic structure (Zhou et al., 2011; Ramazanoglu and
Ozdemir, 2022). The control sample (W) shows a weight loss
0f 40.7% (2.732 mg) at 350-363°C, which could be attributed
to the depolymerization of hemicellulose, and a second major
decomposition peak at 458-478°C resulting in a weight loss
of 16.7% (1.164 mg), likely due to cellulose degradation.
Loss of hemicellulose typically occurs between 150 and
220°C, where thermal decomposition leads to the degradation
of sugar components within the hemicellulose structure.
Cellulose loss occurs at higher temperatures, usually starting
between 200 and 300°C. Within this temperature range, the
amorphous structures of cellulose break down, and smaller
molecules are formed (see Figures 20, 21).

Figures 22 and 23 show the TGA and DTA graphs for

solid wood (W), zinc-functionalized surface (W-ZnO), and
after silanization (W-ZnO-TEOS).
In the W-Ch (wood-chitosan) sample, a significant weight
loss of 72.7% (6.436 mg) was observed between 341-359°C,
indicating the decomposition of certain components. Another
weight loss of 18.9% (1.164 mg) was observed at 468-485°C.
Following the silanization process, the W-Ch-TEOS sample
exhibited a weight loss of 66.4% (8.242 mg) at 342-365°C
and 18.8% (2.335 mg) at 448-476°C, suggesting the presence
of functional groups other than biomass (Figure 20, 21).
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Figure 20. TGA spectra of W, W-Ch, W-ZnO, and W-SnO..
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Figure 22. TGA spectra of W, (Wood), W-Ch-TEOS (Wood-Chitosan-TEOS), W-ZnO-TEOS (Wood-ZnO-TEQS), and W-

SnO,-TEOS(Wo0d-SnO,-TEQOS).
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Figure 23. DTA spectra of W (Wood), W-Ch-TEOS (Wood-Chitosan-TEOS), W-ZnO-TEOS (Wood-ZnO-TEOS), and W-

SnO,-TEOS(Wo0d-SnO,-TEQOS).

For the W-SnO, (wood-tin dioxide) sample, the first
weight loss occurred at 304-343°C with a rate of 31.4%
(2.922 mg), indicating the decomposition of certain
components. Another weight loss of 18.9% (1.763 mg) was
observed at 410-437°C. Additionally, a third weight loss of
9.61% (0.894 mg) was observed at 437-490°C. After
silanization with TEOS, the W-SnO,-TEOS sample exhibited
a weight loss of 46.3% (7.050 mg) at 301-353°C and 15.4%
(2.345 mQ) at 431-469°C.

The first weight loss was observed in the W-ZnO (wood-
zinc oxide) sample at 338-387°C, accounting for 85.3%
(7.957 mg) of the total weight loss. The second weight loss
occurred at 365-462°C, representing a smaller proportion of
2.07% (0.193 mg). After treatment with TEOS, the first
weight loss of W-ZnO-TEOS was observed at 340-375°C,
accounting for 62.1% (5.717 mg) of the total weight loss. The
second decomposition was observed at 381-439°C,
representing 14.4% (1.328 mg) of the weight loss.

The illustration of the repelling of the new surface after
silanization with TEOS is depicted in Figure 24.
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Figure 24. After silanization with TEOS the surface
repellency of W-Ch-TEOS (Wood-Chitosan-TEOS), W-
ZnO-TEOS (Wo0d-ZnO-TEOS), and W-SnO.-TEOS
(Wood-SnO2-TEOS).
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Figure 25. Water absorption percentages of all samples [W (Wood), W-Ch-TEOS (Wood-Chitosan-TEOS), W-ZnO-TEQOS

(Wo0d-ZnO-TEOS), and W-SnO,-TEOS(Woo0d-SnO,-TEOS].

Those wood protection processes can be ranked from best
to weakest based on the weight loss observed at different
temperature ranges:

1. W-ZnO-TEOQOS: This process exhibited a significant
weight loss at temperatures of 340-375°C, accounting for
62.1% (5.717 mg) of the total weight loss. The second
decomposition occurred at 381-439°C, representing
14.4% (1.328 mg) of the weight loss.

2. W-SnO,-TEOS: This process showed a weight loss of
46.3% (7.050 mg) at temperatures of 301-353°C and
15.4% (2.345 mg) at 431-469°C.

3. W-Ch-TEOS: After silanization with TEOS, this process
exhibited a weight loss of 66.4% (8.242 mg) at
temperatures of 342-365°C and 18.8% (2.335 mg) at 448-
476°C.

3.5. Water uptake (%)

The wood samples were measured by weighing them after
being soaked in water for 24 hours and calculated according
to formula (2).

w2-wi)
wi

wa = ( )X 100 @)

The water absorption amount, WA (%), is calculated
using the formula: WA = ((w> - w1) / wi) x 100, where w1l is
the weight (g) of the test specimen before being soaked in
water and w; is the weight (g) of the test specimen after being
soaked in water. It was observed that the solid wood sample
(W) had a water uptake of 61% after being soaked in water
for 24 hours, while the samples functionalized with zinc
oxide (ZnO), chitosan (Ch), and tin dioxide (SnO,)
nanoparticles exhibited an increase in water uptake values of
64%, 71%, and 73%, respectively, due to the formation of
chromophoric carbonyl (C=0, -NO,, -NO, C=C, -CHO) and
carboxyl (R-COOH) groups caused by surface damage
(Ramazanoglu et al., 2022; 2023). The water uptake values
after silanization with TEOS were 58%, 59%, and 60%,

respectively (Figure 25). These values are an indicator of
increased hydrophobicity.

4, Conclusion

According to SEM and EDX analysis, it was observed
that nanoparticles applied by the impregnation method were
positioned on the surface by electrostatic force. Changes in
surface morphology and color spectra were observed after
each functionalization.

According to TGA and DTA analysis results,
functionalization has provided the preservation of the
lignocellulosic  structure by showing less degradation
compared to solid wood. However, the hydrophilic
lignocellulosic structure has been damaged by Ch, ZnO, and
SnO; nanoparticles, causing mass loss and the formation of
many free radical end groups such as chromophoric carbonyl
and carboxyl groups, leaving the structure more hydrophilic
and unprotected against environmental conditions. However,
the fire resistance has increased after the silanization with
TEOS.

Finally, it was observed that the water absorption rate
increased when nanoparticles were attached to the surface
during the water absorption experiments, indicating the
successful attachment of nanoparticles through the
impregnation method. Successful results were achieved
except for the surface treated with zinc oxide hydrophobized
with TEOS. This wood protection approach involves
immersion in the chemical solution for functionalization,
eliminating the need for additional heating, pressure, or
specific conditions, making it a cost-effective method
compared to traditional approaches. In future studies, the
level of protection can be enhanced by applying different
nanoparticles and hydrophobic agents to the lignocellulosic
surface.
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