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ABSTRACT e This study examined the changes in the chemical properties of heat-treated cedar (Cedrus libani)
wood as a function of four different treatment temperatures (120, 150, 180 and 210 °C) and three different treat-
ment durations (2, 5 and 8 hours). Particular emphasis was placed on the changes observed in the 1740 cm™ car-
bonyl absorption band in the FTIR spectra of the esterification reaction products, which occurred at 120, 180 and
210 °C for 2, 5 and 8 hours. Surface energies of the samples were also calculated using Young's equation and con-
tact angle measurements with three different liquids: water, glycerol, and hexane. Subsequently, the surface free
energies were analyzed using the Lifshitz-van der Waals/acid-base (LW-AB) approach. FTIR analysis indicated
that esterification reactions occurred more intensely at temperatures between 180 °C and 210 °C. Contact angle
measurements revealed a decrease in polarity and a corresponding increase in non-polarity with increasing heat
treatment temperature and duration. Free surface energy analysis demonstrated an increase in the LW component
in cedar wood samples treated at 120, 180 and 210 °C for all treatment durations (2, 5 and 8 hours), indicating
that surface modification had occurred. These results suggest an increase in nonpolar effects within the surface
energy components of the samples, resulting in increased hydrophobicity.
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SAZETAK « U ovoj studiji predstavljeno je istraZivanje promjena kemijskih svojstava toplinski obradenog drva
libanonskog cedra (Cedrus libani) pri Cetiri razlicite temperature (120, 150, 180 i 210 °C) i tri razlicita trajanja
obrade (dva, pet i osam sati). Poseban je naglasak stavijen na promjene karbonilne apsorpcijske vrpce na 1740
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em™ u FTIR spektrima produkata reakcije esterifikacije pri temperaturi obrade 120, 180 i 210 °C tijekom dva,
pet i osam sati. Takoder, izracunane su povrsinske energije uzoraka uz pomo¢ Youngove jednadzbe i mjerenja

kontaktnog kuta trima razlicitim tekucinama. vodom, glicerolom i heksanom. Nakon toga, slobodne su povrsinske
energije analizirane primjenom Lifshitz-van der Waals/acid-base (LW-AB) pristupa. FTIR analiza pokazala je da
su reakcije esterifikacije intenzivnije pri temperaturama izmedu 180 i 210 °C. Mjerenjima kontaktnog kuta otkri-
veno je da se s povecanjem temperature i trajanjem toplinske obrade smanjuje polarnost i poveéava nepolarnost

uzoraka. Analiza slobodne povrsinske energije pokazala je povecanje LW komponente na uzorcima cedrovine

obradenima na 120, 180i 210 °C za sva tri trajanja obrade (dva, pet i osam sati), Sto upucuje na to da je nastala

modifikacija povrsine. Ti rezultati potvrduju povecéanje nepolarnih ucinaka unutar komponenata povrsinske ener-
gije uzoraka, Sto rezultira pove¢anom hidrofobnoscu toplinski obradenog drva.

KLJUCNE RIJECI: toplinska obrada,; FTIR; mjerenje kontaktnog kuta, libanonski cedar, povrsinska energija

1 INTRODUCTION
1. UVOD

Wood, a sustainable material, has been an impor-
tant raw material for centuries and has been used in
many different fields. It is widely used in construction
and decoration, especially due to its high strength
properties compared to its weight. However, some dis-
advantageous properties of wood have limited its use
in certain applications. Researchers have developed
various methods to eliminate or minimize these limita-
tions. Among these methods, chemical treatment, heat
treatment and impregnation are the most important
ones (Kocaefe et al., 2007, Hill, 2011; Bal, 2013; Sivri-
kaya et al., 2015a; Svenson et al., 2023).

The processes carried out to change or improve
the disadvantages of wood material such as its sensitiv-
ity to moisture, low levels of dimensional stability, low
hardness, limited resistance to abrasion, fungi, termites
and UV radiation are generally referred to as “wood
modification”. The modification process causes perma-
nent changes in the chemical structure of wood (Altinok
etal.,2010; Sandberg et al., 2017; He et al., 2023). The
fact that heat treatment, which is one of the modifica-
tion methods, is commercially applicable and accepted
as environmentally friendly makes it stand out. With
heat treatment, permanent changes are created espe-
cially in the chemical structure of the polymeric struc-
ture that forms the wood, making the material more
resistant to the mentioned disadvantages (Korkut et al.,
2008; Esteves and Pereira, 2008; Korkut and Kocaefe,
2009; He et al., 2023).

The main objective of heat treatment is to alter
the chemical structure so as to reduce hygroscopicity
and improve wood properties. During this process,
chemical modifications occur, including the degrada-
tion of hemicelluloses and the esterification of hydrox-
yl groups, which decrease the number of accessible
OH groups, thereby reducing wood swelling and
shrinkage (Gerardin et al., 2007; Kocaefe et al., 2008;
Hill et al., 2021; Cabalova et al., 2022). As a result of
heat treatment, increases in lignin content, decay re-
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sistance, and dimensional stability have been observed,
while mechanical properties and water absorption ca-
pacity tend to decrease. Additionally, improvements in
resistance to weathering have been reported (Bal,
2013; Tufan et al., 2022).

Although most of the free and bound water is lost
from wood up to 150 °C, some of the water bound to
the cell wall continues to remain up to higher tempera-
tures (Gezici-Kog et al., 2017; Penvern et al., 2020;
Aydin, 2021; Hill et al., 2021). At temperatures higher
than 150 °C, heat treatment chemical processes speed
up (Boonstra, 2008; Piernik ef al., 2022). The range
between 160 and 240 °C is typical for heat treatment
(Militz, 2002; Sikora et al., 2018). According to Kam-
dem et al. (2002) and Hill (2007), the process tempera-
ture and duration vary from 180 to 280 °C and 15 to 24
hours, respectively, depending on the type of wood,
sample size, moisture content, desired mechanical per-
formance, resistance to biological factors, and desired
properties like stability.

FTIR is an easy and nondestructive analytical ‘tool
for determining changes in the chemistry of wood
structure due to modification (Chien et al., 2018; Peng
et al., 2022). Because of these characteristics, its im-
portance and areas of use have grown. FTIR analysis
gives important information about the changes in the
0O-H, C-H, N-H, and C-O groups of cellulose structures
and intra- and inter-chain hydrogen bonds. Thus, it
provides more detailed information about the interac-
tions of the polymer components of wood material at
the molecular level (Cherdkeattikul ez al., 2020; Kaya
etal., 2021).

In the literature, heat treatment has been applied
to many different types of wood. The changes that oc-
cur as a result of these processes have been investigat-
ed in detail. Most of the studies have focused on these
types, especially due to the durable and aesthetic struc-
tures of cedar wood species. For example, as a result of
1 and 2 hours of heat treatment at 220 °C on western
red cedar samples, it was determined that pits formed
in the tracheid walls, ray parenchyma and pit aspiration
of the wood material (Awoyemi and Jones, 2011). In
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the study conducted on eastern red cedar wood sam-
ples, a decrease in the shear and hardness values of the
samples occurred as a result of the heat treatment ap-
plied at 120 °C. It was concluded that the sample sur-
face roughness improved when the temperature in-
creased and time was kept constant. Also, a decrease
was reported in the water absorption values, swelling
ratio and diffusion coefficient of samples depending on
these parameters (Dilik and Hiziroglu, 2012; Kasem-
siri et al., 2012).

Thermally treating the wood leads to substantial
alterations in color, chemical composition, dimension-
al stability and biological resistance of the materials,
depending on the treatment temperature and duration.
Jimenez et al. (2011) found that coloration of Malapa-
paya (Polyscias nodosa) wood changed from yellow-
ish to dark brown when processed at various tempera-
tures. Similarly, Barcik et al. (2015) showed that
temperature significantly facilitated the darkening of
oak and Scots pine, while the darkening effect was
slightly more pronounced in birch. When studying
changes in chemical structure, Srinivas and Pandey
(2012) reported a decrease in the content of hydroxyl
groups with heat treatment of rubbberwood and silver
oak which affected the hygroscopicity of the material.
Likewise, Xu et al. (2019) also reported that the amount
of hydroxyl groups decreased, while the carbonyl
groups increased, with increasing temperature in white
oak (Quercus alba).

In terms of dimensional stability, Builes ef al.
(2021) found that the dimensional stability of Pinus
oocarpa (ocote pine) wood was increased by heat treat-
ment as a result of the removal of hydroxyl groups.
Similarly, Wang ef al. (2018) also found a relationship
between the decrease in the effective free hydroxyl
group content and the decrease in the immobilized free
water content, which led to a decrease in the equilibri-
um moisture content and thus increased the dimension-
al stability in Masson pine (Pinus massoniana). Bytner
et al. (2021) also noted that the equilibrium moisture
content and water uptake rate of black poplar (Populus
nigra) wood were reduced by heat treatment. Similar-
ly, Durmaz et al. (2019) showed that, although the
compressive and flexural strengths of Scots pine (Pi-
nus sylvestris) were reduced by heat treatment, the di-
mensional stability was significantly increased. In
terms of biological durability, Altgen et al. (2020) re-
ported that thermal degradation of hemicelluloses in
Scots pine increased the resistance to brown rot fungi.
Additionally, Vidholdova et al. (2022) showed that
higher temperature heat treatment greatly improved the
decay resistance of Norway spruce (Picea abies) wood
against brown rot and white rot fungi.

According to some studies, the increased surface
roughness formed during heat treatment in the range of

200-220 °C is the result of the combined effects of ther-
mal stresses, hemicellulose degradation, lignin rear-
rangement and structural irregularities (Nabil et al.,
2018; Hill et al., 2021; Wu et al., 2021; Mastouri et al.,
2023). It was found that cracks occurred in the samples
and the presence of these cracks decreased the compres-
sive, flexural and tensile strengths of the heat-treated
samples of Deodar cedar (Cedrus deodara) wood (Ol-
iveira et al., 2022). According to the obtained data, its
resistance against decaying of wood material was in-
creased by applying it on Japanese cedar (Cryptomeria
Japonica). Another study showed that, when Japanese
cedar (Cryptomeria japonica) samples were subjected
to heat treatment at 20, 40, 60, 80, and 100 °C, the high-
est compression strength, yield stress, and Young’s mod-
ulus were obtained at 20 °C, while these values de-
creased at 100 °C (Chang et al., 2019; Toba et al., 2024).
However, the majority of these studies have focused on
different cedar species, and research conducted on Leba-
non Cedar/Toros Cedar (Cedrus libani) is quite limited.

In recent years, the production and use of heat-
treated wood have increased significantly in the wood
industry. This process, which is widely used in certain
tree species, has been applied to cedar wood, which is
widely distributed in the Mediterranean region and
used for various purposes, but detailed information
about the chemical changes that occur is still limited.
Considering this deficiency, the chemical changes of
Taurus cedar (Cedrus libani) wood after heat treatment
were investigated. While previous studies have mainly
focused on other coniferous species, especially Cedrus
atlantica and Cedrus deodara, this study aims to fill this
gap by investigating a coniferous species of significant
regional importance. The study provides information
not only on the general changes of functional groups,
but also on the quantitative changes in specific bonds,
such as carbonyl groups around 1740 cm’!, with re-
spect to temperature and time, as shown by FTIR
measurements. Furthermore, by using surface contact
angle measurements to relate these chemical changes,
a comprehensive explanation of the effect of heat treat-
ment on the hydrophilicity and hydrophobicity surface
properties was provided.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Cedar log samples were selected at 1-meter and
3-meter intervals from a cutting area under the jurisdic-
tion of the Burdur-Bucak Forest Management Directo-
rate. These samples were cut into 50 cm lengths and
prepared from the sapwood portions. The cedar sam-
ples were air-dried and then processed to dimensions
of (22 x 70 x 350) mm?. Heat treatment was conducted
at four different temperatures (120 °C, 150 °C, 180 °C,
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and 210 °C) and for three different durations (2 hours,
5 hours, and 8 hours). The heat treatment conditions
were established taking into consideration the range of
temperature and time available in the literature. The
hemicellulose starts to degrade at around 140 °C and
then the cellulose structure changes (Esteves et al.,
2007; Rowell et al., 2009). It is known that tempera-
tures of 240 °C and beyond can result in the deteriora-
tion of mechanical properties of wood (Hill et al.,
2021; Adhikari et al., 2025). Thus, in the current study,
the lowest treatment temperature was selected at 120
°C to study possible structural differences at a tempera-
ture lower than 140 °C and the highest temperature was
210 °C to prevent substantial mechanical damage.

To evaluate the effect of temperature and time re-
lationship on the material, 2, 5 and 8 h treatment times
were selected (Hill et al., 2007; Esteves et al., 2007,
Esteves and Pereira, 2009; Hill et al., 2021; Adhikari et
al., 2025). A 2 h time period was selected to obtain
rapid improvement at high temperatures, while a 5 h
time period was determined for the best improvement
at medium temperatures. On the other hand, an 8 h time
period was selected to monitor the early stage of chem-
ical changes at low temperatures.

The treatment was performed using a laboratory
furnace (FN 500, Niive Co., Ankara, Turkey) capable
of maintaining temperatures within & 1 °C in an ambi-
ent air environment (Figure 1). Control samples were
also prepared for each temperature group and evaluat-
ed under the same conditions. Following heat treat-
ment, all test samples were conditioned at 65 % rela-
tive humidity and 20 °C.

2.1 FTIR analysis
1. FTIR analiza

FTIR spectroscopy was used to determine the
chemical changes occurring in the heat-treated cedar
samples compared to the control samples. With the
help of this analysis, changes in the structural composi-
tion of cedar wood samples as a result of heat treatment
were investigated. It was determined that the changes
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Figure 1 Heat treatment application process and
performance tests

Slika 1. Postupak toplinske obrade i ispitivanja svojstava
cedrovine
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occurred in parallel with the disintegration of amor-
phous cellulose (decomposition temperature 200-240
°C) and irregular structures of hemicelluloses in the
structure of the samples, resulting in an increase in the
crystallinity of cellulose (Yang et al., 2016; Chang et
al., 2019). In this change, since the amount of cellulose
remained unchanged, a proportional increase in the
crystallinity of cellulose occurred. These increases can
only be explained by the decrease in amorphous re-
gions. The effects of this change on the OH groups and
cellulose crystal structures in the cedar samples were
investigated in detail by FTIR spectroscopy.

Functional group analysis was performed using
IR Prestige-21 model FTIR spectrometer (Shimadzu
Corp, Japan). For this analysis, samples were prepared
as solid powder mixed with KBr and pressed into pel-
lets. Specifically, the samples were ground with KBr in
an agate mortar and subsequently pressed into tablets
at 10 bar pressure. Since KBr is outside the visible re-
gion, the obtained spectra are attributed solely to the
sample. Spectra were acquired by averaging 10 scans
over the range of 4000-400 cm™. These spectra were
then normalized at 2950 cm’!.

2.2 Contact angle measurement
2.2. Mjerenje kontaktnog kuta

Contact angle measurements typically employ
droplet volumes ranging from 0.5 to 10 pL to minimize
gravitational deformation. Variations in droplet volume
can influence measurement results due to the combined
effects of gravity and droplet size. While 2-3 uL droplets
are often ideal for contact angle measurements, the low
water retention of superhydrophobic surfaces can hinder
the deposition of droplets smaller than 4 pL. For accu-
rate measurements, it is crucial to perform readings im-
mediately after droplet deposition to prevent evapora-
tion. Simultaneously, allowing a brief period for droplet
spreading and interaction with the surface is also essen-
tial (Zhang et al., 2004; Ferrari et al., 2006; Tianyi and
Jiang, 2018). Accordingly, contact angle measurements
of the cedar samples were performed by capturing im-
ages every 5 seconds for 30 seconds after a 5 pL water
droplet was placed on the surface.

In this study, mechanical cutting was applied to
equalize the surface roughness of the samples. Surface
free energy is theoretically defined for ideal and smooth
surfaces. However, real surfaces can deviate from the
ideal due to factors such as roughness, contamination,
and heterogeneity. Such surface characteristics can af-
fect the measured contact angles, leading to uncertain-
ties reflected in surface free energy calculations (Gindl
et al., 2001; Qin et al., 2015). In this context, the sur-
face free energy values obtained in this study should be
evaluated not as absolute values, but only as a tool for
relative comparison between measurements performed
under the same experimental conditions.
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Samples were prepared using the sessile drop
method on an Attention instrument in accordance with
the TAPPI T558 om-97 (Canada) standard (TAPPI).
Cedar samples with dimensions of (22 x 70 x 350)
mm?® (tangential X radial % longitudinal) were used to
measure contact angles. The contact angles of both
control and heat-treated samples were measured using
water, hexane, and glycerol (hexane and glycerol were
supplied by Labor Teknik, Isparta, Turkey). Initially,
ten drops of water were placed on each sample to deter-
mine the water contact angle. This procedure was then
repeated using hexane and glycerol. Subsequently,
comparisons were made between the control and heat-
treated samples, and changes in surface properties and
surface free energy were analyzed.

2.2.1 Young’s equation
2.2.1. Youngova jednadzba

According to Young’s equation (1), the relation-
ship between contact angles and surface free energy of
cedar wood samples was calculated (Gerardin et al.,
2007; Zhao and Jiang, 2018).

COSH= }/gs - }/ls

ygl
In the equation, cos 8 represents the contact an-
gle, y,, represents the gas-solid surface free energy, y;
represents the liquid-solid surface free energy and y,
represents the gas-liquid surface free energy.

(M

2.2.2 Lifshitz-van der Waals and acid-base
approach

2.2.2. Lifshitz-van der Waals i kiselo-bazni
pristup
Lifshitz-van der Waals/acid-base (LW-AB) ap-
proach was applied using the contact angle values and
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surface free energy data of water, hexane and glycerol.
Thanks to this approach, it was determined whether the
surface free energies of cedar wood samples show polar
or apolar properties. It also allowed a detailed examina-
tion of the changes in the acidic-basic components. All
these analyses were carried out using Eq. 2, Eq. 3 and
Eq. 4. (Gerardin et al., 2007; Chen et al., 2020).

7§W=(W—W)2

7 =2 +nn -rn -n) O

2

(+cos6)-7, = 2 1+ 7+ 7 ) @

Here, cosb represents the cosine of the contact an-
gle; v™V represents the Lifshitz-van der Waals surface
free energy; B represents the acid-base surface free en-
ergy; ysy represents the solid-gas surface free energy; y,,
represents the liquid-gas surface free energy; y* repre-
sents the acidic (electron acceptor) component of the
surface free energy; and y~ represents the basic (electron
donor) component of the surface free energy.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 FTIR analysis
3.1. FTIR analiza

The wavenumber in the 1800-800 cm™ range rep-
resents the stretching and bending vibrations between
molecules. FTIR examines the changes in absorption
bands related to cellulose, lignin and hemicelluloses in
this range (Kubovsky et al., 2020). In this study, FTIR
analyses of cedar wood samples subjected to heat treat-
ment at different temperatures (120 °C, 180 °C and
210 °C) and durations (2, 4, 6 and 8 hours) were per-
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Figure 2 Shows (a) FTIR spectra and (b) second derivative spectra of the 1740 cm™ absorption band for cedar samples

heat-treated at 120 °C for 2 and 8 hours

Slika 2. Prikaz (a) FTIR spektara i (b) spektara druge derivacije apsorpcijske vrpce 1740 cm™! uzoraka toplinski obradene

cedrovine na 120 °C tijekom dva i osam sati
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formed. Depending on temperature and duration, one
mole of water is removed from alcohol and ether mol-
ecules during heat treatment, leading to esterification
(Tjeerdsma and Militz, 2005). To explore in detail, the
changes in the ester structure that occur because of the
OH groups that are eliminated from the environment as
a result of the heat treatment, the second derivative of
the 1740 cm! carbonyl absorption band was obtained.
Additionally, the time-dependent variations in absorb-
ance values at the wavelengths of 1600, 1500, 1460,
1420, 1373, 1318, 1267, 1160, and 1032 cm™ are pre-
sented in Table 1.

As noted by Esteves et al. (2013) and Gaff et al.
(2023), the FTIR is also an important technique to re-
veal the variations of characteristic functional groups
(in particular, in the 1750-1700 cm™ range, carbonyl
and ester groups, ketones, aldehydes and carboxylic
acids) in the composition of lignin and hemicelluloses.
Additionally, the 1740 cm™ absorption band sensitive
to structural variation changes that occur in several
modifications of different functional groups e.g., es-
terification, was also detected in this work (Figure 2a;
Hou and Wu, 2019). In the research, the differences
that resulted from heat-treated samples at 120 °C dur-
ing a period of time were analyzed. This was done
based on the absorbance values of 0.856 (2 hours) and
0.872 (8 hours), which were the numbers resulting
from this study. These data were not found to be statis-
tically significant. Also, these findings were verified by
previous research. Tjeerdsma and Militz (2005) proved
that thermal treatment of the temperatures higher than
185 °C changes the rates of the esterification processes
significantly. In the study conducted by Esteves ef al.

(2013), it was stated that the 1740 cm™ absorption band
was minimally affected by heat treatment at 170 °C.

The C = C stretching vibrations in the aromatic
rings in the lignin structure were attributed to the absorp-
tion band at 1600 cm™. Therefore, the indicated absorp-
tion band indicates the presence of ring structures and
unsaturated bonds in that region (Gaff ez al., 2023; Qian
et al., 2024). The analysis revealed the intensity of the
absorption band is slightly rising as the duration of treat-
ment of constant temperature increases. Factors of this
effect include the increase in the production of conju-
gated carbonyl groups, condensed lignin processes, and
carboxylation of polysaccharides (Gonzalez-Pefia et al.,
2009, Kubovsky et al., 2020, Li et al., 2024).

The absorption band at 1500 cm™ corresponds to
the stretching vibrations of the benzene ring and the
C=C vibrations of the aromatic skeleton characteristic
of the lignin structure (Kubovsky et al., 2020). At con-
stant temperature, an increase in absorption values oc-
curred due to the increase in heat treatment time. The
increases are due to improvements in the chemical
structure of the wood material. The increase in lignin
content occurred due to the degradation of amorphous
carbohydrates in hemicellulose structures and struc-
tural changes in the guaiacyl and syringyl units of
lignin in wood structures (Li et al., 2015). Also, in an-
other study, C=C aromatic stretching vibrations in the
lignin structure were reported to be responsible for the
1505 cm! region. Furthermore, the study authors spec-
ulated that the growth occurred here due to the loss of
extractive compounds and carbohydrates from the
structure more than because of this wavelength
(Moosavinejad et al., 2019).

Table 1 Variation of FTIR spectroscopy absorbance values with wavenumber (cm™) under different temperature and time

conditions
Tablica 1. Varijacije apsorbancije FTIR spektroskopije s valnim brojem (cm™) pri razli¢itim temperaturnim i vremenskim
uvjetima
USTTED T Wavenumber / Valni broj, cm’
Temperatura
1600 1500 1460 1420 1373 1318 1267 1160 1032
2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour
120 °C 1.225 1.379 1.752 1.809 1.897 1.788 2.175 2.574 3.360
8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour
1.317 1.495 1.865 1.956 2.048 1.938 2.374 2.836 3.728
120 °C 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour
1.225 1.379 1.752 1.809 1.897 1.788 2.175 2.574 3.360
180 °C 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour
1.521 1.786 2.203 2.265 2.382 2.283 2.823 3.359 3.397
210 °C 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour 2 hour
0.764 0.803 1.013 1.073 1.141 1.099 1.262 1.493 1.503
120 °C 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour
1.317 1.495 1.865 1.956 2.048 1.938 2.374 2.836 3.728
180 °C 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour
1.521 1.646 2.049 2.120 2.270 2222 2.697 3.266 4412
210 °C 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour 8 hour
0.887 0.829 1.085 1.135 1.246 1.231 1.378 1.654 2.137
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Figure 3 Shows (a) FTIR spectra of cedar wood samples heat-treated at 120, 180, and 210 °C for 2 hours, and (b) the second

derivatives of the 1740 cm™ absorption band of the same samples

Slika 3. Prikaz (a) FTIR spektara toplinski obradenih uzoraka cedrovine na 120, 180 i 210 °C tijekom dva sata i (b) drugih

derivacija apsorpcijske vrpce 1740 cm™ istih uzoraka

The 1460 cm™ absorption band corresponds to the
asymmetric C-H deformation vibrations in the lignin
matrix (Piernik et al., 2022; Godinho ef al., 2024). Each
vibrational interaction leads to the formation of the 1420
cm’! absorption band, for which the increase in absorb-
ance intensity after exposure to heat treatment is ob-
served. The increase in intensity of the 1420 cm™ ab-
sorption band can be interpreted to be a result of the
enhancement of C-H deformation vibrations in lignin
and carbohydrate constituents, while the contribution of
an aromatic skeletal vibrations system in lignin structure
may lessen due to decomposition. The intensity of this
effect has been linked to the duration of thermal treat-
ment (Kacik et al., 2016; Jaruwat et al., 2018). Moreo-
ver, some of the observed spectral changes have been
ascribed to chemical processes, including the deactiva-
tion of the methoxyl structure and the degradation of the
lignin structure (Kubovsky et al., 2020).

The CH, bending vibrations of cellulose and hemi-
cellulose structures have been linked to the absorption
band observed at 1371 cm™! (Caputo et al., 2021; Liao et
al., 2024). In comparing the two cedar wood samples
used in the study, it was observed that the intensity of
absorption of the absorption band increased with in-
creasing duration of heat treatment. In the 1318 cm™! ab-
sorption band, similar increases were seen with extend-
ed processing time. Based on these results, higher
density structures were formed due to an increase in the
material’s density (Kubovsky et al., 2020).

The C—-O stretching vibrations in the guaiacyl
ring have been attributed to the absorption band at
1267 cm™. It has been reported in the literature that for
heat-treated wood samples, an increase in absorbed en-
ergy values occurs due to an increase in the treatment

time at constant temperature. This increase indicates
that, unlike for syringyl structures, degradation can
take place at lower process temperatures and that the
time of heat treatment can also affect this degradation
(Kubovsky et al., 2020; Varga et al., 2020).

The absorption band at 1161 cm™ was attributed to
the C-O-C stretching vibrations of cellulose and hemi-
cellulose structures. (Caputo ef al., 2021). This absorp-
tion band has been observed to change markedly with
increasing time, particularly for different durations of
heat treatment. The increase in absorbance values indi-
cates the occurrence of dehydration processes and the
slow degradation of carbohydrate components. Intermo-
lecular or cross-links are made that facilitate the forma-
tion of covalent bonds between molecules by these pro-
cesses to form ether bonds. According to Kubovsky and
Kacik (2014) and Kacik et al. (2016), the absorption
band at 1030 cm™ can be attributed to C-O-C stretching
vibrations for the primary alcohol functional groups
found in the structure of cellulose and hemicellulose, as
well as C-O deformation vibrations for the primary alco-
hol part of cellulose. A gradual change has occurred in
the structure of cellulose, one of the most important
components of wood material, according to the observed
increases in this absorption band (Kubovsky et al., 2020;
Dassanayake ef al., 2023).

Analysis of the 1740 cm! absorption band ab-
sorbance values presented in Figure 3a (120 °C-2 hours
— 0.856, 180 °C-2 hours — 1.063, 210 °C-2 hours —
0.677) demonstrates a significant variation observed
after 2 hours of treatment at 210 °C. This observed
change could be attributed to the conjugation of car-
bonyl groups with other double bonds, such as those
found in aromatic or alkene structures, as well as the
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Figure 4 Shows FTIR spectra (a) of cedar samples heat-treated at 120, 180, and 210 °C for 8 hours, and (b) the second
derivative FTIR spectra of the same samples at the 1740 cm™' absorption band
Slika 4. Prikaz (a) FTIR spektara toplinski obradenih uzoraka cedrovine na 120, 1801 210 °C tijekom osam sati i (b) drugih

derivacija apsorpcijske vrpce 1740 cm™ istih uzoraka

formation of additional carbonyl or carboxyl groups
through oxidation reactions that occur during thermal
decomposition processes (Kubovsky et al., 2020). Fur-
thermore, the existence of ester bonds in aliphatic and
aromatic compounds, as well as the modifications that
take place in these bonds, might be linked to the altera-
tions observed in the absorption band at 1740 cm’!
(Gordobil, 2018).

When the heat treatment time is kept constant,
the absorption band at 1600 cm™ (high peak) had the
most significant change at 210 °C / 2-hour with the in-
crease in temperature. It was also determined that the
1500 cm™ absorption band underwent similar changes.
The 1460 cm™ and 1420 cm™ absorption bands exhib-
ited the same effect after a 2-hour heat treatment at 210
°C. These changes were attributed to the gradual de-
composition of lignin components within the materi-
al’s structure, as well as to the impact of high tempera-
tures on the functional capacity of methoxyl groups
(Kubovsky et al., 2020).

An important change in absorbance values was
noticed within the 1371 cm! absorption band after the
heat treatment at 210 °C for 2 hours while the intensity
of the 1318 cm! absorption band increased with rising
temperatures, but a sharp decrease was observed after
treatment at 210 °C for 2 hours. The largest change in
the 1267 cm™ absorption band occurred at 210 °C /
2-hour heat treatment conditions. These observed
changes collectively demonstrate the influence of ele-
vated temperatures on structural density and degrada-
tion phenomena.

At the 1160 cm™! absorption band, a substantial
modification was evident following the 2-hour treat-
ment at 210 °C. Concurrently, a marked alteration, par-
ticularly during the aforementioned 2-hour period at
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210 °C, was observed within the 1030 cm™! absorption
band. These changes indicate gradual transformations
within the cellulose matrix (Kubovsky et al., 2020).

The absorbance values for the 1740 cm™! absorp-
tion band, as shown in Figure 4a (120 °C-8 hours —
0.872, 180 °C-8 hours — 1.139, 210 °C-8 hours —
0.872), exhibit a significant change in the second de-
rivative spectra (Figure 4b) between 180 °C and 210
°C, over the 8-hour treatment period. While this change
is attributed to the increased rate of thermal decompo-
sition at temperatures above 180 °C, the origin of vari-
ations in the 1740 cm™ absorption band is debated in
the literature. One study suggests that these changes
are due to hemicellulose degradation caused by heat
treatment (Wang et al., 2024), while another attributes
the increase in this absorption band to the presence of
carbonyl groups (Tuncer ef al., 2024).

Within the 1600 cm™! absorption band, a marginal
increase in absorbance values was evident with in-
creasing temperature over the 8-hour duration. How-
ever, the most substantial alteration was observed at
210 °C following an 8-hour treatment. Concurrently,
the most significant modification at the 1500 cm™ ab-
sorption band was also found to occur at 210 °C after
an 8-hour treatment period.

Consistent with the trends observed at the 1460
cm™ and 1420 cm™! absorption bands, the most substan-
tial changes in absorbance within the 1371 cm™, 1318
cm™, 1267 cm™, 1160 cm™, and 1030 cm™ absorption
bands were likewise evident at 210 °C following an
8-hour treatment. Notably, within the 1318 cm™ ab-
sorption band, a concomitant increase in intensity was
also observed with increasing temperature.

A comparative analysis of the data presented in
Figure 5 indicates that the heat treatment protocol main-
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Figure 5 Shows FTIR spectra (a) of cedar samples heat-treated at 180 and 210 °C for 8 hours, and (b) the second derivative
FTIR spectra of the same samples at the 1740 cm™ absorption band
Slika 5. Prikaz (a) FTIR spektara toplinski obradenih uzoraka cedrovine na 180 i 210 °C tijekom osam sati i (b) drugih

derivacija apsorpcijske vrpce 1740 cm™ istih uzoraka

tained a constant duration while investigating the influ-
ence of increasing temperature on the spectral character-
istics of various functional groups. Specifically, the most
substantial modifications in both the 1740 cm™ absorp-
tion band and its associated second derivative were evi-
dent during the 8-hour treatment period spanning 180 to
210 °C. Analogous variations were also observed in
other functional groups (Figure 4).

According to Table 2, the heat treatment of cedar
wood samples at 120 °C, 180 °C, and 210 °C resulted

in various chemical changes, leading to increases and
decreases in specific FTIR spectral absorption bands.
Table 2 further details the underlying reasons for these
observed changes at different temperatures.

As the temperature increased, the intensity of the
hydroxyl groups in the 3350 cm™ absorption band de-
creased due to esterification (Figure 6b). Particularly at
210 °C and short heating durations (2 hours), a signifi-
cant decrease in the intensity of this absorption band is
observed. This reduction can primarily be attributed to

Table 2 Factors influencing increases and decreases in FTIR absorption bands at specific temperatures as a result of heat

treatment

Tablica 2. Cimbenici koji utjedu na poveéanje i smanjenje FTIR apsorpcijskih veza na odredenim temperaturama kao rezultat

toplinske obrade

Increases in temperatures of 120 °C and 180 °C
Povecanje na temperaturama 120i 180 °C

(Zhu et al., 2016; Zhang et al., 2017; Li et al., 2017; Sikora
etal.,2018; Aytin et al., 2022; Zhang et al., 2023; Lyu et al.,
2024)

Reductions in temperatures of 180 °C and 210 °C
Smanjenje na temperaturama 1801 210 °C

(Esteves and Pereira, 2009; Wang et al., 2016; Candelier et
al., 2016; Vybohova et al., 2018; Kubovsky et al., 2020;
Piernik et al., 2022; De Ligne et al., 2024)

As the material becomes more crystalline, certain vibration-
al modes may become more regular, leading to stronger ab-
sorption.

Kako materijal postaje kristalniji, odredeni vibracijski mo-
dovi mogu postati pravilniji, Sto dovodi do jace apsorpcije.

The degradation of lignin, hemicellulose, and cellulose can
lead to material loss, resulting in a decrease in the intensity
of the functional groups responsible for the observed peaks.
Razgradnja lignina, hemiceluloze i celuloze moZe dovesti do
gubitka materijala, Sto rezultira smanjenjem intenziteta
Sfunkcionalnih skupina odgovornih za uocene vrhove.

Oxidation reactions or other chemical changes can result in
the formation of new light-absorbing functional groups in
the analyzed region.

Oksidacijske reakcije ili druge kemijske promjene mogu re-
zultivati stvaranjem novih funkcionalnih skupina koje ap-
sorbiraju svjetlost u analiziranom podrucju.

Some degradation products may be volatile and migrate
away from the sample, contributing to further attenuation of
the signal.

Neki produkti razgradnje mogu biti hlapljivi i udaljiti se od
uzorka, pridonoseci daljnjem slabljenju signala.

The removal of water molecules as the material dries may
enable other functional groups to produce more prominent
signals.

Uklanjanje molekula vode dok se materijal susi moze
omoguciti drugim funkcionalnim skupinama da proizvode
Jjace signale.

At high temperatures, the material may undergo charring,
resulting in major spectral changes.

Na visokim temperaturama materijal se moze pougljeniti,
Sto rezultira velikim spektralnim promjenama.
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Figure 6 a) Carbonyl group intensity of the 1740 cm™ absorption band of cedar samples subjected to heat treatment at 120
150-180-210 °C for 2-5-8 hours b) Hydroxyl group intensity of the 3350 cm™' absorption band of cedar samples subjected to

heat treatment at 120-150-180-210 °C for 2-5-8 hour

Slika 6. a) Intenzitet karbonilne skupine apsorpcijske veze na 1740 cm™ toplinski obradenih uzoraka cedrovine na 120-150-
180-210 °C tijekom 2-5-8 sati, b) intenzitet hidroksilne skupine apsorpcijske veze na 3350 cm! toplinski obradenih uzoraka

cedrovine na 120-150-180-210 °C tijekom 2-5-8 sati

esterification reactions. After esterification, the intensity
of the carbonyl peak (Figure 6 a) increased. The highest
increase was observed at 210 °C. Consequently, it was
determined that the esterification reaction occurred more
in the same samples of cedar wood at low temperatures
due to the number of OH groups. The decrease in the
intensity of accessible hydroxyl groups (Figure 6b) can
be attributed to the formation of pre-existing cross-link-
ing or the recrystallization of cellulose, which were de-
termined to occur during heat treatment (Tjeerdsma and
Militz, 2005). Esterification causes a decrease in the in-
tensity of hydroxyl groups in the wood, resulting in a
reduction in the intensity of the hydroxyl peak at 3350
cm’ (Herrera et al., 2014). In another study, the ob-
served decrease in peak intensity, indicative of hydroxyl
(O-H) group stretching, was attributed to hemicellulose
degradation (Haseli ef al., 2024).

However, as the heating duration increases, this
effect reverses, and either the decrease in hydroxyl ab-
sorption band intensity ceases or an increase is ob-
served. This phenomenon can be explained by the de-
pletion of reactants necessary for esterification and,
more importantly, the formation of new hydroxyl
groups due to the degradation of wood components
(lignin, hemicellulose, and cellulose) (Esteves and
Pereira, 2009; Brebu and Vasile, 2010; Vybohova et
al., 2018; Taghiyari et al., 2020). While lignin degrada-
tion releases phenolic hydroxyl groups, carbohydrate
degradation can also generate new hydroxyl groups.
Additionally, changes in hydrogen bonding may influ-
ence the absorption band intensity. Under prolonged
heating or at excessively high temperatures, charring
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may occur, leading to significant spectral changes
(Boonstra and Tjeerdsma, 2006; Kim et al., 2014).

3.2 Contact angle measurement
3.2. Mjerenje kontaktnog kuta

In this research, some of the cedar wood samples
were heat-treated, while others were not. Subsequently,
contact angle measurements were conducted, and the
properties of cedar wood samples with and without
heat treatment were compared. These comparison re-
sults are shown in Figure 7.

When the contact angle 0 is greater than or equal
to 90°, the liquid tends to “ball up” on the surface, indi-
cating poor wetting or low wettability and water-repel-
lent properties. Conversely, when 0 is less than 90°, the
wettability of the surface increases (Friedrich, 2021;
Krainer and Hirn, 2021). To investigate the effects of
modification on cedar wood samples, contact angle
measurements were performed using polar (water and
glycerol) and non-polar (hexane) liquids. As shown in
Figure 7, heat treatment decreased wettability with polar
liquids but increased it with the non-polar liquid.

FTIR analyses provided a crucial foundation for
understanding the chemical changes occurring in wood,
as well as their effects on surface properties. Chemical
transformations in lignin and hemicelluloses at high
temperatures during heat treatment reduced the surface
wettability of cedar wood, imparting an important prop-
erty that can increase the material’s water resistance.
These changes are believed to result from processes
such as the growth of cross-links between lignin and
polysaccharides and the reduction of polar groups in the
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Figure 7 Contact angles of cedar wood samples after heat treatment depending on temperature and time
Slika 7. Kontaktni kutovi uzoraka cedrovine nakon toplinske obrade ovisno o temperaturi i vremenu

structure due to esterification reactions on the material’s
surface. The surface structures of wood materials differ
from each other before and after heat treatment. This
makes the differentiation of thermally treated/untreated
samples very critical. In general, wood material is less
wettable in polar solvents and more wettable in non-po-
lar solvents after a heat treatment. Consequently, FTIR
analyses have allowed for a general perspective for as-

Table 3 Free energy components on the surfaces of
heat-treated cedar wood samples at different temperatures
and times

Tablica 3. Komponente slobodne povrsinske energije
toplinski obradenih uzoraka cedrovine pri razli¢itim
temperaturama i vremenima

Cedar wood

s?;:oprlcis YWY Y | Ve

cedrovine
120 °C-control | 0.22 [(-)4.28](-)1.08| 4.25 | 4.06
120 °C 2 hour |(-)1.94| 9.84 7.32 3.31 7.90
120 °C 5 hour |(-)2.34| 9.60 8.44 2.73 7,26
120 °C 8 hour |(-)2.64 | 11.60 | 8.32 4.04 8,96
150 °C-control | 3.83 [(-)8.60](-)3.88 | 4.77 |(-)4.77
150 °C 2 hour |(-)1.51| 5.25 1.18 5.86 3.74
150 °C 5 hour |(-)0.13| 5.32 1.52 4.66 5.19
150 °C 8 hour |(-)0.62 | 6.95 3.19 3.78 6.33
180 °C-control | 1.57 3.32 0.89 3.11 4,89
180 °C 2 hour |(-)1.59| 8.89 5.09 3.89 7.3
180 °C Shour |(-)1.39| 10.18 | 5.71 4.54 8.79
180 °C 8 hour |(-)1.75| 8.42 3.56 4.99 6.67
210 °C-control | (-)0.75| 4.00 0.81 4.95 3.25
210 °C 2 hour |(-)2.76 | 11.09 | 7.53 4.09 8.33
210°C 5 hour |(-)1.05| 1.94 |(-)0.15| 6.26 | 0.89
210°C 8 hour |(-)1.52| 7.10 2.31 5.46 5.58

sessing the performance characteristics of cedar wood
samples following the heat treatment, thus helping us to
understand the polarity modifications emerging by the
heat process (Gerardin et al., 2007; Budhe et al., 2020;
Lovaglio et al., 2022).

These parameters were obtained from the contact
angles of glycerol, hexane and water on cedar wood
surfaces after heat treatment. The free surface energy
values of the samples of polar-nonpolar and acidic-ba-
sic wood components were determined using these
data according to the Lifshitz-van der Waals/acid-base
(LW-AB) method (Mohammed-Ziegler et al., 2004;
Gerardin et al., 2007; Qin et al., 2014).

According to other researchers, negative surface
free energy values accompanied by high contact angles
can occur due to the surface roughness of heat-treated
wood samples, their chemically heterogeneous struc-
ture, and the limited penetration of the liquids used
(Mohammed-Ziegler et al., 2004). Microscopic sur-
face roughness can affect the determination of the con-
tact angle due to the uncertainty of the real contact line,
and the asymmetric arrangement cross asymmetrical
arrangement of the multiple functional groups on the
surface may lead to directional variations in the contact
angle (Oss et al., 1988; Tadmor, 2004). Kung et al.
(2019) have reported that topographical and chemical
heterogeneities can exist at the micro and nanoscale
that can induce non-ideal wetting and variability
which, when not considered carefully, can be mistaken
for true physical responses. Similarly, Alnoush et al.
(2021) revealed that the wettability of calcite is dis-
tinctly affected by increasing surface roughness, which
is not due to changes in the intrinsic surface energy, but
to measurement artefacts. These effects are most prom-
inent as the contact angles approach the detection lim-
its, since small misfits in assumed droplet shape or im-

W) DRVNA INDUSTRIJA 76 (3) 299-315 (2025) 309



Tufan, Uner: Analysis of Heat-Treated Taurus Cedar (Cedrus libani) Wood Surface Properties with Fourier Transform Infrared (FTIR)...

aging inaccuracies can lead to substantial errors in
energy calculations.

Another study observed that very weak repul-
sive interactions led to negative values on the inter-
face (Hwang et al., 2011). Furthermore, as heat treat-
ment alters the C-O-C stretching absorption band in
the cellulose structure, other alterations in the mate-
rial’s surface characteristics might transpire. The ad-
hesion process may be adversely affected by the re-
duction or alteration of this absorption band, which is
typically absorbed in the 1050-1150 nm range (Gar-
side et al., 2003).

One of the factors that significantly affects the
contact angle is the presence of a chemically heteroge-
neous structure. As the volume of liquid drops on the
substrate increases and the liquid drops move on the
surface, water drops can be fixed on the surface due to
the change in the chemicals on the surface of the mate-
rial and, as a result, contact angles can be affected. At
the same time, water drops can be fixed due to energy
differences in the functional groups on the surface. Due
to these reasons, liquid drops dropped on the surface
are prevented from overcoming energy barriers and
cause inaccurate measurement of contact angles (Can-
soy et al., 2011; Yu et al., 2022).

According to the values in Table 3, significant
increases occurred at 150 °C and 180 °C compared to
120 °C. This change was found to be consistent with
the increases in the LW component after heat treat-
ment in the study by Gérardin ef al. (2007). However,
LW values were negative at 210 °C and other tem-
peratures due to the prolongation of the heat treat-
ment time. This might be caused by unexpected struc-
tural variations on the materials’ surface, such as
modifications to the cellulose, lignin, and hemicellu-
lose structures. Furthermore, surface free energy may
rise while surface energy and polarity fall with longer
heat treatment times. The substance may become
more hydrophobic as a result of strong surface bind-
ing of molecules caused by this rise in surface free
energy. At the same time, as it reduces the liquid sur-
face area, it may suggest a strong molecular connec-
tion. According to Gerardin et al. (2007), Israelach-
vili (2011), and Vagli et al. (2024), all of these
modifications may restrict the material’s ability to
interact with other chemicals.

The decrease in hydroxyl groups in cedar wood
samples resulted in a drop in the 3350 cm™ absorption
band. This decline was particularly noticeable in cedar
wood samples that were heated to 210 °C for two, five,
and eight hours. This temperature shift indicates that
the cellulose structure has begun to break down. Fur-
thermore, depending on the temperature, the formation
of water-loving groups like carbonyl groups may result
in an additional drop in the density of hydroxyl groups.
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There was a discernible change in the electron
acceptor (y) component when cedar wood samples
were heated to 180 °C and 210 °C (Table 3). Depend-
ing on the heat treatment used, a considerable rise in
the electron acceptor (y*) component was seen in a re-
search by Gerardin et al. (2007). Wood material’s ca-
pacity to absorb moisture is diminished as a result of
decrease of hydrophilic OH groups caused by the mod-
ification process. Since heat treatment is generally ef-
fective at temperatures above 150 °C, no significant
change was detected in the samples at 120 °C. How-
ever, it was determined that changes occurred in the
samples as the temperature was kept constant and the
heat treatment time increased. In this case, it can be
argued that the beginning of modification of the sam-
ples was observed in the heat treatments of 2, 5 and 8
hours at 180 °C, as a result of the decomposition of
hemicellulose structures, and reduction of the amor-
phous structures (Gerardin et al., 2007). Also, the pe-
riod of modification started to slow down at 210 °C, as
the cellulose structure began to disintegrate in the ce-
dar wood samples.

During thermal treatment, the degradation of
hemicellulose and the loss of hydrophilic functional
groups (e.g., hydroxyl groups) decrease the surface
water affinity and lead to a decrease in the electron do-
nor component (7y) (Gao et al., 2022). At the same
time, lignin molecules migrate towards the surface and
the structure of lignin is rearranged, creating a more
polar surface. This decrease in the electron acceptor
component (y") also contributes to a decrease in the
overall surface energy (Rodriguez-Fabia et al., 2022).
The remarkably low ytot value (0.89) of the sample af-
ter 5 h of heat treatment at 210 °C clearly demonstrates
the effect of these mechanisms. Due to the large-scale
destruction of hemicellulose and the condensation of
lignin and cellulose, a polar and inert surface was
formed, which reduced the energetic interactions of the
surfaces and made it more hydrophobic (Gan et al.,
2023). It was also noted that a significant decrease in
acid-base properties was observed due to the presence
of functional groups associated with the remaining
lignin (Li et al., 2014).

The electron donor (y") component increased at
120 °C for 2 h, 5hand 8 h, at 150 °C for 5hand 8 h
and at 210 °C for 2 h. This can be explained by the
chemical changes that occur as a result of heat treat-
ment, which change the surface free energy of the ma-
terial with different components. Such an increase in
the surface free energy also causes a decrease in the
contact angle. Moreover, amorphous hemicellulose
molecules, such as xylose, mannose and arabinose, are
degraded due to heat treatment. As a result of this deg-
radation, there is an increase in crystallinity and lignin
content (Gerardin et al., 2007).
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4 CONCLUSIONS
4. ZAKLJUCAK

Upon analysis of heat-treated Taurus cedar sam-
ples, the decomposition of acetyl groups began at 180
°C and progressed notably when the temperature
reached 210 °C, leading to a decreased content of
acetyl groups that was more pronounced at the latter
temperature.

Surface contact angle research revealed that heat
treatment increased the wettability of non-polar mole-
cules while decreasing that of polar ones. This decrease
in wettability results from the removal of hydroxyl
groups during the heat treatment process. The observed
increase in electron acceptor component and van der
Waals forces served as additional substantiation of the
material alteration. Changes in the electron donor com-
ponent under certain processing conditions revealed
that hydrophilic groups had been eliminated.

The thermal modified Taurus cedar (Cedrus Ii-
bani) wood (120-150 °C for 2 and 5 hours) has ac-
quired improved properties suitable for the internal ap-
plications (as furniture and decorative coatings), the
surface hydrophobicity and the structural stability.
More intensive treatment (180-210 °C for 5 and 8
hours) further enhances water repellence, thus making
the material compatible with outdoor applications
(cladding, garden furniture). Nevertheless, the me-
chanical strength can decrease with the increase of the
severity of the treatment, and therefore such materials
are recommended for use in non-load-bearing applica-
tions. Optimizing heat treatment parameters plays an
important role in improving the properties and service
life of wood products. Moreover, research involving
micro- and nano-scale modification, which aims to cre-
ate superhydrophobic surfaces, is important for future
increasing the durability and functionality of woody
materials.
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