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František Kačík 1,* , Jozef Kúdela 2 , Eva Výbohová 1, Tereza Jurczyková 3 , Iveta Čabalová 1, Lukáš Adamčík 4 ,
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1 Department of Chemistry and Chemical Technology, Faculty of Wood Sciences and Technology, Technical
University in Zvolen, 96001 Zvolen, Slovakia; vybohova@tuzvo.sk (E.V.); cabalova@is.tuzvo.sk (I.Č.)
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Abstract: Thermal modification improves the properties of wood, especially its stability
and durability. We thermally treated spruce wood with the Thermowood process at three
temperatures (160 ◦C, 180 ◦C, and 210 ◦C) and subjected it to accelerated aging in wet
mode. We evaluated the chemical composition (wet chemistry, infrared spectroscopy),
color, surface morphology, and wetting of the wood surface with water. Thermal treatment
caused a significant decrease in hemicelluloses (up to 72.39% at a temperature of 210 ◦C),
which initiated an increase in the content of more resistant wood components—cellulose
and lignin. With accelerated aging, the hemicellulose content decreased by another 5%. The
most significant differences between the infrared spectra of thermally modified wood before
and after exposure to accelerated aging were in the absorption bands of lignin (1509 and
1596 cm−1) and in the region of carbonyl groups between 1800 and 1630 cm−1. Thermal
treatment also caused a change in the color of the wood to dark brown; the overall color
difference ∆E increased several times. The thermal-induced shortening of polysaccharide
fibers and reduction in their width were even more manifested during accelerated aging.
This work contains new knowledge about the properties critical for the reuse of thermally
modified wood after accelerated aging, simulating the end of its life cycle.

Keywords: spruce; thermowood; life cycle; recycling; infrared spectroscopy; color; surface
morphology; hydrophobicity; carbon footprint

1. Introduction
Thermal modification of wood is a well-established process that offers numerous

advantages. The recyclability of thermowood is an important aspect of its environmental
performance and sustainability. These benefits, including improved dimensional stability,
biological durability, esthetic enhancements, and reduced weight, make thermally modified
wood valuable in various applications, from construction to furniture making [1–3]. Well-
known technologies, such as thermowood (Finland), retified wood (France), Bois Perdure
(France), PLATO process (The Netherlands), OHT process (Germany), together with FWD
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(Germany), Timura (Germany), TVT and Termovuoto (Italy), Westwood process (USA),
WTT and IWT (USA), and Oleobois (France) [4,5], involve wood heat treatment at high
temperatures between 180 ◦C and 260 ◦C under an oxygen-free atmosphere to avoid
burning involving either the use of steam, nitrogen, or oil [6]. Heat treatment modifies the
structure of wood cell wall polymers through different chemical reactions conferring the
material’s new properties [7,8].

Research on thermally modified wood has been the object of important investigations
for several decades [9–11]. Even if the effects of heat treatment on wood durability have
been known for a long time, its industrial exploitation and the question of its use after the
end of its life cycle and recycling are only recently dated. The interest in thermally modified
wood has also expanded due to the decreased production of resistant raw wood materials,
the increased interest in durable construction materials, and legislative changes that restrict
the use of toxic substances [12], because increasing current environmental pressures have
led to important changes in the field of wood protection.

The environmental impact of the thermal modification process itself is relatively
low [1,13]. Candelier et al. [14] noted that the heat treatment process generates minimal
waste, and any byproducts can be captured and purified for further use. Additionally,
thermally modified wood can be recycled at the end of its life cycle without the detrimental
effects of chemically treated wood, which often contains biocidal agents. This recyclability
contributes to a more sustainable life cycle for wood products. One of the key factors
influencing the recyclability of thermowood is the alteration in its chemical composition,
particularly lignin. Kačíková et al. [15] highlighted that thermal treatment leads to sig-
nificant changes in lignin structure, which can affect the properties of wood products
and their recyclability. The modifications in lignin can enhance the bonding properties of
thermowood, making it suitable for reuse in composite materials or other applications.

The thermal modification process can also improve the esthetic qualities of wood,
which may enhance its marketability for recycling. For instance, thermowood exhibits a rich,
dark color that is often desirable in decorative applications [16]. The color change not only
enhances the visual appeal of the wood but also provides a level of protection against UV
radiation, further extending its lifespan [17,18]. The uniformity of color achieved through
thermal treatment can be a significant selling point for manufacturers and consumers
alike. Perdoch [19] noted that thermowood maintains high color stability, which can be
advantageous for its reuse in visible applications where appearance is important. This
esthetic appeal can facilitate the recycling of thermowood into new products, as it may
attract consumers looking for visually appealing materials.

Thermally modified wood is typical for its reduced hygroscopicity. Studies have
shown that thermal treatment can significantly reduce swelling and shrinkage, making
thermally modified wood more reliable in varying environmental conditions [20,21]. This
is achieved through the degradation of hemicelluloses, one of the major components of
wood, that are thermally less stable, and their degradation occurs in the first phase. For
instance, Calonego et al. [22] reported that thermal modification of Shizolobium parahyba
resulted in EMC reductions of up to 51.1% for juvenile wood and 42.7% for mature wood.
Similarly, Barbosa et al. [23] and Kozakiewicz et al. [24] highlighted that thermal treatment
significantly reduces the wood’s ability to exchange water with the outside environment,
thereby minimizing dimensional variations. This reduction in moisture absorption not only
enhances the dimensional stability of the wood but also contributes to its longevity, as it
minimizes the risk of warping and cracking over time [25].

In addition to dimensional stability, thermal modification enhances the biological
durability of wood. The process alters the chemical composition of wood, making it less
susceptible to decay and insect attacks. Research indicates that thermal treatment reduces
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the equilibrium moisture content of wood, which in turn decreases its vulnerability to
fungal growth [26,27]. Salman et al. [28] noted that thermal modification could improve
the durability of wood against termites, although the effectiveness may vary depending on
the wood species. Minkah et al. [29] highlighted that the thermal treatment significantly
increases the durability of Gmelina arborea wood against biological threats, which is crucial
for applications in outdoor environments, where wood is exposed to moisture and pests.
The ecological benefits of thermowood are further emphasized by its ability to improve
durability without the use of toxic chemicals, making it an environmentally friendly alter-
native to traditional wood treatments [30]. This increased durability extends the lifespan
of wood products, reducing the need for chemical preservatives that can be harmful to
the environment [14]. Assuming the preservation of these properties, such as reduced
hygroscopicity, improved dimensional stability, and resistance to biological damage, even
after the end of the thermal wood life cycle, this material becomes very attractive in various
areas of use.

The mechanical properties of thermowood also play a role in its recyclability. They
can vary depending on wood species, and specific conditions of the thermal modifica-
tion process, including temperature, duration, protective atmospheres during treatment,
etc. Therefore, optimizing the thermal modification conditions to achieve the desired
mechanical properties for specific applications is needed [21,31,32]. While some studies
have reported improvements in rigidity and hardness, others indicate a decrease in certain
strength parameters [33–35]. For example, Moliński et al. [36] found that while thermal
modification improved the rigidity of ash wood at lower temperatures, it led to a significant
decrease in the modulus of rupture (MOR) and modulus of elasticity (MOE) at higher
temperatures. Korkut and Aytin [37] found that the modulus of elasticity for wild cherry
wood decreased by as much as 39.5% when treated at 212 ◦C for 2.5 h. Similarly, Gennari
et al. [38] reported that heat-treated wood generally exhibited lower mechanical properties
than untreated wood, confirming a trend observed in various species. Changes in the
crystalline and amorphous proportion of cellulose can also greatly affect the mechanical
properties, and thermally treated spruce wood exhibits decreased mechanical properties
and polysaccharide content, especially hemicelluloses [35]. Winandy and Lebow [39]
and Esteves et al. [40] reported the correlation between the hemicellulose content and
flexural strength.

The density of thermally modified wood also tends to decrease due to the loss of mass
associated with the degradation of its chemical components. Roszyk et al. [41] observed
a reduction in density for ash wood, which decreased from 591 kg·m−3 to 563 kg·m−3

after treatment at 200 ◦C, alongside a mass loss of approximately 6%. This reduction in
density can affect the overall mechanical performance of the wood, as a lower density often
correlates with reduced strength.

All these changes can influence how thermowood can be processed and reused. For
example, thermowood with preserved mechanical properties may be suitable for struc-
tural applications, while wood that has become more brittle may be better suited for
non-structural uses, such as in composite materials. Additionally, the recyclability of ther-
mowood can be enhanced by its compatibility with other materials. Demircioğlu et al. [42]
explored the use of thermowood in composite structures, where it was combined with
rubber cork to create impact-resistant materials. This type of application not only utilizes
thermowood effectively but also promotes recycling by integrating it into products that can
be easily disassembled and reused at the end of their life cycle.

Unlike earlier studies that primarily explored the influence of the thermal modification
process on wood properties, this work investigates the changes in the properties critical for
the reuse of thermally modified wood after accelerated aging, simulating the end of its life
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cycle. We aim to determine changes in lignin and hemicelluloses during aging, highlighting
their role in improving recyclability and the potential for value-added applications such as
composite materials and adhesives. By studying how the chemical and physical properties
evolve, the research supports sustainable practices, such as extending wood’s life cycle
and optimizing its recycling potential. This approach also bridges the gap in a better
understanding of environmental sustainability in the woodworking industry.

2. Materials and Methods
2.1. Material

The experiments were performed on spruce (Picea abies, Karst) from the central region
of Czechia. After pine (52%), spruce wood is the second most heat-treated wood species
(33%); therefore, it was chosen as the material for investigation. The material consisted of
five logs, each 2 m long. The logs were cut at a tree height of 1.3 m above the ground. The
log diameters were from 0.4 to 0.5 m. The logs were processed into radial timber, 30 mm
in thickness, which was gradually dried to a 16% moisture content. Then, from each log,
four radial samples with dimensions 200 mm × 100 mm × 20 mm were obtained. The
specimens were sampled without juvenile wood. The samples were assorted into four sets
and acclimated to a 12% moisture content.

2.2. Thermal Modification

Four sets of samples were prepared for this purpose. One set consisted of samples
without thermal treatment (reference, denoted as REF). The other three sets of samples
were thermally treated at 160, 180, and 210 ◦C temperatures (denoted as 160-TW, 180-TW,
and 210-TW) following the Thermowood process according to Sikora et al. [3] (Figure 1).
During thermal modification, the samples were protected using steam. Each set contained
10 samples. All samples were conditioned at 65% relative humidity and 20 ◦C before
aging. All surface properties and parameters (chemical properties, color, roughness pro-
files, contact wetting angles) were measured on the samples before placing them in the
Xenotest chamber.
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2.3. Accelerated Aging

The degradation phenomena associated with the accelerated aging process were stud-
ied on test specimens prepared from the thermally treated and from the control samples.
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The specimens’ dimensions were 100 mm × 50 mm × 20 mm (length × width × thickness)—
Figure 2. Each sample set was represented by ten test specimens, two from each log. The
specimens in the individual sets were labeled as 160-TW-XE, 180-TW-XE, 210-TW-X, and
REF. The degradation phenomena were studied and evaluated on the radial specimens’
surfaces (Figure 2). Before being exposed to aging, all the specimens were acclimated under
a relative air humidity of 65% and an air temperature of 20 ◦C. All the specimens were mea-
sured to obtain the values of all their studied surface properties and parameters (chemical
properties, color, roughness profiles, wetting contact angles), and then the specimens were
placed in the Xenotest chamber.
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Figure 2. The test specimen of spruce wood.

The accelerated wood aging was realized in a xenon test chamber, Q-SUN Xe-3-HS
(Q-Lab Europe, Ltd., Bolton, UK). The experimental material, situated in the xenon test
chamber, was regularly shifted according to the recommended schedule, ensuring equal
radiation intensity and heat for all the specimens.

The aging conditions in the Xenotest chamber followed the standard ASTM G 155 [43].
This standard is fundamental in determining the conditions for accelerated aging for non-
metallic materials with the aid of a xenon charge tube. The exterior, so-called “wet mode”
was underway, simulating conditions when wood is exposed to radiation and rain (Table 1).

Table 1. The aging parameters set according to the standard ASTM G 155 “wet mode”.

Step Mode
Radiation
Intensity
(W·m−2)

Black Panel
Temperature

(◦C)

Air
Temperature

(◦C)

Relative Air
Humidity

(%)
Time
(min)

1 Radiation 0.35 63 48 30 102

2 Radiation + water
spraying 0.35 63 48 90 18

2.4. Chemical Analyses

Samples were ground to a 200–300 µm particle size using a POLYMIX PX-MFC 90D
laboratory mill (Kinematica, Luzern, Switzerland). Extractives were determined according
to ASTM D1107-21 [44] with a mixture of absolute ethanol for analysis (Merck, Darmstadt,
Germany) and toluene for analysis (Merck, Germany) (1.0/0.427, v/v), lignin according to
Sluiter et al. [45], cellulose according to Seifert [46], and holocellulose according to Wise
et al. [47]. Hemicelluloses were calculated as the difference between the holocellulose and
cellulose contents. Measurements were made in four replicates per sample. The results are
expressed as oven-dry mass per unextracted wood.
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2.5. Color Measurement

The colorimetric values of the coordinates L*, a*, and b* on all specimens were mea-
sured with the aid of a spectrophotometer, Spectro-guide 45/0 gloss (BYK-GARDNER
GmbH, Geretsried, Germany) before the beginning and after ending of the aging process
(600 h). The measurements were taken at ten spots per specimen. The color differences
∆L*, ∆a*, ∆b* under different irradiation conditions and the total color difference ∆E* were
determined according to the following equations:

∆L∗ = L2 − L1, L3 − L1, . . . , Ln − L1 (1)

∆a∗ = a2 − a1, a3 − a1, . . . , an − a1 (2)

∆b∗ = b2 − b1, b3 − b1, . . . , bn − b1 (3)

∆E =

√
∆L2 + ∆a2 + ∆b2. · · · (4)

Note as follows: the “from 2 to n” means the color value after wood surface irradiation,
and the index “1” denotes the referential value measured on the wood surface before the
aging process. For each mode, the color was measured at 10 spots on each specimen, so the
total number of measurements for each surface treatment mode was 100.

2.6. Evaluation of Wood Surface Morphology

The surface morphology of all specimens before and after aging was evaluated based
on the roughness parameters: Ra (mean arithmetic deviation), Rz (the maximum peak
height plus the maximum depression depth within the cut-off, or a sampling length), and
RSm (mean distance between the trenches). The roughness profiles were recorded with a
Surfcom 130A profilometer (Carl Zeiss, Oberkochen, Germany), consisting of a measuring
unit and an evaluation unit.

Roughness was measured on radial surfaces, parallel to the grain course and perpen-
dicular to the grain course, at two different spots on each specimen. The entire traversing
length consisted of a pre-length segment, five sample length segments lr (cutoff λc), and
a post-length segment lp. The basic lengths were chosen from the interval 0.025−8 mm,
based on the preliminary measured values of the roughness parameters Ra and Rz.

The morphology of the thermal-treated wood surface structure after having finished
the aging process was also studied with the aid of a Keyence VHX 7000 digital microscope
(Keyence Corporation, Osaka, Japan). All surfaces were scanned using a VH-Z100R camera
(Keyence Corporation, Osaka, Japan) performing at a 200-fold amplification. The scan size
was 10 × 10 mm. The scanned surfaces were processed by applying a topographic height
map, and in this way, 3D morphological patterns were generated for each surface.

2.7. Wood Surface Wetting with Water

Wood surface wetting with water was realized with a Krüss DSA30 Standard go-
niometer (Krüss, Hamburg, Germany). The wetting process was evaluated using the DSA3
software package (Krüss, Hamburg, Germany). Wood wetting was performed by applying
a drop of redistilled water with a volume of 0.0018 mL onto the wood surface. From the
moment in which the drop attained the wood surface up to the complete soaking into
this substrate. The drop profile history was scanned in the grain direction. This profile
was used for determining the contact angle as a measure of wetting extent. The scanning
frequency per second was adjusted according to the wetting process duration. The drop
shape was analyzed, and the contact angle was measured by circle methods.
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2.8. FTIR Spectroscopy

The surfaces of solid samples were analyzed by Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR). The spectra were acquired by accumulating
64 scans at a spectral resolution of 4 cm−1 in an absorbance mode from 4000 to 650 cm−1

and standardized using the baseline method. Obtained data were analyzed using the
OMNIC 9.0 software. Measurements were performed four times per sample.

2.9. Fiber Tester Analysis

A 0.5 g sample of holocellulose was soaked in 500 mL of distilled water for 24 h. The
mixture was then pulverized for 5 min at 850 rpm using an IKA RW 20 Digital Mixer
equipped with blunt blades (IKA-Werke GmbH & Co. KG, Staufen, Germany). A portion of
300 mL of the mixed sample was used for measurement. Fiber dimensional characteristics
were determined using an L & W Fiber Tester analyzer (Lorentzen and Wettre, Kista,
Sweden), which uses two-dimensional imaging technology. This automated measurement
technology allows frequent and rapid analysis of fiber quality, assessing properties such as
fiber length, width, and fine fraction (fiber lengths from 0.1 mm to 0.3 mm). Measurements
were performed in a single replicate per sample, with fiber counts in each population
ranging from 16,248 to 19,226 cells.

2.10. Evaluation of the Results

The results were processed in the STATISTICA version 10.0 program. The basic
statistical characteristics (mean, standard deviation) were determined by using descriptive
statistics. The impacts of the studied factors on the given properties were evaluated with
the multi-way variance analysis (MANOVA) and Duncan’s test.

3. Results and Discussion
3.1. Chemical Analyses

Wood contains especially low-molecular compounds that can be extracted with water
vapor or solvents with different polarities—from non-polar to highly polar. They are extrac-
tive substances, mainly terpenes, fats, waxes, triglycerides, resin acids, steryl esters, and
phenols. Wood extractives can migrate to the surface if mobile under thermal modification
conditions. In the temperature range of 100–160 ◦C, fats and waxes move along the axial
parenchyma cells to the surface of the pine sapwood during the heat treatment. At elevated
temperatures (above 180 ◦C), fats and waxes disappeared from the pine sapwood sur-
face [48]. Some extractive substances decompose at elevated temperatures and escape from
the wood, while some new ones are created due to the decomposition of polysaccharides,
especially hemicelluloses and partially also lignin. Almost all the original extractives dis-
appeared, and new compounds arose such as anhydrosugars and phenolic compounds in
heat-treated pine wood at 190–210 ◦C [49]. The wood chemical composition changed with
the heat treatment because of the different thermal resistance of the chemical compounds.
Heat-treated wood generally had more extractives, apparent lignin and cellulose, and
fewer hemicelluloses [50]. Our results are in line with the above findings; the thermal
modification of spruce wood causes a decrease in the content of polysaccharides mainly
through the degradation of hemicelluloses. The amount of more thermally stable polymers
(lignin, cellulose) in modified wood also increases slightly, and the total amount of extrac-
tive substances also increases (Table 2). The content of hemicelluloses in the thermally
treated wood at a temperature of 210 ◦C decreased by 72.39%, after accelerated aging, by
up to 77.70%. Similarly, greater decreases in hemicelluloses were observed after aging
even at lower temperatures (160-TW—7.16%, 180-TW—26.65%, 160-TW-XE—7.37%, and
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180-TW-XE—35.02%). Since the aging was in wet mode, the results indicated the leaching
of part of the hemicelluloses by water.

Table 2. Chemical composition of untreated, thermally treated, and aged spruce wood (% odw, SD
are in the parentheses).

Sample Extractives Lignin Cellulose Holocellulose Hemicelluloses

REF 0.98 (0.05) 26.24 (0.04) 45.35 (0.26) 73.43 (0.61) 28.07 (0.68)

160-TW 2.11 (0.07) 26.45 (0.07) 45.48 (0.14) 71.54 (0.31) 26.06 (0.38)
180-TW 2.71 (0.26) 28.65 (0.09) 46.33 (0.21) 66.93 (0.61) 20.59 (0.81)
210-TW 3.49 (0.25) 33.08 (0.05) 50.64 (0.17) 58.39 (0.12) 7.75 (0.26)

160-TW-XE 1.63 (0.10) 27.68 (0.40) 45.38 (0.12) 71.38 (0.36) 26.00 (0.40)
180-TW-XE 2.25 (0.14) 32.14 (0.18) 46.23 (0.37) 64.47 (0.27) 18.24 (0.33)
210-TW-XE 3.07 (0.23) 35.26 (0.43) 52.56 (0.11) 58.82 (0.22) 6.26 (0.12)

3.2. Color Changes

The first changes that were visually observed on the surface of spruce wood during
thermal treatment and the aging process were color changes. As the heat treatment tem-
perature changed and after accelerated aging, the values of the color coordinates L*, a*,
and b* of the spruce wood changed significantly, which was confirmed by the results of
the two-factor analysis of variance. The basic statistical characteristics of the values of the
individual color coordinates are shown in Table 3.

Table 3. Basic statistical characteristics of the values of the color coordinates L*, a*, and b* before and
after 600 h of aging of thermally treated spruce wood.

Conditions Color
Coordinates

Basic Statistical
Characteristics

Temperature (◦C)

REF 160 180 210

Before
Aging
(TW)

L*
x 85.07 75.99 58.46 32.09
s 0.74 2.52 2.14 2.03

a*
x 3.44 7.05 12.67 7.02
s 0.37 0.57 0.65 1.25

b*
x 19.06 26.86 29.79 10.59
s 0.65 1.14 1.02 2.54

After
Aging

(TW-XE)

L*
x 76.27 71.51 71.71 51.00
s 1.76 2.89 2.35 10.63

a*
x 3.91 6.50 5.77 6.97
s 0.64 0.86 0.80 1.82

b*
x 10.60 15.16 14.07 12.93
s 0.93 2.09 2.00 1.90

The mean value of L* lightness of the spruce specimens before thermal treatment
and before aging was 85, which is in line with the published results [50]. Spruce wood
is classified as a light species based on the lightness values and the values of the color
coordinates a* and b*. These are more susceptible to discoloration in thermal treatment and
aging [51,52].

With the increasing thermal modification temperature, the lightness decreased sig-
nificantly up to a value of 32. The values of the a* and b* coordinates increased with the
increasing thermal modification temperature up to 180 ◦C, i.e., they shifted towards a
deeper red and yellow color. With the increasing temperature, the wood gradually acquired
a more saturated brown color. By heat treatment at 210 ◦C, the values of the a* and b*
coordinates decreased significantly again, giving the wood a distinct dark brown color
(Figure 3).
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Figure 3. Color variation in spruce wood specimens during thermal treatment and accelerated aging.

Changes in the L*, a*, and b* coordinates were also reflected in the overall color
difference ∆E (Figure 4). Already after thermal treatment at 160 ◦C, the overall average
color difference ∆E = 12.54, which already represents a different color compared to the
original color [53]. As can be seen from Figure 5, thermal treatment at higher temperatures
increased the ∆E values several fold.
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Figure 4. Differences in color coordinates and the total color difference after thermal treatment of
spruce wood.

In the accelerated aging process under simulated outdoor conditions with simulated
rain, the color changes in the spruce wood surface were qualitatively and quantitatively
different compared to the thermal treatment (Table 3). Two factors (radiation and water)
interacted in the wet aging mode. As a result of radiation-induced photodegradation, the
spruce surface without thermal treatment darkened more intensively, which agrees with
works [54,55]. This was also observed for the thermally treated wood at 160 ◦C. The second
factor (water), interacting with the radiation itself, had the opposite effect. The longer the
aging process, the greater the influence of the second factor. As a result of the shift in values,
particularly of the b* coordinate, towards achromatic colors (Figure 5), the spruce wood
in all cases gradually turned gray and acquired the so-called patina (Figure 3). Likewise,
acetylated wood is susceptible to weathering in outdoor conditions and begins to fade and
turn gray [56].
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3.3. Morphology of Surfaces

The results of the three-factor analysis of variance confirmed the significant influence
of all three factors evaluated (thermal treatment, aging, and anatomical direction) and their
interactions on the roughness parameters.

Because of the orientation of its cellular elements, the original surface of the spruce
wood treated by milling had significantly lower values of roughness parameters in the
grain direction than perpendicular to the grain course (Table 4). The results of the spruce
wood roughness were in good agreement with those of Gurau [57] and Csanády et al. [58].

The thermal treatment slightly increased the roughness of the radial surfaces of the
spruce wood (Table 4). Greater changes in roughness were observed perpendicular to the
grain course than in the grain direction and this was due to the different degradation of
spring and summer wood [59]. Spring wood is more susceptible to degradation [60,61].
Although this difference was statistically significant, from a practical point of view, we
can neglect these differences between thermally untreated and treated spruce wood. This
is especially true for roughness in the longitudinal direction. High temperatures cause
the degradation of hemicelluloses [62,63], which break down into volatile products that
evaporate at high temperatures [64].
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Table 4. Statistical characteristics of roughness parameters before and after 600 h of accelerated aging
of thermally treated spruce wood.

Temperature
(◦C)

Statistical
Characteristics

Roughness Parameters—Parallel to Fibers (µm)

Before Aging (TW) After Aging (TW-XE)

Ra Rz RSm Ra Rz RSm

20
(REF)

x 3.16 25.47 487.62 11.57 86.78 1314.90
s 0.78 6.53 116.91 2.75 15.09 685.25

160
x 4.07 29.26 696.13 7.68 49.36 2037.03
s 2.93 15.82 303.12 3.13 20.26 1049.18

180
x 4.08 26.09 563.62 6.16 41.33 1350.95
s 1.84 11.29 252.33 2.09 14.06 755.55

210
x 4.34 27.65 582.96 11.01 75.96 1527.38
s 1.49 8.62 329.68 5.21 37.32 864.09

Roughness parameters—perpendicular to fibers (µm)

Ra Rz RSm Ra Rz RSm

20
(REF)

x 6.09 48.29 251.08 35.20 292.27 1180.421
s 0.65 5.59 22.20 5.71 47.00 987.25

160
x 7.99 54.54 522.26 23.46 151.31 1854.32
s 2.35 16.37 398.98 5.38 32.22 1042.30

180
x 5.15 43.71 227.50 33.45 149.60 2938.51
s 1.41 11.49 208.09 7.03 20.70 1339.36

210
x 5.86 46.76 242.61 48.19 213.55 1180.78
s 2.10 14.29 235.75 12.85 93.12 1371.42

After the aging process, a decrease in carbonyl groups and hydrolysis reactions af-
fecting mainly the acetyl groups of hemicelluloses occurred in the non-thermally treated
spruce wood due to the interaction of radiation with water. These phenomena resulted
in a more pronounced degradation of the spruce wood structure. This was reflected in
significantly higher values of the roughness parameters and greater changes were found in
the perpendicular direction than in the grain direction (Table 4). This is again due to the
different densities of spring and summer wood [50]. The average density of spring spruce
wood is 300 kg·m−3, while summer wood is 750 kg·m−3 [65]. These differences in density
resulted in the faster erosion of spring wood during the aging process and a significant
increase in roughness measured mainly perpendicular to the grain direction. Our results
are in line with the findings of the authors [66,67]. This differential erosion in spring and
summer wood resulted in the creation of the so-called “plastic texture”, which is generally
typical for conifers [68,69].

The thermal treatment made the spruce wood more hydrophobic. It was more resistant
to both air humidity and liquid water. This significantly slowed down the destructive action
of radiation in interaction with water in the aging process. This resulted in smaller changes
in the values of the roughness parameters. The exception was the thermal treatment at
210 ◦C. The effect of this high temperature resulted in increased degradation of the coating
layers and incipient charring. This degraded wood was less resistant to water in the aging
process, which was reflected in a more pronounced change in the roughness parameters
(Table 4).

Changes in the surface morphology of the spruce wood caused by the influence of the
studied factors can be seen on the topographic elevation map (Figures 6 and 7).
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3.4. Wetting of Spruce Wood with Water

The results of the water wetting of the spruce wood carried out with a drop applied to
its surface are shown in Table 5. The average contact angle at the beginning of the wetting
process was 32◦ for the untreated spruce wood. After being applied to the wood, the
drop spread continuously over the surface and simultaneously soaked into the wood. The
average soaking time of the water drop in the spruce wood was 26 s. This was imperfect
wetting. The contact angle values throughout the wetting process were the result of the
morphology of the wood surface and its chemical composition [70].

Table 5. Basic statistical characteristics of the contact angle θ0 before and after 600 h of aging of
thermally treated spruce wood.

Temperature
(◦C)

Statistical
Characteristics

Wetting Before Aging (TW) Wetting After Aging
(TW-XE)

Contact
Angle
θ (◦)

Time of
Wetting

t (s)

Contact
Angle
θ (◦)

Time of
Wetting

t (s)

20
(REF)

x
s

32 26 9 1.2
7 19 4 0.4

160 x
s

104 625 72 13.8
5 127 21 9.2

180 x
s

107 984 32 2.5
8 242 22 1.8

210 x
s

104 876 2 0.3
7 237 3 0.4

Signaled by its color change, chemical changes after thermal treatment of the spruce
wood significantly affected its hydrophilicity or hydrophobicity. Thermal treatment at three
different temperatures significantly increased the water resistance of spruce, which was
also reflected in the contact angle values. The average contact angle values of the thermally
treated spruce at the beginning of the wetting process were in all cases above 100◦ (Table 5).
This state of incomplete non-wetting persisted for an average of 3.7 min. The duration of
the entire wetting process, until the drop was completely absorbed into the wood, was
increased by a factor of 24 to 37 for the thermally treated wood compared to the untreated
wood. These facts indicate the hydrophobic character of the surface of the spruce wood
after its thermal treatment. Qualitatively similar results of thermally treated wood are also
reported by Todaro et al. [71], Miklečić et al. [72], and Bekhta et al. [73].

The changes in chemical composition and morphology that occurred in the spruce
wood during accelerated aging were significantly reflected in a reduction in water resistance,
as evidenced by significantly lower measured contact angle values and a significantly
shortened wetting process (Table 5). Both the wetting angles and the times for complete
soaking of the drop in the wood were highly variable, indicating a high heterogeneity of
the spruce wood surfaces.

The average value of the contact angle at the beginning of wetting of the untreated
thermal wood was 9◦ and the average duration of this process was 1.2 s. Cases of complete
wetting were also recorded. The thermally treated wood at 160 ◦C was the most resistant
to wetting, but the average contact angle after aging dropped to 72◦, indicating imperfect
wetting of these surfaces. Even better wetting after aging was observed for the wood
thermally treated at 180 ◦C. The contact angle was only half that of the previous case. The
wetting time was also significantly reduced. The wood thermally treated at 210 ◦C lost
almost all its water resistance after the accelerated aging process was complete (Table 5). In
most cases, this was complete wetting.
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The results showed that the wood subject to thermal treatment to increase hy-
drophobicity against environmental factors gradually loses this property and is prone
to degrading effects.

3.5. FTIR Spectroscopy

The most significant differences between the spectra of the thermally modified wood
before and after exposure to UV irradiation pertain to absorption bands of lignin (Figure 8a–c).
The bands at 1509 and 1596 cm−1 (aromatic skeletal vibrations) and at 808 cm−1 (C-H
out-of-plane aromatic in lignin) completely disappeared. A decrease in the intensity of the
absorption bands can also be observed in the region 1485–1440 cm−1 (overlapping bands of
C-H deformation vibrations in lignin and polysaccharides) and 1300–1185 cm−1 (Caryl–O,
guaiacyl ring breathing with CO stretching at 1264 cm−1, and C–O linkage in guaiacyl
aromatic methoxyl groups and acetyl groups in xyloglucan at 1230 cm−1) [74,75]. These
findings are consistent with Hoffman et al. [76] and Godinho et al. [77], indicating that
thermal modification does not contribute to lignin protection.

Weathering also caused a significant decrease in the absorption bands’ intensity in the
carbonyl groups region between 1800 and 1630 cm−1. This is a band around 1655 cm−1,
which is assigned to conjugated carbonyl groups in lignin and extractives, and to adsorbed
water molecules [78,79]. For the next absorption band in this region, not only a decrease
in its intensity can be observed, but also a shift in its maximum. In the case of the sample
thermally modified at 160 ◦C, a decrease of almost 68% and a shift in its maximum from
1732 to 1730 cm−1 is recorded; in the case of the sample modified at 180 ◦C, there is a
decrease of about 62% and a shift in the maximum from 1725 to 1731 cm−1 and in the
case of the sample modified at 210 ◦C, there is a decrease of up to 72% and a shift in its
maximum from 1720 to 1726 cm−1. Various changes in this spectral region caused by
weathering or artificial aging are described in the literature. An increase in the intensity
of the absorption band of carbonyl compounds was observed by Geffert et al. [80] after
exposure of beech and pine wood to intense UV radiation by a Sirius UVIR device with a
mercury lamp (125 W) within 150 min, further by Kúdela et al. [50] by accelerated aging of
spruce wood during 600 h of simulated outdoor conditions, and by Hofmann et al. [76]
after 36 h UV irradiation of spruce wood. On the other hand, like in this work, other
authors have observed a decrease in the intensity of carbonyl bands after the artificial
aging of wood. Firstly, it was after 800 h UV irradiation of Scots pine wood [81], secondly,
after 2000 h of artificial aging of pine sapwood [82], and thirdly, after 24-month natural
weathering of unmodified and thermally modified pine and ash wood [77]. During UV
irradiation, several processes take place in wood simultaneously with different effects on
the absorption in this region. It appears that the primary cause of these changes is lignin
degradation due to UV irradiation. By degradation of lignin, macromolecule free radicals
are generated, which subsequently react with oxygen to form various carbonyl compounds,
which is reflected in an increase in the intensity of their absorption bands. However, lignin
degradation increases the exposure of cellulose and hemicelluloses to weathering. It can be
assumed that with the increasing duration of UV irradiation, degradation of acetyl groups,
esters, and carboxylic acids occurs on the wood surface, resulting in a decrease in the
intensity of the absorption band of carbonyl groups [77,82]. Amorphous polysaccharides
are preferentially degraded by UV radiation. According to Torniainen et al. [79], this is
indicated by an increase in the intensity of the absorption band at 1156 cm−1 (C–O–C
vibration in cellulose and hemicelluloses).
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3.6. Fiber Tester Analysis

The results obtained from the Fiber Tester analysis (Figures 9 and 10) highlight the
variations in fiber length and width distribution in the spruce wood samples based on
the applied treatment. According to the fiber length distribution, the reference sample
(REF) comprised 44.41% fibers longer than 0.5 mm and 42.39% of the fine proportion.
Modifications in the treatment of the samples consistently reduced the proportion of
fibers exceeding 0.5 mm in length and resulted in an increase in the fine proportion. The
most notable changes were observed in the 210-TW-XE samples, where the combination of
thermal treatment at 210 ◦C and subsequent exposure to the Xenotest reduced the content of
fibers longer than 0.5 mm by 64%. The fine proportion content in these samples represented
a share of 67.03%. As the heat treatment temperature increased, the fraction of longer
fibers (>0.5 mm) decreased, while the proportion of shorter fibers (<0.5 mm) increased. The
Xenotest caused a further reduction in the fraction of longer fibers.
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The thermal treatment and subsequent Xenotest exposure also impacted the fiber
width. The reference sample contained 52.79% of fibers wider than 30.1 µm. Thermal
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treatment at 160 ◦C induced only minor changes in the fiber width distribution (Figure 10),
and the Xenotest had an insignificant impact on fibers treated at this temperature. At 180 ◦C,
the number of fibers wider than 30.1 µm decreased by 29%, with no substantial additional
effect from the Xenotest. However, treatment at 210 ◦C reduced the fraction of fibers wider
than 30.1 µm by 51%, with the Xenotest contributing an additional 8% reduction.

The distribution of the fiber length and width also depends on which part of the tree
the wood sample is taken from. A spruce wood sample taken from the trunk contains a
larger number of fibers shorter than 0.3 mm (approximately 50%) compared to the wood-
top (approximately 35%). During thermal treatment and long-term storage of wood, there
is a decrease in the fractions of longer fibers and an increase in the fractions of shorter fibers,
which is reflected in a decrease in the average fiber length [83]. According to Sawoszczuk
et al. [84], the decrease in the arithmetic mean of the fibers is linearly correlated with a de-
crease in the cellulose degree of polymerization. It is therefore assumed that these changes
will be reflected in a decrease in the mechanical strength of the wood. Tyrväinen [85] stated
that longer fibers have a greater number of interfibril bonding opportunities per fiber than
shorter fibers. The length of the fibers is a very important parameter in the strength of
wooden materials.

The applied treatments caused deformation, or “shrinkage,” of the fibers, resulting
in changes to their dimensions, both in length and width. Many of these changes were
irreversible, likely due to the structural alterations induced by the combined thermal and
Xenotest treatments. Thermal modification places the wood cell wall in a permanently
strained state [20,86], which could result in a loss of mechanical strength of the wood.
The properties and structure of thermally modified wood are slightly different than un-
treated woods from the same wood species, and therefore it is necessary to look for suitable
modification conditions that will improve the properties and prevent the wood’s mechanical
strength loss.

4. Conclusions
The influence of thermal treatment and accelerated aging on the changes in the prop-

erties of spruce wood has been studied by wet chemical methods, infrared spectroscopy,
color measurement, surface morphology, and wetting of the wood surface with water.
The thermal treatment causes a significant decrease in hemicelluloses and a decrease in
absorbances in the infrared spectra belonging to the lignin and carbonyl groups. As the
temperature of the spruce wood treatment increases, the brightness of the wood decreases
significantly, and the wood darkens, acquiring a dark brown color at the highest tempera-
ture. Due to the influence of radiation and water during accelerated aging, the spruce wood
gradually turned gray. The reduction in the fiber length and width during aging points to
opportunities for repurposing wood fibers in composite materials, such as particleboards
or fiber-reinforced composites. Due to the improved wetting of the wood with liquids
after aging, it is assumed that a better bond between the wood and the adhesive will be
formed, which will be suitable for the improved properties of particleboard. The increased
lignin content in aged wood provides a basis for extracting valuable chemicals like phenolic
compounds, which can be used in adhesives or bio-based materials, or can be utilized in
energy recovery processes, such as biomass combustion or pyrolysis.

The findings of this work are a prerequisite for innovative applications in composite
materials, adhesives, and energy recovery, contributing to a more circular and environ-
mentally friendly approach to wood processing. In future research, it would be necessary
to study the effect of aging on industrially produced samples of heat-treated wood to
determine the effect of aging (accelerated and natural) on real samples of the most used
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wood species to produce thermowood (e.g., pine, spruce) and also from the perspective of
released emissions and energy demand.
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