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Abstract: The aim of this study was to assess the effect of the duration of heat treatment on changes
in the color, as well as the chemical and mechanical properties of Scots pine sapwood. An important
element of the research was to obtain the assumed temperature in the entire volume of samples.
Quantitative changes in color and its components were recorded, while mechanical properties were
determined in tests of compressive strength parallel and perpendicular to the grain, longitudinal
tensile strength and modulus of elasticity and impact strength. The novelty of the research was
to determine the above-mentioned parameters for twin samples with identical moisture contents.
Chemical analyses were conducted on heat-treated wood that was subjected to heat treatment at
220 °C for a period from 1 to 8 h. Extension of the heat treatment duration resulted in the increasing
darkening of the wood, as well as a further reduction in the impact strength and tensile strength
parallel to the grain by approx. 40 and 50%, respectively, compared to the control wood, but also
compared to heat-treated wood for a shorter treatment duration. The heat treatment of wood caused
changes in the contents of the wood components, as well as the elemental composition in the heat-
treated wood, compared to the control pine. The changes in the structure of the heat-treated wood
were confirmed by the attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR). Observed quantitative changes in the main wood components, its structural changes, as well
as wood decomposition and increased crystallinity of cellulose explain significant changes in both
the mechanical properties and the color of heat-treated wood.

Keywords: heat treatment; Pinus sylvestris L.; color; mechanical properties; ATR-FTIR; chemical
composition

1. Introduction

In the course of heat treatment, significant qualitative and quantitative changes take
place in the chemical composition of wood (e.g., a decrease in the contents of carbohydrate
components of a low degree of polymerization; the depolymerization of cellulose and a
reduction in its degree of crystallinity), which manifest, for example, in the loss of mass
and changes in the color of the wood, while they also affect its prospective properties. The
impact of heat treatment causes changes in the physico-mechanical properties of wood
as a result of the degradation of one or more chemical cell wall components (cellulose,
hemicelluloses, lignin) [1-6].

Changes in the physical properties of heat-treated wood are reflected in increased
dimensional stability, reduced hygroscopicity, decreased absorbability and darkening of
the wood color. Heat treatment leads to the improvement of the natural durability of
wood, which is essential in the case of European species, considered to exhibit relatively
low resistance to atmospheric conditions. These properties, as well as a dark color of
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heat-treated wood, resembling that of exotic species, indicate the potential applicability of
heat-treated wood as their substitute [5-10].

Moreover, heat treatment has a considerable effect on the mechanical properties of
wood, which are closely related to wood water content. Heat-treated wood contains less
bound water compared to control wood. For this reason, an assessment of properties
in the case of heat-treated wood needs to take into consideration the moisture content
of the compared wood material. Wood that is subjected to heat treatment is generally
characterized by reduced mechanical properties, increased brittleness and susceptibility to
cracking when compared to control wood. An increase in treatment temperature above
150 °C results in a deterioration of longitudinal tensile strength and bending strength, as
well as an increase in compressive strength parallel to the grain and hardness [11-15].

The natural color of wood also changes markedly as a result of heat treatment. The
intensity of its changes depends among other things on changes in the chemical composition
of wood, the temperature and the time of treatment. The higher the temperature and the
longer the heat treatment duration, the darker the wood color, particularly in the early
wood zone of softwood species. A visual effect of the heat treatment process is related to
wood darkening, which is related to the process conditions. At a constant heat treatment
duration an increase in treatment temperature determines the intensity of changes to a
darker color [6,16-19]; however, a review of the literature provides ambiguous data whether
and to what degree the extension of heat treatment duration at a constant temperature at
the same time changes the color and properties of the wood.

The boundary temperature for the heat-treated wood process under commercial
conditions (in industrial practice) is 220 °C. At this temperature, considerable changes occur
in the structure, mechanical properties, as well as the natural color of wood. The immediate
goal of the study was to determine how extension of the heat treatment duration affects
changes in the color, physico-mechanical and chemical properties of Scots pine sapwood.

Results concerning changes in the color and mechanical parameters of wood that is
subjected to heat treatment at a high temperature (as compared to that typically used in
practice for heat-treated wood) may indicate an optimal treatment duration to ensure the
expected change in color, while preserving possibly high values of the wood mechanical
parameters. The obtained new data in this respect should facilitate the reduction in treat-
ment duration at the assumed heat treatment temperature, held constant throughout the
process. In this way;, it should contribute to improved economic results of the wood heat
treatment process.

2. Materials and Methods
2.1. Materials

The material was collected from the outer sections of a balk of Pinus sylvestris L. of
63 mm in thickness, cut above breast height diameter from the butt end of a log from a
tree aged approx. 100 years. The average width of annual growth rings in this stem was
2.3 mm, while the share of late wood in the annual growth increments was 31.6%. The
density of the Scots pine sapwood that was used for the analyses was 530 kg/m3.

Defect-free wood was used to obtain tangentially oriented slats, which were subse-
quently cut longitudinally into two parts to produce pairs of twin battens. Afterwards,
they were planed to the transverse dimensions of 20 x 20 mm and then cut into 330 mm
long sections. The sections were conditioned until a moisture content of approx. 7% was
achieved, then half of them were subjected to heat treatment and the other half constituted
the control. For these sections, samples were obtained with shapes and dimensions that
were adequate to test the mechanical properties of wood.

2.2. Methods
2.2.1. Heat Treatment of Wood

Heat-treated wood was run under laboratory conditions in the atmosphere of super-
heated steam, which was introduced to the heated chamber when the temperature inside
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the wood samples reached 130 °C (the ThermoWood® procedure), in accordance with the
methodology that was adopted in earlier such research. The adopted procedure ensured
an identical temperature of 220 °C throughout the entire sample volume for a period of 1,
2,4, 6 and 8 h, respectively [20,21].

2.2.2. Physical and Mechanical Properties

The physical and mechanical properties were determined in samples of heat-treated
wood and twin samples of control wood of comparable moisture content.

Wood color was determined according to PN-ISO 7724-3:2003 [22] using a DataColor
TOOLS 600 spectrophotometer (Datacolor Company, Lawrenceville, NJ, USA), recording
coordinates in the CIELab system. The measurements were taken on the radial surface of
the sections, always at the same four points before and after heat treatment, and on twin
sections. The results were expressed by the number of units of total color difference—AE.

AE = \/ AL? 4 Aa2 + Ab? (1)

- AL—the difference in the lightness
- Aa; Ab—the chromatic coordinates.

The moisture content was determined according to ISO 13061-1 (2014) [23]. The
equilibrium moisture content of heat-treated wood at a temperature of 220 °C for 1, 2, 4, 6
and 8 h amounted on average to 3.6%, while that of the control samples was 3.9%.

Density was determined according to ISO 13061-2 (2014) [24].

The mechanical properties were tested following the requirements of respective stan-
dards using a ZWICK Z050TH universal strength testing machine equipped with a ZWICK
066550.02 extensometer (Zwick/Roell, Ulm, Germany). The machine software, apart from
the graphical recording of the test process, also made it possible to calculate the values of
strength and modulus of elasticity (MOE).

Longitudinal compressive strength (CS;) was determined according to ISO 13061-
17:2017 [25], while compressive strength perpendicular to the grain (so-called stress at
proportionality limit), in the tangential direction CSt and the radial direction CSg was
tested according to ISO 13061-5:2020 [26].

Longitudinal tensile strength (TSy ) was determined according to PN-D-04107:1981 [27]
on double-sided shoulder samples of 16 (T) x 20 (R) x 160 (L) mm, narrowed in the middle
part at a length of 40 mm to the tangential dimension of 2.5 mm. Additionally, MOE; was
also recorded.

The impact strength (IS) of wood was determined according to PN-D-04104:1979 [28]
on rectangular samples of 10 (T) x 10 (R) x 110 (L) mm using a Louis Schopper pendulum
impact machine (support spacing of 70 mm) (Werkstoffprufmaschine Leipzig GmbH,
Leipzig, Germany).

2.2.3. Chemical Analysis

The samples of control and heat-treated wood were ground in a Fritsch type 15
laboratory mill (IKA Werke, Staufen im Breisgau, Germany) to sawdust with a particle size
below 0.50 mm and used for all chemical analyses.

The chemical composition of wood was assayed according to the TAPPI standards.
The content of extractives in the wood samples was determined in accordance with TAPPI
T 204 cm-07 [29]. The cellulose content in the wood samples was assayed according to
Seifert [30], the lignin content by applying the TAPPI T 222 om-06 standard [31], and
the holocellulose content was assayed based on TAPPI T 9 wd-75 [32]. The content of
hemicelluloses was calculated from the difference between holocellulose and cellulose.

The elemental composition (contents of carbon, nitrogen, hydrogen and oxygen) of
the wood samples was determined using a Flash 2000 elemental analyzer (Thermo Fisher
Scientific, Waltham, MA, USA).
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The attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
was applied to analyze changes in the wood structure after heat treatment using a Nicolet
iS5 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The obtained spectra were
used to calculate the total crystalline index (TCI, Hi37,/Hosgss) [33]; the lateral order index
(LOI, A1427/A896) [34], and the hydrogen bond intensity (HBI, A3400 /A]gz()) [35]

2.2.4. Statistical Analysis

Statistical analyses included a factorial one-way ANOVA, followed by Tukey’s honest
significant difference (HSD) test at « = 0.05. All the statistical analyses were performed
using the TIBCO Software Inc. Statistica version 13.1 (Palo Alto, CA, USA).

3. Results and discussion
3.1. Wood Color

Heat treatment causes changes in wood color parameters and their intensity is affected
by the extension of treatment time. The results are shown in Table 1 and Figure 1. The color
of heat-treated wood darkens with extending the heat treatment duration.

Table 1. Parameters of color change in heat-treated wood at different treatment time and at constant

temperature.
Parameters of Color (-)
Time t (h)
AL Aa Ab AE

1 —4149 +£2.72 10.10 + 0.49 23.27 £1.15 48.40 £2.09
2 —49.53 £ 2.01 10.52 £+ 0.51 19.18 £ 1.02 54.17 £ 1.68
4 —4793 +£1.21 10.19 + 0.49 20.18 £1.02 53.01 £ 1.00
6 —52.19 +£1.54 9.45 + 0.51 1724 +1.11 55.79 £1.20
8 —55.85 +1.31 8.41 + 0.36 13.73 £ 1.02 58.15 £ 1.02

Control * —12.60 £ 0.73 4.75 £ 0.37 24.69 £0.95 28.13 £ 1.14

* Values of parameters of control wood are mean values from measurements of color in all control (twin) samples.

(@)

(b)

(©

(d)

Figure 1. Sample surface—control (a) and heat-treated wood (constant temperature of heat treatment—
220 °C) at a heat treatment duration of 1 h (b); 2 h (c); 8 h (d).

Table 1 presents mean values and standard deviations (+0y,_1) of recorded parameters.

Extension of the heat treatment duration (within the range from 1 to 8 h) leads to an
increase in AE by approx. 10 units, i.e., by 20%; a decrease in AL by approx. 14 units (35%);
as well as a reduction in the values of coordinates Aa and Ab by approx. 2 and 10 units,
i.e.,, by 17 and 41%, respectively. Color changes are important because AE is greater than
3 units, the value at which the variation of wood color is considered perceptible to the
human eye [36]. The results are shown in Table 1. It was observed that with an extension of
heat treatment time the wood color becomes darker (AE), less red (Aa) and less yellow (Ab),
while the lightness decreases, as shown by the difference in lightness (AL). The decrease in
lightness (AL) resulting in total color difference (AE) and accelerated darkening when heat
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treatment exceeded 200 °C was previously reported by Gonzalez-Pefia and Hale [19], and
Bekhta and Niemz [13].

With an extension of heat treatment duration, an upward trend is observed for AE
and a downward trend for AL, Aa and Ab. The level of the total change in wood color
(AE) it determined mainly by the parameter, whose value undergoes the greatest changes,
i.e., AL. Changes in the total color difference (AE) and its components in the function of
heat treatment duration were approximated by linear functions. The results are shown in
Table 2.

Table 2. Constants in the regression equation y = ax + b relating parameters of color to time of

heat treatment.

Constants Correlation Coefficient
Parameters of Color
a b R
AE 1.048 49.712 0.77
AL —1.574 —43.085 0.81
Aa —0.267 10.872 0.76
Ab —0.994 22.553 0.83

Heat treatment causes an increase in the relative values of the investigated parameters
of wood color (relative value = value of the investigated property in heat-treated wood
related to the value of this property determined on twin samples of control wood). With an
extension of heat treatment duration, the relative values of parameters AE and AL increase,
while those of Aa and Ab decrease. After 8 h of heat treatment, the value of color parameter
AE increases by 100%, AL by 340 % and Aa by 90%, whereas the value of Ab decreases by
50% in relation to the values of the respective parameter in wood that is not subjected to
heat treatment. The results are shown in Figure 2.

AE AL
5
4
T
@
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o
-
v
E 2
&
1
0
Aa Ab
5
4
T
@
=3
[
4
% 2
3
1
. IEE Y
1 2 4 6 8 1 2 4 6 8
t(h) t (h)

Figure 2. Relation to controlled value (in proportion) versus t (h).

3.2. Mechanical Properties

Heat treatment leads to a reduction in the longitudinal compressive strength of wood
(CSL). The mean value of this strength in heat-treated wood is 62.5 MPa, while in control
wood it is 70.2 MPa. The results are given in Table 3. The decrease in CSp, of heat-treated
Scots pine wood was observed by Korkut et al. [37] and Gonzalez-Pefia and Hale [11].
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Table 3. Mechanical properties of wood.
Mechanical Heat Treatment Duration (h)
Properties 1 2 4 6 8 Control *
CS., [MPa] 64.0 £ 10.5 649 +44 679 +3.4 599 £438 55.7+£23 702 +4.3
CSt [MPa] 39+05 42+04 54+05 43+01 46102 75£03
CSg [MPa] 23+£03 24+03 27+03 25+£03 23+£02 38+£05
TSy, [MPa] 63.4 £ 8.0 58.5 £8.2 58.4 £11.9 55.0 £ 6.9 56.6 £ 15.6 100.1 +=14.3
MOE], [GPa] 12.6 £ 1.0 14.9 £ 0.7 16.2 £ 0.7 125+ 09 154 £ 05 139+ 14
IS [J/cm?] 2.81 4 0.30 2.61 £0.37 1.54 £0.27 2.40 + 0.34 1.72 £ 043 3.85+0.55

* mean values of a given property were determined in all control wood samples (control).

Table 3 and the following presents mean values and standard deviations (+0,_1) of
recorded parameters.

The analysis of changes in the relative compressive strength parallel to the grain
in heat-treated wood indicates a slight effect of heat treatment duration. Heat-treated
wood, compared to control wood, exhibits on average 12% lower longitudinal compressive
strength, regardless of heat treatment duration. The results are given in Figure 3.
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Figure 3. Relation to controlled value (in proportion) versus t (h). Each represents the mean value of
n samples. IS, n = 20; CSy, n = 10; CSt, n = 10; CSg, n = 10; TSy, n = 10; MOEy,, n = 10.

Heat treatment also causes a decrease in the compressive strength of wood perpen-
dicular to the grain. The mean value of CSt in heat-treated wood is 4.5 MPa, while that of
control wood is 7.5 MPa. The mean value of CSg for heat-treated wood is 2.4 MPa, whereas
in control wood it is 3.8 MPa. However, no significant differences were found after an
extension of the heat treatment duration. The results are shown in Table 3.

Compared to control wood, the average reduction in compressive strength in the
tangential direction is 41%, while in the radial direction it is 35%. The results are given in
Figure 3.

The analysis of changes in Young’s modulus along the grain indicates a lack of a
marked effect of heat treatment duration on the modulus value (Table 3). The mean value
for heat-treated wood is 14.3 GPa, compared to 13.9 GPa for control wood. A lack of any
relationship between wood heat treatment duration and the values of the modulus of

elasticity parallel to the grain is also confirmed by the analysis of relative values for this
parameter (Figure 3).
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The impact strength of heat-treated wood with an extension of heat treatment time
decreases from 2.8 to 1.7 ] /cm?. The mean value of impact strength for control wood is
3.9]/cm?. Extension of the treatment time causes a decrease in the relative values of impact
strength by 24% in the case of a 1-h heat treatment duration, and this is up to 58% for a
heat treatment duration of 8 h (Figure 3). A decrease in the IS after the heat treatment
corresponds with other research [11,19,37].

A reduction in strength at dynamic loading indicates an increase in the brittleness of
heat-treated wood, while an extension of heat treatment time considerably intensifies the
decrease in impact strength. This is confirmed by FTIR results, particularly the recorded
increase in the degree of the crystallinity of cellulose. Changes in wood structure that take
place at a temperature above 150 °C are significant in terms of mechanical properties [38].
A considerable reduction in the impact strength of heat-treated wood was also observed in
earlier studies [11,12].

Tensile strength parallel to the grain in heat-treated wood decreases with an extension
of the heat treatment time (Table 3). An analysis of relative values confirms this observation
and indicates a considerable reduction in tensile strength parallel to the grain in the case of
heat-treated wood at 220 °C, accounting for 68 to 50% strength of control wood (Figure 3).
This may be explained by structural changes, decomposition and the increased brittleness
of wood as a result of heat treatment.

The investigated mechanical properties varied little in the analyzed wood samples.
The coefficient of variation (CV) of the control wood ranged from 4% (CSt) to 14% (IS),
similar to heat-treated wood, where it was from 3% (CSrt) to 25% (IS).

The testing results show that extension of the heat treatment duration over 2 h at
220 °C does not cause greater color intensity (further darkening) of Scots pine sapwood.
An analysis of the effect of heat treatment duration on the mechanical properties of wood
shows that reduced compressive strength parallel and perpendicular to grain is more or
less identical and does not depend on heat treatment duration within the range of 1 up
to 8 h. Moreover, the applied heat treatment has practically no effect on changes in the
modulus of elasticity. In contrast, impact strength and tensile strength parallel to grain
starting from the 4th h of the heat treatment process are considerably reduced on average
by half, compared to the control wood. These results indicate that in the heat treatment
of pine sapwood at the temperature of 220 °C to obtain intensive darkening at a relatively
small deterioration of impact strength and tensile strength parallel to grain, the treatment
duration may be reduced to approx. 2 h.

3.3. Chemical Composition of Heat-Treated Wood

The heat treatment of pine wood caused changes in the contents of the main wood
components, as presented in Table 4.

Table 4. Contents of extractives and main components in heat-treated wood.

Heat Treatment Duration (h)

Content (%)

1 2 4 6 8 Control

Extractives 11.80° 4+ 0.01 11.60 b€ + 0.00 11.24 € 4+ 0.01 10.80 9 +0.10 11.50 ¢ +0.10 13292 +0.11
Cellulose 46.65° + 0.38 47679 40.18 57.292 +0.16 52.06° + 0.32 50.42 ¢ + 0.03 452414 0.30

Hemicelluloses * 2045 19.58 6.32 8.92 10.08 42.26
Holocellulose 67.10° £+ 0.11 67.26° 4+ 0.10 63.61 ¢ 4+ 0.09 60.98 4 + 0.06 60504 +0.33 87.482 +0.08
Lignin 29.574 +0.18 30.87 ¢ +0.17 32.40 2P +0.02 32.552 + 0.09 32.00P + 0.04 26.91°¢ +0.27

H/L 2.26 2.17 1.96 1.87 1.89 3.25

C/L 1.57 1.54 1.76 1.59 1.57 1.68

* Content calculated from the difference between holocellulose and cellulose. Values denoted with identical letters
do not differ significantly.

Extending the heat treatment duration did not significantly affect the content of the
extractives soluble in ethanol, used as a solvent. The content of extractives decreased
by about 18% in heat-treated wood compared to the control wood and was similar in all
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variants of heat treatment duration (Table 4). According to the statistical analysis, wood
composition after 6 h of heat treatment was characterized by a lower content of extractives,
compared to heat-treated wood in other time variants. The decrease in the extractive
contents resulted from the removal of volatile substances, lignin degradation products and
carbohydrates in the extraction mixture.

During heat treatment, the content of cellulose in heat-treated wood increased from
45.24% to 57.28% (Table 4). The apparent relative increase in cellulose content can be
attributed to structural changes and the cross-linking reaction of the polymer.

Among all the analyzed wood components, the low molecular weight carbohydrates
are the most susceptible to heat treatment. The progress of the degradation depends on the
heat treatment duration.

The decrease in hemicelluloses contents in heat-treated wood for 4 h was about 85%
of the content in control wood (Table 4).

Lignin systems were characterized by greater thermal stability compared to the car-
bohydrates. The lignin content in heat-treated wood in the period from 1 to 8 h showed a
relative increase (about 16.9%) compared to the control wood. Moreover, as shown by the
statistical analysis, the lignin content in heat-treated wood is related to the duration of the
heat treatment. The increase in lignin content could be connected with the condensation
reaction [39,40], while condensation is the effect of breaking the 3-O-4 bonds in lignin and
the methoxy groups. The present results of lignin contents at various thermal processing
times correspond to the obtained results of wood color changes (Table 1). The changes in
the structural components of wood after heat treatment correspond with those that are
presented in other studies [41,42].

The ratio of cellulose to lignin (C/L) and of holocellulose to lignin (H/L) in heat-treated
wood are indicators of wood decomposition after heat treatment.

The values of the C/L and H/L ratios in heat-treated and control wood are presented
in Table 4. The H/L ratio ranged from 3.25 (for the control sample) to 1.89 (for wood after
8 h heat treatment). A significant reduction in the value of this index is confirmed by the
increase in the degradation progress of low molecular weight carbohydrate components in
wood during heat treatment.

A slight decrease in the ratio of cellulose to lignin systems (C/L) ranging from 1.68 (con-
trol wood) to 1.57 (wood after 8 h treatment) during heat treatment indicates a greater
thermal stability of cellulose compared to hemicelluloses. The slight reduction in the C/L
ratio is due to the disturbance of the amorphous regions of cellulose during heat treatment.

3.4. Ultimate Analysis of Heat-Treated Wood

The ultimate analysis (nitrogen, carbon, hydrogen and oxygen contents) of the control
and heat-treated wood is presented in Table 5.

Table 5. The ultimate analysis of control and heat-treated wood.

Content of Element (%)

Heat Treatment Duration (h)

1 2 4 6 8 Control

Nitrogen
Carbon
Hydrogen
Oxygen
O/C ratio
H/C ratio

0.057° + 0.001
50.076  + 0.169
6.0752 + 0.022
43.382° +0.134
0.870
0.121

0.058 &P + 0.003
50.137 b 4 0.068
6.124 2 + 0.003
43.431°¢ + 0.087
0.866
0.122

0.061 2P + 0.001
50.327 + 0.059
6.1112 + 0.008
43.2614 4+ 0.016
0.860
0.121

0.060 P + 0.000
51.238 + 0.146
6.037 2 + 0.001
42.414° +0.143
0.828
0.118

0.067 @ 4+ 0.001
51.561 2 + 0.069
6.028 @ + 0.009
42124 +0.046
0.817
0.117

0.062 &P + 0.003
47.757 € + 0.013
6.170 2 + 0.069
45.8312 4 0.080
0.960
0.129

Values denoted with identical letters do not differ significantly.

The nitrogen and hydrogen concentrations were similar in the control and heat-treated
wood, regardless of the heat treatment duration. Heat treatment caused an increase in
carbon concentration and a decrease in oxygen concentration when compared to control
wood, which was confirmed by the statistical analysis. Moreover, the changes in the C
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and O contents were especially evident in the case of heat-treated wood for 6 and 8 h. The
increase in carbon content and decrease in oxygen concentration in heat-treated wood was
also observed in the case of heat-treated oak, poplar, beech, ash, pine or fir wood [43—45].
The reduction in O content in heat-treated wood could be connected with decarboxylation
(cleavage of acetic acid from hemicelluloses) [44]. Heat treatment caused a reduction
in O/C and H/C ratios compared to control wood, caused mainly by the degradation,
decarboxylation and deacetylation of polysaccharide [46]. The decrease in the O/C and
H/C ratios of heat-treated wood was previously reported in the available literature based
on X-ray photoelectron spectroscopy analysis and elemental analysis (contents of C, H, N
and O) [43,47].

3.5. Infrared Spectroscopy of Heat-Treated Wood

Changes in the structure of wood caused by heat treatment carried out at different
times were determined using the ATR-FTIR analysis, the results of which are presented in
Figure 4 in the form of spectra.

8h ~ RN
;—~\5 . AN
c \
&|Contro \ /
= N\ \ / -\J \ \/ \
g / I I ™
c
© 1650 1600 I
g 1735 1910,

3850

4000 3500 3000 18001700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500
Wavenumbers (cm™)

Figure 4. ATR-FTIR spectra of control and heat-treated wood.

The heat treatment of pine wood for a period of 1-8 h caused a reduction in the
intensity of the band at 3550 cm ™! ascribed to hydroxyl groups, compared to control
wood [48]. In the spectra of heat-treated wood, the reduction in the intensity bands was
observed at 1735 cm ! (C=O ester non-conjugated carbonyl group) and at 1655 cm ™! (C-O
in quinones coupled with C=0 stretching in various groups), related to hemicelluloses
degradation [42]. The decrease in the intensity of lignin characteristic bands at 1510 cm~*
(C=C stretching of the aromatic skeleton); 1460 cm~! (deformation of the C-H bond of
xylan); 1270 cm ™! (guaiacyl ring breathing); and 1030 cm ™! (C-O ester stretching vibrations
in methoxyl and (3-O-4 linkages) was also visible in the spectra of heat-treated wood
samples, compared to the spectra of the control wood [42,49,50]. These changes observed
in the spectra of heat-treated wood samples in comparison with the spectrum of control
wood were connected with lignin degradation during heating. In turn, the increase in band
intensity at 1600 cm~! in wood after heat treatment was related to the increase in aromatic
rings in the wood components after their degradation [50]. The FTIR results showed that
the heat treatment of pine wood caused changes in the structure of wood compared to that
in the control sample. On the other hand, extending the time of heat-treated wood had a
slight effect on changes taking place in the structure of heat-treated wood.

The applied FTIR analysis is a very simple and useful method of assessing structural
changes in wood. The total crystallinity index (TCI), the lateral order index (LOI) and the
hydrogen bond intensity (HBI) were determined and are presented in Table 6.
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Table 6. Infrared crystallinity ratio (LOI and TCI) and hydrogen bond intensity (HBI) of cellulose in
heat-treated wood.

Heat Treatment Duration (h)

1 2 4 6 8 Control
TCI (1372/2885) * 1.43 +£0.01 1.48 + 0.02 1.46 + 0.06 1.49 £+ 0.05 1.50 £ 0.03 1.38 £+ 0.06
LOI (1427/896) * 0.60 + 0.02 0.65 + 0.01 0.65 + 0.09 0.68 + 0.02 0.68 + 0.05 0.62 + 0.01
HBI (3400/1320) 1.25 £ 0.01 1.22 +0.03 1.18 £ 0.02 1.15 4+ 0.01 1.05 + 0.01 1.34 +0.03

* IR crystallinity ratio.

The LOI index correlated with the overall degree of cellulose order in wood and
ranged from 0.62 to 0.68. In turn, the TCI index changed from 1.3 (for control wood) to
1.5 (for wood after 8 h heat treatment), which indicated an increase in the crystallinity of
cellulose in wood. However, no significant differences in this parameter were found when
extending the time of wood heat treatment. The change in crystallinity may be determined
by the reorientation or rearrangement of quasicrystalline amorphous areas of cellulose
or may be caused by crystallization in hemicelluloses [51,52]. The TCI index that is used
to assess changes in the crystallinity of samples is a very useful tool because it correlates
well with the results of X-ray analysis [53]. The increase in crystallinity is a very important
parameter, as it indicates greater thermal stability and greater strength of the analyzed
materials [54]. This is explained by changes in the strength of wood after heat treatment in
our study.

The hydrogen bond intensity (HBI) ranged from 1.34 to 1.05. This change is related to
the crystal system and the degree of intermolecular regularity [35].

4. Conclusions

This paper presents the results of analyses concerning the physico-mechanical and
chemical properties of the Scots pine (Pinus sylvestris L.) sapwood, which was subjected
to heat treatment at the temperature of 220 °C with a duration of 1, 2, 4, 6 and 8 h. An
important element of this study was to run the heat treatment process so as to ensure
the temperature of 220 °C over the entire sample volume and to determine the wood
properties (color, modulus of elasticity, tensile strength, compressive strength and impact
strength) on twin samples of identical moisture content. It was crucial to gain information
on how multiple variants of heat treatment duration intensify changes in wood properties.
The color of heat-treated wood at 220 °C compared to that of control wood undergoes
considerable changes (darkening), and after the first hour of treatment, AE increases by
72%, while after the second hour it increases by 93%.

After 1 h of heat treatment a considerable color change was observed to over a three-
fold decrease in lightness, as well as a deterioration of the mechanical properties in wood:
longitudinal tensile strength by 33%; compressive strength in the tangential direction by
45%; compressive strength in the radial direction by 39%; compressive strength parallel to
the grain by 15%; as well as impact strength by 25%, in comparison to the twin samples
of control wood. In contrast, no effect of heat treatment was observed on the modulus
of elasticity. Extension of the treatment duration from 1 to 8 h causes a relatively limited
darkening of wood and parameter AE increases within this range by 20%. Changes in
color parameters AE, AL, Aa and Ab in the function of heat treatment duration may be well
approximated using linear functions.

With an extension of heat treatment duration, a further marked reduction was observed
in impact strength and longitudinal tensile strength, while no effect of extended heat
treatment duration was found on the compressive strength or modulus of elasticity in
heat-treated wood. Analyses confirmed the opinion on a deterioration of strength and an
increase in the brittleness of heat-treated wood. In contrast, these analyses contradicted
reports that heat treatment enhances compressive strength parallel to the grain [12,55].
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The heat-treated of pine sapwood at 220 °C shows lower contents of extractives, holo-
cellulose and hemicelluloses, as well as greater contents of cellulose and lignin compared
to control wood. With an extension of the heat treatment duration in heat-treated wood, the
contents of cellulose and lignin increase, levels of hemicelluloses and holocellulose decrease,
while contents of extractives do not depend on heat treatment duration. Heat-treated wood
is characterized by increased cellulose crystallinity, regardless of heat treatment duration.
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