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Effect of Heat Treatment Parameters on the Physical,
Mechanical, and Crystallinity Index Properties of Scots
Pine and Beech Wood

Emre Birinci,** Mehmet Karamanoglu,® Haci Ismail Kesik,® and Alperen Kaymakci ¢

Effects of heat treatment parameters on the physical properties,
mechanical properties, and crystallinity index of Scots pine and beech
wood were investigated. Scots pine (Pinus sylvestris L.) and beech (Fagus
orientalis Lipsky) sapwood samples were prepared in 2 cm x 2 cm x 36 cm
dimensions by considering the physical and mechanical tests. The
samples were heat-treated for 2 h and 4 h at 150 °C, 180 °C, and 210 °C
in an atmospheric environment. The shrinking and swelling percentages
of all samples were calculated. The compressive strength, bending
strength, modulus of elasticity (MOE), and hardness tests were carried
out. X-ray diffraction (XRD) was performed to calculate the crystallinity
index values. As a result of the study, it was determined that heat
treatment generally had a positive effect on the physical properties of
Scots pine and beech samples. It was observed that the bending strength
of the wood samples decreased up to 180 °C as the temperature
increased and then increased. It was determined that the MOE of the
Scots pine and beech wood decreased with the heat treatment. As the
heat treatment temperature and time were increased, the crystallinity
index values initially increased partially and then decreased.
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INTRODUCTION

Wood is a renewable material with high strength properties compared to its density.
In addition, wood is biodegradable in places of use, and it can shrink and swell in size with
moisture. Various wood protection methods such as impregnation, chemical modification,
and heat treatment have been developed to prevent these problems encountered by wood
material.

Heat treatment is basically the process of exposing the wood material to a
temperature between 150 and 240 °C for certain periods. Heat treatment causes significant
changes in the physical and chemical structure of the wood material (Kocaefe ef al. 2008).
During heat treatment, the hemicellulose is the first to degrade in wood. This causes the
mechanical properties of the heat-treated wood to partially decrease, and the wood gains
biological durability with the partial disappearance of the nutrient medium suitable,
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especially for fungi. A significant decrease in the number of accessible hydroxyl groups in
the cell wall occurs with the depolymerisation of hemicellulose. This situation reduces the
hygroscopic feature of the wood and provides dimensional stability to the wood (Yun et
al. 2015).

Cellulose in the cell wall polymers degrades after the hemicellulose. Cellulose
consists of helically wrapped microfibrils, which contain amorphous and crystalline
regions. While the crystalline regions are the parts with regular cellulose chains, the
amorphous regions refer to the regions of the more irregularly arranged cellulose chains
(Andersson et al. 2003). The crystallinity of cellulose, which starts to decompose thermally
with the temperature, changes (Bhuiyan et al. 2002). The highly regular crystalline
cellulose ratio increases due to the degradation and/or crystallization of amorphous
cellulose as a result of heat treatment (Korkut and Kocaefe 2009). Crystallinity affects the
physical and mechanical properties of wood. As the crystallinity increases, the modulus of
elasticity (MOE) increases and the elasticity decreases (Lee 1961). X-ray diffraction
(XRD) is one of the methods used to determine the crystallinity of wood (Alexander 1971;
Balta-Calleja and Volk 1989).

The last polymer to degrade in the cell wall by heat treatment is lignin. During heat
treatment, formaldehyde, which is formed by the decomposition of organic acids and
phenol units of lignin, takes part in irreversible crosslinking reactions. It is suggested that
this situation increases the dimensional stability of the wood and negatively affects its
physical and mechanical properties (Tjeerdsma et al. 1998; Tjeerdsma and Militz 2005;
Obataya and Higashihara 2017). The findings of a study by Bourgois and Guyonnet (1988)
on maritime pine (Pinus pinaster) showed that longer process durations increased lignin
concentration at the same temperature.

The cell wall of wood is composed of cellulose, hemicellulose, and lignin.
Approximately 50% of the cell wall consists of cellulose. Therefore, the main component
that determines the properties of wood is cellulose. The thermal stability of cellulose is
mainly dependent on the crystallinity index (degree of crystallization), the crystallite size,
and the degree of polymerization (Nada et al. 2000; Kim et al. 2010; Poletto ef al. 2012).
The literature shows that the size of the crystallite and the changes in the crystallinity index
are almost the same (Bhuiyan et al. 2002). The crystalline regions of cellulose can
determine the mechanical properties of the cell wall due to their high density and low
chemical reactivity (Wei et al. 2015a,b; Kong ef al. 2017). On the other hand, the increase
in the crystalline cellulose density in the wood with the heat treatment also affects the
hardness of the wood. Changes in the molecular structure of the wood due to the breakdown
of long polymers can decrease the elasticity and make the wood more brittle (Gosselink et
al. 2004; Kocaefe et al. 2008; Fengel and Wegener 2011).

In this study, the relationship between the crystallinity index and the heat treatment
applied to Scots pine and beech wood at different temperatures and durations was
investigated. In particular, the effect of the crystallinity index change on the physical and
mechanical properties of wood was investigated.

EXPERIMENTAL

Wood Materials
Scots pine (Pinus sylvestris L.) and beech (Fagus orientalis Lipsky) sapwood
samples were obtained from Kastamonu, Turkey. The samples were prepared in
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accordance with the TS 4176 (1984) standard. The test samples were cut in 2 cm X 2 cm X
36 cm dimensions considering the physical and mechanical tests planned to be carried out
after the heat treatment.

Heat Treatment of Scots Pine and Beech Wood

Samples of Scots pine and beech wood were subjected to heat treatment at 150,
180, and 210 °C for 2 and 4 h according to the experiment matrix in Table 1. The heat
treatment was carried out in a laboratory type oven in an atmospheric environment. After
the heat treatment, all the samples were kept at a relative humidity of 65 + 5% and at a
temperature of 20 + 2 °C for 7 d.

Table 1. Heat Treatment Parameters of Scots Pine and Beech Samples

Scots Pine Beech Wood Temperature (°C) Time (h)
SControl BControl - -
S1 B1 150 2
S2 B2 150 4
S3 B3 180 2
S4 B4 180 4
S5 B5 210 2
S6 B6 210 4

Determination of the Physical Properties

A micrometer with an accuracy of 0.001 mm was used to measure the dimensions
of the test samples and an assay balance with an accuracy of 0.01 g was used to determine
the weight. To determine the shrinking percentage, the weights and dimensions of the air-
dried samples were measured. The samples were then completely dried at 103 + 2 °C and
their weights and dimensions were measured again.

To determine the swelling percentage, the air-dried samples were kept in pure water
until their dimensions became constant. At the end of this period, the saturated weights and
measurements of the samples were determined. The air-dry and oven-dry densities were
determined according to the TS 2472 (1976) standard. The radial, tangential, and
longitudinal shrinking percentages were calculated according to the TS 4083 (1983)
standard, while the swelling percentage was calculated according to the TS 4084 (1983)
standard. In addition, the volume shrinking and volume swelling percentages were
determined according to the TS 4085 (1983) and 4086 (1983) standards, respectively.

Determination of the Mechanical Properties

The compressive strength parallel to grain was determined according to the TS
2595 standard. The test samples were prepared in 2 cm x 2 cm x 3 cm dimensions. The
bending strength was determined according to TS 2474 (1976) standard, and the MOE was
determined according to the TS 2478 (1976) standard. The previously prepared samples of
2 cm x 2 cm x 3 cm were used for the bending strength and MOE tests. The radial and
tangential hardness measurements were made with a shore D hardness tester. For all
physical and mechanical tests, 10 samples were selected and each test was applied 10 times.
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Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR analysis of control samples and heat-treated samples were performed
with the potassium bromide (KBr) technique. After the wood samples in all the groups
were ground, a mixture of 1% was prepared with KBr and turned into a transparent tablet
in a mold. The infrared absorption spectra of the tablets were provided with 4 cm™ (40
scans) in Shimadzu FTIR-8400S device (Kyoto, Japan).

Determination of the Crystallinity Properties

Samples of Scots pine and beech were made into wood flour for the XRD analysis.
The X-ray powder patterns were measured using a Bruker D8 ADVANCE spectrometer
(Billerica, MA, USA). The X-ray diffractometer was rigged with a two circle (6 and 26)
goniometer housed in a radiation safety enclosure. The X-ray source was a closed 2.2 kW
Cu X-ray tube, maintained at an operating current of 40 kV and 30 mA. The goniometer
was computer controlled with independent stepper motors and optical encoders for the 0
and 26 circles with the smallest angular step size of 0.0001° 26. The samples were scanned
in the range of 5° to 60° 26. A step size of 0.02° and a step time of 1.0 s were used during
the measurements. A Peltier cooled solid-state [Si(Li)] detector (Sol-X) with a useful
energy range of 1 to 60 KeV was used as the detector. No correction was made for Kf3
radiation. A set of 2° Soller slits were used to lower the horizontal beam divergence.

The crystallinity index peak height ratio was calculated according to the peak height
method developed by Segal et al. (1959), as seen in Eq. 1,

Cl = ""’IJ x 100 (1)
where CI is the crystallinity index (%), foo2 is the intensity of the 002 crystalline peak at
22°, and Ium 1s the height of the minimum (/um) between the 002 and 101 peaks.

RESULTS AND DISCUSSION

Physical Properties

The oven-dry and air-dry densities, the radial and tangential swelling, and radial
and tangential shrinking percentages of the heat-treated Scots pine and beech samples are
shown in Table 2.

According to Table 2, the air-dry density (Di2) and oven-dry density (Do) decreased
in certain rates as the temperature and time increased in all the groups. This decrease was
mainly due to the transformation of the wood components, especially hemicellulose, into
volatile products during the heat treatment, the evaporation of extractives, and the lower
equilibrium moisture content because the wood was less hygroscopic with the application
of heat treatment (Korkut and Kocaefe 2009).

The percentages of shrinking (fv) in the radial (), tangential (f), and longitudinal
(/1) directions of the Scots pine and beech wood samples can be seen in Table 2. The heat
treatment decreased the percentage of volume shrinking compared to the control group for
all the samples (Fig. 1). It was determined that the lowest volume shrinking percentage was
observed in the S6 and B6 (210 °C, 4 h) groups, and the highest volume shrinking
percentage was observed in the SControl and BControl groups. When the effect of heat
treatment temperature on volume shrinking was examined, it was observed that the
percentage of volume shrinking in the samples of Scots pine and beech wood decreased as
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the temperature increased. As the heat treatment time increased, the percentage of volume
shrinking decreased for all the groups.

Table 2. Physical Properties of Scots Pine and Beech Wood (Do and D12, g/cm?3;
others, %)

Groups Do D12 Br Bt Bi Bv ar at a av
SControl 0.54 054 | 652 | 894 | 0.72 | 16.18 | 6.97 | 9.81 0.73 | 17.52
(0.06)* | (0.03) | (0.16) | (0.37) | (0.13) | (1.32) | (1.13) | (1.23) | (0.21) | (2.01)
S1 0.52 052 | 6.06 | 739 | 066 | 1412 | 645 | 798 | 0.66 | 15.10
(0.02) | (0.04) | (0.13) | (0.42) | (0.15) | (1.17) [ (0.97) | (1.04) | (0.12) | (1.68)
S2 0.52 052 | 553 | 6.11 0.57 | 1221 | 585 | 6.51 0.57 | 12.93
(0.02) | (0.07) | (0.09) | (0.32) | (0.09) | (1.43) | (0.36) | (1.21) | (0.23) | (1.73)
s3 0.49 049 | 492 | 6.36 | 0.54 | 11.82 | 517 | 6.80 | 0.54 | 12.51
(0.05) | (0.04) | (0.15) | (0.28) | (0.11) | (1.03) | (0.73) | (1.39) | (0.09) | (1.38)
sS4 0.48 048 | 465 | 572 | 044 | 1081 | 487 | 6.07 | 0.44 | 11.38
(0.05) | (0.06) | (0.11) | (0.13) | (0.05) | (1.13) | (0.48) | (1.18) | (0.07) | (0.23)
S5 0.47 047 | 329 | 554 | 042 | 926 | 3.41 587 | 042 | 9.70
(0.04) | (0.06) | (0.07) | (0.25) | (0.03) | (0.94) | (0.16) | (0.58) | (0.12) | (1.38)
S6 0.46 046 | 322 | 386 | 024 | 732 | 333 | 4.02 | 024 | 7.58
(0.06) | (0.07) | (0.09) | (0.17) | (0.06) | (0.79) | (0.36) | (0.23) | (0.08) | (1.61)
BControl 0.65 0.65 | 8.61 9.77 | 0.78 | 19.16 | 9.42 | 10.82 | 0.79 | 21.04
(0.04) | (0.04) | (0.23) | (0.54) | (0.14) | (1.47) | (1.35) | (1.67) | (0.14) | (2.79)
B1 0.63 0.63 | 847 | 895 | 0.72 | 18.15 | 9.26 | 9.83 | 0.73 | 19.82
(0.04) | (0.04) | (0.31) | (0.43) | (0.09) | (1.64) | (1.21) | (1.28) | (0.12) | (2.92)
B2 0.62 062 | 725 | 817 | 069 | 16.11 | 7.82 | 8.89 | 0.70 | 17.41
(0.03) | (0.05) | (0.17) | (0.39) | (0.13) | (0.36) | (0.99) | (1.41) | (0.09) | (1.94)
B3 0.62 0.62 | 6.91 749 | 067 | 15.07 | 743 | 8.09 | 0.68 | 16.20
(0.03) | (0.03) | (0.24) | (0.29) | (0.05) | (1.25) | (0.74) | (1.22) | (0.11) | (1.49)
B4 0.61 0.61 595 | 6.80 | 0.56 | 13.31 | 6.32 | 7.30 | 0.56 | 14.18
(0.04) | (0.03) | (0.15) | (0.21) | (0.07) | (1.33) | (0.48) | (1.29) | (0.04) | (2.04)
B5 0.60 0.60 | 5.61 597 | 040 | 1197 | 594 | 6.35 | 040 | 12.69
(0.03) | (0.04) | (0.31) | (0.32) | (0.07) | (0.47) | (0.24) | (0.53) | (0.12) | (1.65)
B6 0.59 059 | 333 | 578 | 037 | 948 | 344 | 6.13 | 0.37 | 9.95
(0.05) | (0.03) | (0.19) | (0.17) | (0.04) | (1.16) | (0.34) | (1.21) | (0.07) | (1.35)
*Values in parentheses are the standard deviations
Do, oven dry density; D12, air dry density; Br, radial shrinking; Bt, tangential shrinking; 8,
longitudinal shrinking; Bv, volume shrinking; ar, radial swelling; at, tangential swelling; ai,
longitudinal swelling; av, volume swelling.

The percentages of the radial (ar), tangential (ax), longitudinal (a1), and volume
swelling (av) percentages of the Scots pine and beech samples are shown in Table 2. When
the volume swelling percentages were examined, it was determined that the least volume
swelling percentage was in the S6 and B6 groups, and the highest volume swelling
percentage was in the SControl and BControl groups. When the effect of heat treatment
temperature and duration on the volume swelling was examined, the percentage of volume
swelling decreased in all the groups as the temperature and time increased (Fig. 1). The
dimensional stability of the wood samples increased in direct proportion with the increase
of heat treatment, temperature, and time parameters.

Heat treatment reduces the moisture adsorption in wood. The presence of free
hydroxyl groups in wood plays an important role in moisture adsorption and desorption.
As aresult of the heat treatment, the number of free hydroxyl groups in the wood decreased.
This was due to the depolymerisation of carbohydrates, which decreased the total amount
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of free hydroxyl groups. In addition, the increase in the relative ratio of crystalline
cellulose, where hydroxyl groups cannot easily reach water molecules, and the cross-
linking of lignin, which prevents the accessibility of free hydroxyl groups to water, is very
effective in reducing hygroscopicity in wood (Hill 2006).
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Fig. 1. The volume shrinkage test for the a) Scots pine and b) beech wood; the volume expansion
test for the c) Scots pine and d) volume expansion

The heat treatment imparted the Scots pine wood with more dimensional stability
than the beech wood. Comparing the S6 and B6 groups with the least swelling and
shrinking percentage to the control groups provided insight to which tree species gain more
dimensional stability with heat treatment. The less the difference between the divisor and
the dividend in ratio expressions (a/b) in mathematics, the closer the result is to 1. If this
ratio approaches 1, the dimensional stability decreases. When the shrinking ratio was
compared (B6/Bcontrol), the shrinking ratio of beech wood (0.4948) was higher than the
shrinking ratio of Scots pine (0.4524). When the swelling ratios (a6 / acontrol) were
compared, the swelling ratio of beech wood (0.4729) was higher than the Scots pine
swelling ratio (0.4327). According to the results, it can be said that the heat treatment of
Scots pine and beech wood at 210 °C for 4 h enables the Scots pine wood to gain more
dimensional stability than the beech wood. On the other hand, it was understood that the
dimensional stability increased in all groups with the increase of heat treatment time at a
constant temperature. The obtained results were compatible with the studies in the
literature. In a study conducted by Tjeerdsma et al. (1998) Scots pine and beech wood were
subjected to gradual heat treatment, and it was determined that the efficiency of heat
treatment on the dimensional stability was 40% in the Scots pine and 22% in the beech
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wood. Burmester (1975) concluded that heat treatment leads to a high reduction in the
hemicellulose content in wood, which increases the dimensional stability of the wood.

Mechanical Properties
The compressive strength, bending strength, MOE, and hardness properties of the

heat-treated Scots pine and beech wood samples are shown in Table 3.

Table 3. The Mechanical Properties of Scots Pine and Beech Wood

Compressive Bending MOE Hardness (Shore D)
Groups ?:lrl?:rg]tzr; ?lflrlfr?r?ltz? (N/mm?) Radial Tangential
SControl 51.34 89.08 10,255.53 1.44 1.45
(0.18)* (2.10) (424.03) (0.11) (0.11)
S1 60.43 82.87 9,552.46 1.41 1.42
(0.80) (1.30) (239.76) (0.03) (0.03)
S2 59.25 78.09 8,954.22 1.21 1.26
(1.41) (1.24) (498.07) (0.05) (0.06)
s3 62.04 92.66 9,894.23 1.40 1.44
(1.29) (2.70) (423.09) (0.04) (0.04)
sa 61.13 85.98 9,058.73 1.19 1.20
(1.67) (3.24) (304.49) (0.08) (0.11)
S5 59.17 62.47 8,813.76 1.22 1.29
(0.91) (3.18) (427.49) (0.03) (0.05)
S6 53.29 40.34 7,509.79 1.19 1.22
(1.78) (1.44) (105.78) (0.07) (0.09)
BControl 67.38 124.53 11,780.20 1.64 1.64
(0.56) (1.77) (488.88) (0.03) (0.04)
B1 71.37 118.98 11,050.46 1.60 1.57
(1.38) (1.70) (558.94) (0.05) (0.05)
B2 70.80 113.07 10,615.46 1.42 1.45
(2.34) (3.11) (254.90) (0.03) (0.06)
B3 73.16 125.75 11,412.93 1.62 1.60
(0.72) (2.27) (336.44) (0.06) (0.06)
B4 72.88 106.68 10,787.43 1.46 1.52
(0.65) (2.22) (222.28) (0.12) (0.05)
B5 69.80 78.87 10,327.45 1.43 1.41
(0.95) (1.72) (113.35) (0.14) (0.12)
B6 68.17 64.41 9,417.07 1.22 1.29
(1.36) (2.41) (459.04) (0.06) (0.13)
* Values in parentheses are the standard deviations.

With the heat treatment, the compressive strength values of the Scots pine and
beech wood increased in all the sample groups compared to the control group. As the heat
treatment time increased at a constant temperature, there was very little loss in the
compressive strength. When the time was kept constant, the compressive strength increased
up to 180 °C with the increase in the heat treatment temperature, while it tended to decrease
at 210 °C. Compared to the control group, the highest rate of increase in compressive
strength was seen in the S3 (20.85%) and B3 (8.58%) groups (180 °C, 2 h), while the lowest
rate was seen in the S6 (3.80%) and B6 (1.17%) groups (210 °C, 4 h). According to these
results, it can be said that with the heat treatment, the compressive strength properties of
the Scots pine wood improved more than the beech wood. The amount of highly regular
crystalline cellulose increased due to the degradation and/or crystallization of amorphous
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cellulose as a result of the heat treatment. Since crystalline cellulose exhibits anisotropic
structure, its solid and rigid structure provides a slight increase in the longitudinal
compressive strength (Bhuiyan and Hirai 2005; Korkut and Kocaefe 2009; Beroual et al.
2020; Wang et al. 2020; Wu et al. 2021; Cao et al. 2022).

Boonstra et al. (2007b), stated that the loss of some mechanical strength with heat
treatment is mainly due to the degradation of hemicellulose. In addition, it has been stated
that crystallization of amorphous cellulose plays an important role in the loss of mechanical
strength. Polycondensation reactions of lignin resulting in cross-linking basically have a
positive effect on the wood material in the longitudinal direction. The decrease in the
amount of equilibrium moisture can positively affect the strength properties of the heat-
treated wood material. However, this effect is eliminated by the degradation of cell wall
components (Esteves and Pereira 2009).

One of the mechanical properties most affected by heat treatment is the bending
strength. This reduction varies depending on the heat treatment conditions and the wood
species. The bending strength of Scots pine and beech wood with heat treatment decreased
up to 150 °C compared to the control samples, and then increased up to 180 °C. When the
heat treatment temperature increased to 210°C, the bending strength decreased sharply. As
the heat treatment time increased at the same temperatures, the bending strength decreased
in all the groups. Compared to the control Scots pine and beech wood samples, the highest
decrease was in the S6 (54.7%) group, and the highest increase was in the S3 (4.02%)
group when the rate of change in the bending strength with heat treatment was compared.
The degradation of hemicellulose was primarily responsible for the diminished bending
strength, rather than the degradation of lignin and cellulose during the heat treatment. The
decreased bending strength values continued with the heat treatment time and temperature.
Of the cell wall components, hemicellulose is the most sensitive to heat. LeVan et al.
(1990) stated that as a result of the breaking of the side chains of hemicellulose in the
lignin-hemicellulose matrix, the load-sharing capacity is impaired and therefore it can be
held responsible for strength losses. Another reason is that the degree of polymerization of
hemicellulose is reduced due to the disruption of the backbone of hemicellulose (Winandy
and Lebow 2001; Esteves et al. 2008; Korkut and Kocaefe 2009).

The MOE values of Scots pine and beech wood decreased with the heat treatment.
This decrease was not the same when the temperature and time parameters were
considered. Compared to the control group, the S6 and B6 groups had the highest decrease
in MOE values (26.8% and 20.8%, respectively), while the S3 and B3 groups had the
lowest decrease in MOE values (3.52% and 4.01%, respectively). In the heat treatments
where the time was fixed and temperatures were variable, the maximum loss in temperature
and MOE was experienced at 210 °C, while the least loss was experienced at 180 °C. In all
the groups, it was observed that the MOE values decreased as the heat treatment time
increased. The MOE increases as the cellulose crystallinity increases and the wood
moisture decreases. The effect of crystallinity is valid at the beginning of the heat treatment
process, but decomposition with temperature is more dominant in the advanced stages of
the heat treatment. This causes the MOE to decrease (Esteves and Pereira 2009).

As seen by the hardness values in Table 3, there was no change in the hardness
values with the increase of the heat treatment temperature and time up to 180 °C in the
Scots pine and beech wood. It is understood that the hardness decreases at temperatures of
210 °C. The biggest reason for this is thought to be that lignin starts to degrade at 210 °C
(Korkut et al. 2008). With the degradation of hemicellulose, the thickness of the
crystallites, and the increase in the cellulose crystallization degree, some of the strength
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and hardness properties of the wood decrease (Korkut and Kocaefe 2009).

When the results were examined, it was seen that the physical and mechanical
properties of beech and Scots pine woods were affected differently with the heat treatment
applied in the same parameters. Differences in strength properties between wood species
may be due to the inherent strength of each wood species and the different effect of heat
treatment on each wood species. The ratio and composition of hemicelluloses in wood
differ in softwood and hardwood. Softwoods contain predominantly galactoglucomannan
and arabinoglucuronoxylan, while hardwoods contain glucuronoxylan and small amounts
of glucomannan. Because softwoods and hardwoods have rather different densities, their
differing thermodegradation characteristics are most likely caused by differences in their
chemical components. With heat treatment, softwoods can decompose in a shorter time
than hardwoods. In addition, it is stated in the literature that the hemicelluloses of
softwoods and hardwoods are different and the amount of acetic acid formed in hardwoods
with heat treatment is higher (Boonstra et al. 2007a; Chaouch et al. 2010, 2013; Yildiz et
al. 2013; Barlovic et al. 2022).

The FTIR Analysis

Within the scope of the study, FTIR analyses of all groups were carried out to show
the presence of chemical changes in wood with the heat treatment. The FTIR spectra of the
Scots pine and beech wood in the wavelength range of 800 to 1800 cm™! are shown in Fig.
2.
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Fig. 2. The FTIR spectra of the a) beech wood and b) Scots pine samples

Table 4 shows the assignment of important absorption bands in the wood samples
between 800 cm™ and 1800 cm™'. When the FTIR graphics of the beech wood and Scots
pine woods in Fig. 2 were examined, it was seen that the peak at 896 cm™ decreased. This
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decrease was probably due to the vibration of organic acids in the C—H bond, which occurs
when the hemicellulose and cellulose chains are hydrolyzed by heat treatment (Nuopponen
et al. 2003; Kocaefe et al. 2008; Ozgeng et al. 2017).

Table 4. The FTIR Peaks Varying in the Wavelength Range of 800 to 1800 cm™"
by the Heat Treatment of Wood

Wavenumber (cm) Remarks

896 C1-carbon in hemicelluloses and in cellulose (pyranose ring)
(Kotilainen et al. 2000)
C-0 deformation in aliphatic alcohols and ethers, symmetric C-O-C

1037 stretching of dialkyl ethers, aromatic C-H deformation in plane
(Kotilainen et al. 2000)

1105 OH association (cellulose) (Vix-Guterl et al. 2004; Ozgenc et al. 2017)
C-O-C symmetric stretching (Kotilainen et al. 2000; Ozgencg et al.

1156 2017)

1233 Alkyl-aryl-ether bonds, lactones (Kotilainen et al. 2000)

1331 Phenol group (Kotilainen et al. 2000)

1370 C-H bending, -CHs (lignin), -CH2 (carbohydrates), lignin-carbohydrate
complexes bonds (Nuopponen 2005; Ozgeng et al. 2017)

14292 aromatic skeletal vibrations (lignin) and C-H deformation in
plane (cellulose) (Kotilainen et al. 2000)

1452 C=C and C-H bond, extractives, O-H in plane deformation, CHs
asymmetric bending in (lignin) (Nuopponen 2005; Ishimaru et al. 2007)

1504 C=C stretching of the aromatic skeletal vibrations (lignin) (Nuopponen

et al. 2004; Nuopponen 2005).

aromatic skeletal vibrations, affected by aromatic C-O

1600 stretching mode and by conjugation with a-carbonyl groups (Kotilainen
et al. 2000; Ozgeng et al. 2017).

carboxyl- and ester groups, nonconjugated aldehyde (Kotilainen et al.
2000; Ozgeng et al. 2017).

1730

The peaks at 1105 and 1156 cm were related to the crystal and amorphous
cellulose content. These peaks generally increased in both the beech wood and Scots pine
species. This increase may have been attributed to the effect of increasing heat treatment
on amorphous cellulose (Kotilainen et al. 2000; Nuopponen et al. 2004; Ozgeng et al.
2017).

The peak at 1331 cm™' indicates the presence of syringyl rings, guayasil rings, and
phenol groups. Both wood species decreased in these peaks with heat treatment (Bates
1976; Hakkou et al. 2005).

The peak at 370 cm™' was caused by the lignin and carbohydrate complexes. When
the FTIR graphs of both wood species were examined, there was a decrease in this peak.
This decrease is thought to be due to the condensation of lignin and the depolymerization
of carbohydrates (Akgiil et al. 2007; Gérardin et al. 2007; Fengel and Wegener 2011).

The peaks at 1422, 1452, and 1504 cm™ express the changes in the lignin with the
heat treatment. These peaks decreased with the heat treatment in both wood species. This
reduction is thought to be due to the cleavage of aliphatic side chains in lignin and the
condensation of lignin with temperature (Tjeerdsma and Militz 2005; Mburu et al. 2008;
Emmanuel et al. 2015; Ozgeng et al. 2017).

The peaks at 1600 and 1730 cm™' generally decreased for both wood species. This
reduction may have been due to the degradation of hemicellulose with the heat treatment
(Tjeerdsma and Militz 2005; Akgiil et al. 2007; Gérardin et al. 2007; Ozgeng et al. 2017).
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Crystallinity Properties

The XRD patterns of the Scots pine and beech wood samples can be seen in Fig. 3.
As the heat treatment time and temperature increased in the Scots pine samples, the XRD
peaks partially increased before they tended to decrease. The crystallinity index values
were calculated from the XRD graphs (Fig. 4).
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Fig. 3. The XRD graphs of the a) Scots pine and b) beech wood samples
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When Fig. 4 was examined, it was determined that the crystallinity index first

increased a little before it gradually decreased with the increase of temperature in the Scots
pine and beech wood samples, which were heat-treated for 2 h and 4 h. In general, the
crystallinity index increased a little and then decreased with the increase of heat treatment

time in the Scots pine and beech wood samples that were heat-treated at 150, 180, and 210
°C. It is thought that the initial increase in crystallinity is mainly due to the decomposition

of hemicellulose, and the subsequent decrease is due to damage to the cellulose (Durmaz
et al. 2019; Garcia-Iruela ef al. 2021; Lin ef al. 2022; Wang et al. 2022).

CONCLUSIONS
According to the results of the physical tests, it was determined that the volume

1.
shrinking percentage of the Scots pine and beech wood samples decreased as the heat
treatment temperature increased. As the heat treatment time increased, the volume
shrinking percentage decreased in all groups. It was determined that the dimensional
stability of the Scots pine and beech wood samples increased in direct proportion with

the increase of the heat treatment, temperature, and time parameters.
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2. The compressive strength increased in the Scots pine and beech wood samples with
heat treatment. The bending strength decreased up to 180 °C. When the heat treatment
temperature increased to 210 °C, the bending strength decreased sharply. With the
increase in heat treatment time at the same temperatures, the bending strength
decreased in all the groups. The MOE values in the Scots pine and beech wood
decreased with the heat treatment. This decrease was not the same when the
temperature and time parameters were considered.

3. There was no change in the hardness values as the heat treatment temperature and time
increased up to 180 °C and 4 h, respectively, in both wood species. It was understood
that the hardness decreases at temperatures of 210 °C. The FTIR analysis results
supported the changes in the physical and mechanical properties of wood by heat
treatment.

4. As the heat treatment temperature and duration increased, the crystallinity index values
firstly increased partially and then decreased.

5. This study, which examined the relationship between heat treatment and the change in
the crystallinity of the wood, and the change in the physical and mechanical properties
of the wood, will contribute to the literature. It is recommended to carry out new studies
by testing different heat treatment parameters, especially the heat treatment
environment.
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