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Abstract

This work deals with the influence of different heat treatment temperatures (140, 150, 160, 170, 180, 190, 200,

and 210 °C) on changes in sapwood and red heartwood of European beech (Fagus sylvatica L.). According

to the results of wet chemistry methods, HPLC (high-performance liquid chromatography), FTIR (Fourier transform
infrared spectroscopy), SEC (size exclusion chromatography), the wood constituents in sapwood and red heart-
wood behaved similarly to heat treatment, but the individual proportions were different. The loss of hemicelluloses
and the increase in extractives with increasing temperature were more pronounced in sapwood. The amount of cel-
lulose in sapwood and red heartwood showed similar behaviour with increasing temperature. Thermal treatment
causes changes in cellulose crystallinity, and the formation of aromatic structures, mainly in beech sapwood. However,
the increase in the lignin content of red heartwood was significantly lower than that of sapwood due to its auto con-
densation, and formation of pseudo-lignin. Among the carbohydrates, the most significant changes were observed
in xylose content, which was almost twice as high in red heartwood as in sapwood. Other carbohydrates (glucose,
mannose, galactose, and arabinose) reached similar values in sapwood and red heartwood.

Keywords Sapwood, Red heartwood, Carbohydrates, Infrared spectroscopy, Size exclusion chromatography

Introduction

Thermal treatment of wood is a widespread and envi-
ronmentally friendly method of modifying wood prop-
erties using only the action of heat and water. The result
of thermal treatment is reduced hygroscopicity of wood,
increased durability, darker colour, and biological resist-
ance to insects, mould, and fungi. The main disadvantage
of thermal treatment is the reduction of some mechani-
cal properties, especially bending properties [1-5]. Due
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to the chemical changes caused by higher temperatures,
the wood becomes less flexible and more brittle [6].

Thermal treatment of wood currently uses tempera-
tures in the range of 160-280 °C, sometimes a narrower
range of 180-260 °C was reported [7]. Temperatures
below 140 °C cause small, insignificant changes, while
temperatures above 300 °C already cause wood degra-
dation, significantly deteriorating its properties [8]. The
most used thermal treatment technologies include five
processes such as ThermoWood (Finland), PLATO®
(Netherlands), OHT (Germany), Rétification and Bois
Perdue (France), which are the most widely used [9, 10].
More recently, newer thermal wood treatment technolo-
gies have emerged, such as WTT (Denmark), Huber
Holz (Austria), Firmolin (Netherlands) and Termovuoto
(Italy), which are still used to a lesser extent [10, 11]. The
thermal treatment technologies used in industry differ
mainly in the treatment conditions (temperature, pres-
sure, duration, environment, etc.) [12].

European beech (Fagus sylvatica L.) is one of the most
widespread and important hardwood species in Europe,
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with several excellent properties such as high crushing
strength, excellent bending properties, good gluing, and
surface finishing properties. However, older trees with
larger dimensions may develop wood discolouration,
usually referred to as red heartwood, false heartwood,
redheart, altered heartwood, affected heartwood, patho-
logical heartwood, facultative heartwood, or red core
[13-16]. The formation of heartwood is generally associ-
ated with the breakdown of the water transport system
and a decrease in the vitality of the parenchyma tissue,
radial transport processes, a decrease in various physi-
ological performances and the decomposition of solu-
ble carbohydrates; storage substances are degraded or
converted into heartwood substances [17]. Red heart-
wood is mostly found in the central part of the trunk
and is typically darker in colour, ranging from light pink
to brownish in beech. The colour of red heartwood is
strictly dependent on the intensity of the phenomenon
that caused it [18]. The presence of larger amounts of red
heartwood significantly reduces the value of beech wood:
red heartwood is poorly suited for serial production of
appearance products due to its heterogeneity and insta-
bility in colour and appearance structure. Red heartwood
is a crucial factor affecting the quality of logs, thus reduc-
ing the price of their derived products, and causing eco-
nomic losses in forestry and wood processing industries
[17, 19, 20].

Specific industrial problems have been reported for red
heartwood, such as liquid permeability problems dur-
ing impregnation and difficulties in drying processes [15,
21]. According to some studies, the mechanical proper-
ties of beech red heartwood are inferior to those of nor-
mal wood, but not to the extent that red heartwood is
unusable [13]. On the other hand, Todorovi¢ et al. [22]
found that the mechanical properties of beech red heart-
wood are remarkably like those of normal beech wood.
For this reason, there are requirements to use red heart-
wood for structural elements (e.g., glulam), furniture or
flooring [23]. Other authors, such as Pohler et al. [21]
and Arac et al. [24], also point out that it has not been
clearly proven that red heartwood has significantly worse
mechanical, technological, or adhesive properties com-
pared to normal beech wood.

Heat treatment causes chemical changes in wood
through chemical reactions that initially include partial
hydrolysis of hemicelluloses and extraction of water-
soluble substances [25]. The formation of various sub-
stances, such as acetic acid, is typical of heat treatment
of wood. Acetic acid catalyses the degradation of car-
bohydrates, which can lead to the degradation of lignin
[25]. These chemical changes have a negative effect on
the mechanical properties of wood, as cellulose is pri-
marily responsible for the strength of wood fibres due
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to its high degree of polymerisation (DP) and linear ori-
entation [26]. Lignin acts as a reinforcing element for
wood fibres. Hemicelluloses link the fibrous cellulose
to the amorphous lignin [27]. Mechanical properties, in
particular modulus of elasticity, flexural strength, and
notched bar impact strength, are highly dependent on
the cellulose content in wood [27], the decrease of which
reduces the values of these properties [26]. The degree
of polymerisation of cellulose and hemicelluloses is an
important factor influencing the strength of wood [28].
However, due to thermal degradation, the initial decrease
in wood strength (30—-40%) is caused by a decrease in the
degree of hemicelluloses polymerisation, but not in the
degree of cellulose polymerisation [26]. It is only with
prolonged exposure to higher temperatures that cellu-
lose is more affected, with its degree of polymerisation
playing a greater role. Carbohydrates are more suscep-
tible to changes due to high temperatures than lignin,
especially hemicelluloses. The degradation of hemicel-
luloses decreases the amount of material that fungi can
decompose, contributing to increased resistance to
fungi. The decrease in hemicellulose hydroxyl groups
improves thermally modified wood’s dimensional stabil-
ity. Cleavage of glycosidic bonds in cellulose significantly
affects the reduction in the strength properties of ther-
mally treated wood, especially at higher temperatures.
Depending on the changed properties, ThermoWood has
various uses, for example, decking, cladding, saunas, fur-
niture, and flooring [7, 29-31]. Another characteristic of
heat treatment is the change in colour of the wood [25].
Ammonia treatment improves the properties of beech
wood, including colour changes [32], but requires the
use of chemicals. Hydrothermal modification has been
used to remove unwanted colour differences in wood [33,
34], but this process is time consuming. Heat treatment
achieves more significant colour changes in a shorter
time [18, 35]. Due to high temperatures during heat treat-
ment, various changes occur in beech red heartwood.
The main consequence of heat treatment is a colour
change caused by chemical changes in the wood, which
is more pronounced in red heartwood than in normal
wood. This colour change is represented by the presence
of catechin and 2,6-dimethoxybenzoquinone, which are
the main precursors of chromophoric compounds in dis-
coloured beech wood [23, 36]. Red heartwood has a more
pronounced colour change than normal wood. Therefore,
heat treatment can be used to uniform the overall colour
of beech wood.

This study focuses on the chemical changes of polysac-
charides in beech sapwood and red heartwood after heat
treatment at different temperatures to determine suitable
treatment conditions for their use in industry. Together
with oak, beech is the most frequently used hardwood in
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the wood processing industry in Europe. Due to climate
change, accompanied by conifer dieback, its importance
will be growing. The appearance of red heartwood, along
with low durability, is one of the biggest disadvantages
of beech wood and an obstacle in terms of applications.
Heat treatment helps to improve both, unifying differ-
ences in colour and increasing durability. This study deals
with differences in the chemical composition of sapwood
and red heartwood of beech wood and evaluates the sub-
sequent effect of heat treatment of these zones. It brings
new knowledge about the differences between these
zones in terms of chemical composition and thus con-
tributes to improving the usability of beech wood, which
is often regarded as inferior currently.

Materials and methods

Material

Wood

European beech (Fagus sylvatica L.) wood from a local
wood distributor was used for the experiment. Samples
of 20X 20X 300 mm were prepared from beech red heart-
wood and sapwood. After cutting, all samples were con-
ditioned under specific conditions (relative humidity of
65% + 3% and temperature of 20 °C+2 °C) in a Climacell
707 conditioning chamber (BMT Medical Technology
Ltd., Czech Republic) to achieve an equilibrium moisture
content of 12%.

The samples were divided into two groups: the first
group contained samples for heat treatment (140, 150,
160, 170, 180, 190, 200, and 210 °C) and the second group
consisted of untreated (reference) samples.

Heat treatment

The samples intended for heat treatment were heat
treated in the thermal chamber S400/03 (LAC Ltd.,
Czech Republic) at temperatures of 140, 150, 160, 170,
180, 190, 200 and 210 °C, respectively. The heat treatment
(HT) was performed according to the ThermoWood
principle, invented by VT'T (Finland). The heat treatment
of wood was carried out in three phases:

1. Drying: starts at an ambient temperature of 20 °C.
The wood is rapidly heated to 40 °C, and then the
temperature increase is slowed until it reaches
130 °C. This stage is consistent across all types of final
temperatures.

2. Thermal modification: begins at 130 °C and contin-
ues until the final temperature (140, 150, 160, 170,
180, 190, 200, or 210 °C) is reached. Once this tem-
perature is achieved, it is maintained for 3 h. During
this phase, water is sprayed in the chamber space as
a prevention against overheating or burning of the
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wood [37]. This duration is the same for all types of
final temperatures.

3. Cooling and relaxation: starts with slow cooling of
the temperature to 130 °C, followed by a faster reduc-
tion to 60 °C. The humidity in the chamber is gradu-
ally increased to prevent the samples from experienc-
ing temperature and humidity stress upon removal
from the chamber.

Methods

Chemical properties

Chemical properties were determined for both untreated
(reference) and heat-treated samples. For chemical anal-
yses, all samples belonging to one group were reduced
to sawdust, sieved, and extracted with mixture of 1.0 L
absolute ethanol and 427 mL toluene according to ASTM
D1107-21 [38].

Klason lignin content and structural carbohydrates
were determined by the NREL method by wet chemistry
method, and high-performance liquid chromatography
(HPLC) using Biorad Aminex HPX-87P column [39]. The
cellulose was isolated and determined according to the
method by Seifert [40], and the holocellulose according
to Wise et al. [41]. Hemicelluloses were calculated as a
difference between the holocellulose and cellulose con-
tent. In all chemical analyses, moisture was determined
in each sample and the results are reported as oven-dry
weight (odw).

Fourier transform infrared spectroscopy (FTIR) of iso-
lated cellulose was performed on a Nicolet iS10 FT-IR
spectrometer (Thermo Fisher Scientific Inc., USA) with
the Smart iTR ATR accessory. Spectra were collected
in the absorption mode between 4000 and 650 cm™! by
accumulating 32 scans with a resolution of 4 cm™" using
a diamond crystal. All analyses were carried out in four
replicates. Ash was determined in duplicate according to
the NREL method [42].

The crystallinity index (CI) of the samples was deter-
mined by the X-ray diffraction (XRD) technique using a
Bruker D2 Phaser X-ray powder diffractometer (Bruker
AXS, GmbH, Germany). The diffraction patterns were
recorded using CuKa radiation (A=0.154060 nm), a
voltage of 30 kV, and a current of 10 mA. The equip-
ment was operated in continuous scan mode with a step
size of 0.025° (20); a step time of 5 s and a scan range
5°<20<40°. The CI was calculated by the amorphous
subtraction method using the Bruker DIFFRAC.EVA ver-
sion 5.2 software.

Molecular weights and molecular weight distribu-
tion (MWD) of cellulose were analysed using a modi-
fied method of size exclusion chromatography (SEC)
[43]. Briefly, isolated cellulose samples (20 mg) were
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derivatised with phenyl isocyanate (1 mL phenyl iso-
cyanate and 6 mL pyridine) in a sealed dropping flask
to obtain cellulose tricarbanilates (CTC) at 80 °C for
48 h. After cooling to laboratory temperature, 2 mL
of methanol was added to dissolve the excess phenyl
isocyanate. Samples were filtered with a glass filter
(0.7 um) and SEC analyses were performed at 35 °C
with tetrahydrofuran (mobile phase) at a flow rate of
1 mL/min on two PLgel, 10 um, 7.5 X 300 mm, MIXED
B columns, preceded by a PLgel, 10 pm, 7.5X 50 mm,
GUARD column. Two CTC derivatives were prepared
for each sample and each derivative was chromato-
graphed twice.

Statistical evaluation

The experimental values were analysed using multi-
factorial analysis (ANOVA) with Statistica 13 software
(TIBCO Software Inc., USA). Statistical analysis was
based on 95% confidence intervals of the means using
Fisher’s F-test.

Table 1 Chemical composition of beech sapwood (%)
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Results and discussion

Changes in wood properties due to thermal modification
increase with treatment temperature, process duration,
environment (water steam, nitrogen, vacuum, or oils),
and wood species resulting in degradation of some of the
cell wall constituents accompanied by chemical changes
and mass loss (ML). In general, ML is more affected by
temperature than by processing time irrespective of the
wood species, hardwoods exhibit higher ML than soft-
woods, and using a protective atmosphere results in
lesser ML than heating in air [44—46]. At lower treatment
temperatures, ML are relatively low, they increase signifi-
cantly only at higher temperatures and show exponential
growth trends (Tables 1 and 2). Some authors found a
linear increase of ML with the temperature [47, 48], oth-
ers an exponential increase, representing a combination
of the hyperbolical and exponential functions [11, 45].
ML of heat-treated Oriental beech in air atmosphere at
the temperature of 200 °C varied between 9.67% (4 h) up
to 14.80% [47], in Fagus orientalis the highest weight loss
was obtained in heat-treated samples at 200 °C for 5 h
(9.60%) and the lowest in heat-treated samples at 150 °C
for 1 h (1.06%) [48]. For Fagus sylvatica the ML was 9.4%

Heat treatment Mass loss Extractives Holocellulose Cellulose Lignin Hemicelluloses Ash
temperature (°C)

REF - 0.86 (0.09) 77.54 (0.46) 1(0.29) 22.02 (0.45) 37.43(0.70) 0.34(0.02)
140 0.33(0.05) 1.75(0.12) 76.21(0.52) 38.83(0.36) 23.01(0.34) 37.38 (0.86) 044 (0.03)
150 041 (0.06) 1.79(0.05) 7643 (043) 38.92(0.29) 2240 (0.25) 37.51(0.51) 048 (0.03)
160 0.58 (0.04) 1.88 (0.08) 77.16 (0.24) 39.87 (0.29) 21.58 (0.43) 37.29 (0.53) 0.56 (0.01)
170 0.88(0.11) 2.05(0.10) 75.88(0.51) 3942 (0.31) 22.34(0.33) 36.45 (0.65) 046 (0.01)
180 142 (0.14) 2.75(0.27) 74.14 (0.33) 39.08 (0.29) 22.32(0.23) 3507 (0.61) 042 (0.02)
190 1.88 (0.09) 333(0.22) 71.02 (0.46) 39.72 (0.35) 2241 (0.24) 31.29(0.78) 045 (0.01)
200 2.78(0.22) 5.14(0.14) 66.18 (0.37) 39.59(0.31) 2493 (0.21) 26.59 (0.65) 047 (0.01)
210 5.38(0.25) 5.71(0.15) 54.02 (043) 47.20(0.16) 39.92 (042) 6.82(043) 0.65 (0.04)
The standard deviations are given in parentheses

Table 2 Chemical composition of beech red heartwood (%)

Heat treatment Mass loss Extractives Holocellulose Cellulose Lignin Hemicelluloses Ash
temperature (°C)

REF - 0.89 (0.06) 75.91(0.53) 37.57(0.23) 23.73(0.21) 38.35(0.51) 0.39(0.01)
140 0.29 (0.03) 1.07 (0.15) 75.87 (0.34) 38.84 (0.47) 23.97 (0.38) 37.04 (0.74) 048 (0.01)
150 0.35(0.05) 1.20(0.12) 7643 (0.33) 38.92(0.38) 2340 (0.24) 37.51(0.29) 0.60 (0.01)
160 0.51 (0.06) 1.33(0.16) 7645 (0.25) 40.38 (0.31) 23.57(0.29) 36.07 (0.46) 044 (0.01)
170 0.68 (0.05) 1.79 (0.15) 74.68 (0.26) 40.63 (0.26) 22.71(0.31) 34.05 (0.28) 0.53 (0.01)
180 (O 0) 239(0.18) 7436 (0.32) 40.35(0.22) 23.00 (0.24) 31.01(0.21) 0.51(0.01)
190 6(0.11) 3.38(0.14) 67.30 (0.26) 40.55 (0.28) 2347 (0.18) 26.75(0.52) 0.61(0.03)
200 247(0.22) 396 (0.27) 66.05 (0.18) 63 (0.25) 26.30 (0.29) 2442 (0.15) 0.73(0.02)
210 4.85(0.19) 4.66 (0.19) 56.47 (0.25) 4844 (0.19) 29.30 (0.60) 8.02 (0.37) 0.77 (0.01)
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(3 h, 220 °C) in Termovuoto process [11], at the thermal
treatment in superheated steam ML reached 8.57% (3 h,
220 °C) [45]. Our results are in good agreement with the
observations of Cermék et al. [45] due to a similar ther-
mal treatment process. The main reason for ML during
heat treatment is that hemicelluloses are the least ther-
mally stable main component of wood, and the acetic
acid produced by their deacetylation leads to the degra-
dation of hemicelluloses and partially also cellulose. The
results show that ML is lower in red heartwood than in
sapwood, which indicates greater stability of these poly-
saccharides, which is also consistent with the analysis of
monosaccharides (Tables 3 and 4). Fengel and Wegener
[49] state that beech wood contains 0.8 to 1.4% extrac-
tives. The extractives in beech sapwood and red heart-
wood were analysed in detail by Vek et al. [50]. They
reported that beech wood contained 1.04% lipophilic
and 3.71% hydrophilic extractives. Saturated fatty acids,
fatty alcohols, and free sterols were dominant in the
heartwood. Sapwood contained more total hydrophilic
extractives. Mono- and oligosaccharides, sugar acids and
alcohols, carboxylic acids, simple phenols, and flavonoids

Table 3 Structural carbohydrates of beech sapwood (%)
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were identified as the predominant hydrophilic soluble
extractives in sapwood, whereas the concentration of
sugar alcohols was higher in red heart. Our results show
similar content of extractives in both sapwood and red
heartwood of beech wood (Tables 1 and 2).

The extractives content increases during thermal treat-
ment due to polysaccharides, and partly due to lignin
decomposition and the formation of new compounds sol-
uble in organic solvents, and the increase is higher in the
sapwood than in the red heartwood. This observation is
consistent with the greater thermal stability of the major
wood constituents in red heartwood (Tables 1 and 2).
The cellulose content in beech wood ranges from 36.77
to 49.10%, lignin from 20.77 to 25.53%, hemicelluloses
from 30.20 to 36.81%, holocellulose from 67.60 to 85.80%
[51, 52], which agrees with our results (Tables 1 and 2).
Willfor et al. [53] published the carbohydrate composi-
tion of beech sapwood and heartwood. According to
their results, sapwood contains 42.2% and heartwood
36.3% glucose, in our case the differences are slightly
smaller (42.87% and 40.88%, respectively) (Tables 3 and
4). Similarly, our research found smaller differences in

Heat treatment Glucose (GLC) Xylose (XYL) Galactose (GAL) Arabinose (ARA) Mannose (MAN) Total
temperature (°C)

20 42.87(0.12) 23.81(0.08) 1.64 (0.2 3.39(0.15) 2.73(0.01) 7444 (0.10)
140 42.72 (0.20) 23.76 (0.17) 142 (0.0 3.03(0.11) 2.30(0.09) 73.23(0.17)
150 4269 (0.07) 22.89(0.03) 1.91(0.2 3.10(0.23) 245 (0.05) 73.05(0.07)
160 44.85 (0.06) 2148 (0.17) 1.65 (0.1 3.09 (0.01) 2.06 (0.03) 73.14(0.22)
170 43.00(0.31) 21.37(0.25) 144 (0.0 2.99 (0.06) 3(0.01) 70.93 (0.06)
180 44.66 (0.75) 2041 (0.26) 1.82 (1.1 2.66(0.25) 240 (0.30) 71.94 (0.44)
190 4432 (0.23) 19.05 (0.01) 1.73 (0.64 2.58(0.02) 2.03 (0.02) 69.70 (0.46)
200 4740 (0.22) 1546 (0.21) 144 (0.32 2.18(0.01) 29(0.05) 67.77 (0.09)
210 07 (0.31) 6.93 (0.12) 0.55 (0.01 1.28 (0.02) 0.78 (0.02) 60.61 (0.44)
The standard deviations are given in parentheses

Table 4 Structural carbohydrates of beech red heartwood (%)

Heat treatment Glucose (GLC) Xylose (XYL) Galactose (GAL) Arabinose (ARA) Mannose (MAN) Total
temperature (°C)

20 40.88 (0.49) 25.32(0.77) 1.53(0.05 3.52(0.03) 3.65 (0.06) 74.90 (1.27)
140 40.83 (0.10) 24.25(0.01) 142 (0.10 3.05(0.15) 2.95(0.16) 72.50(0.36)
150 41.05(1.18) 23.09 (0.02) 1.57(0.20 2.98(0.16) 2.92(0.04) 71.60 (1.48)
160 4147 (0.62) 2162 (0.21) 3(0.33 2.74(0.03) 2.94 (0.05) 70.10 (0.51)
170 4322(0.17) 21.48(0.36) 46 (0.38 2.83(0.07) 2.55(0.04) 71.54(0.23)
180 4549 (0.21) 21.79(0.11) 6(0.23 2.76 (0.01) 2.57(0.01) 73.76 (0.10)
190 45.65 (0.05) 20.81(0.03) 0.76 (0.34 2.55(0.01) 2.36 (0.03) 72.13(0.32)
200 4579 (0.04) 18.05 (0.04) 0.73(0.02 01(0.14) 82(0.02) 68.40 (0.26)
210 55.94 (0.27) 11.21 (0.05) 0.63 (0.01 1.34 (0.01) 1.01 (0.03) 70.13(0.20)

The standard deviations are given in parentheses
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non-cellulosic polysaccharides (Fig. 1). However, the
trend was the same—the higher content of hemicellu-
loses was found in the red heartwood.

Consistent with data from [53], red heartwood con-
tains less galactose and more xylose and mannose than
sapwood, the difference in arabinose content is not sta-
tistically significant (Tables 3 and 4). The most thermally
stable saccharide in beech wood is xylose, followed by
mannose, galactose, and arabinose [54, 55], which may
account for the greater thermal stability of red heartwood
due to the presence of individual carbohydrates. The
chemical composition of the heartwood and sapwood,
the DP and crystallinity of the cellulose, the amount of
non-cellulosic carbohydrates and their mutual bonds,
and other factors influence the thermal stability of indi-
vidual parts of wood and, of course, the changes in chem-
ical and physical properties during thermal treatment.

The chemical components responsible for the strength
properties of wood can theoretically be considered at
three different levels: the macroscopic (cellular) level,
the microscopic (cell wall) level and the molecular (poly-
meric) level. There is a hypothesis that there is a unique
relationship between strength loss in wood and wood-
based materials caused by a uniform and progressively

D
o
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systematic de-sequencing (first affecting the side-chain
units of the hemicellulose, then the main-chain units of
the hemicellulose, then the cellulose itself) of the car-
bohydrate chemistry of wood. The overall sequence of
events leading to strength loss under biological, ther-
mal and/or thermochemical action is as follows: directly
related to the rate of hydrolytic degradation of side-chain
hemicelluloses such as arabinan and galactan; subsequent
hydrolytic degradation of main-chain hemicelluloses
monomers such as mannan and xylan; possible hydrolytic
degradation of glucan-based cellulose and lignin [56]. For
a better representation of the overall chemical changes
in the beech sapwood and beech red heartwood samples
presented in Tables 1 and 2, these are shown in Fig. 1.
The chemical components responsible for wood’s
strength properties are most significantly affected by
heat treatment at the molecular level. A hypothesis sug-
gests a unique relationship for the loss of strength in
wood, which is caused by a uniform and progressively
systematic de-sequencing of the carbohydrate chemistry
within the wood. This process initially affects the side-
chain units of hemicelluloses, then the main-chain units
of hemicelluloses, and ultimately, the cellulose itself. The
overall sequence of events that leads to strength loss
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Fig. 1 Effect of heat treatment on the content of wood constituents in beech sapwood and red heartwood (T=temperature)
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under thermal and/or thermochemical action is as fol-
lows: it is directly related to the rate of hydrolytic degra-
dation of side-chain hemicelluloses, such as arabinan and
galactan; this is followed by the subsequent hydrolytic
degradation of main-chain hemicellulose monomers,
such as mannan and xylan; and potentially, the hydrolytic
degradation of glucan-based cellulose and lignin [56].
The data presented in Tables 3 and 4 show that cellu-
lose is more thermally stable in heartwood (the increase

60
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in glucose content is by 36.84% compared to sapwood,
where the increase is by 21.60%) (Fig. 2). This is in good
agreement with the SEC results (Tables 5 and 6, Figs. 3,
4, 5), which show a better thermal stability of the heart-
wood cellulose. Non-glucosic carbohydrates show a
significant decrease during heat treatment (62.24% to
71.43%) in sapwood, a smaller decrease was found in
red heartwood, except for mannose (55.73% to 72.33%).
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Fig. 2 Effect of heat treatment on the carbohydrate content of beech sapwood and red heartwood (T=temperature)

Table 5 Molecular weights of beech sapwood cellulose (g/mol)

Heat treatment M, M, M, M, DP PDI
temperature (°C)

20 441,684 (937) 48474 (192) 1,224,943 (946) 1,945,753 (1953) 2726 (6) 1(0.03)
140 455,497 (2475) 52,205 (2321) 1,102,054 (1355) 1,679,640 (5861) 2812 (15) 8.74(041)
150 490,694 (2581) 54,475 (2259) 1,292,314 (3123) 1,972,587 (7911) 3029 (16) 9.02 (0.33)
160 376,406 (1009) 51,178 (1284) 1,078,361 (6633) 1,775,758 (16,763) 2323 (6) 7.36(0.17)
170 310,435 (458) 43,256 (497) 926,133 (2967) 1,555,948 (11,116) 1916 (3) 7.18(0.07)
180 300,495 (277) 42,173 (579) 894,997 (2534) 1,488,091 (7829) 1855 (2) 7.13(0.09)
190 248,617 (2184) 38,396 (675) 774,595 (8875) 1,366,888 (20,376) 1535(13) 6.48 (0.08)
200 157,519 (1157) 27,722 (359) 572,080 (15,814) 1,196,988 (27,189) 972 (7) 5.68 (0.09)
210 69,186 (631) 16,630 (151) 344,316 (8382) 1,008,429 (30,682) 427 (4) 4.16 (0.04)

The standard deviations are given in parentheses
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Table 6 Molecular weights of beech red heartwood cellulose (g/mol)

Heat treatment M, M, M, M, DP PDI
temperature (°C)

20 487,005 (7984) 51,593 (1015) 1,220,908 (15,963) 1,835,672 (65,237) 3006 (49) 9.44 (0.08)
140 497,403 (4625) 54,077 (2090) 1,200,322 (7528) 1,715,739 (13,353) 3070 (29) 9.21(0.28)
150 535,006 (4975) 57,321 (2215) 1,303,669 (8176) 1,796,721 (13,983) 3303 (31) 9.34(0.29)
160 453,879 (1845) 52,235(1119) ,152,580 (7248) 1,720,385 (16,052) 2802 (11) 8.69(0.17)
170 374,764 (5374) 50,028 (1923) 1,028,441 (18,192) 1,632,938 (37,087) 2313(33) 7.50(0.22)
180 336,600 (1855) 45,783 (743) 975,449 (8201) 1,578,500 (17,868) 2078 (11) 7.35(0.10)
190 282,967 (1236) 41,856 (630) 856,090 (4554) 1,447,542 (11,017) 1747 (8) 6.76 (0.08)
200 262,713 (4092) 39,562 (760) 878,756 (12,455) 1,501,936 (29 659) 1622 (25) 6.64 (0.17)
210 155,878 (1693) 26,655 (246) 619,522 (15,016) 1,289,039 (43,774) 962 (10) 5.85(0.03)

The standard deviations are given in parentheses
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Fig. 3 Molecular weight distribution of beech sapwood cellulose before heat treatment (REF-B) and after heat treatment in the temperature range

of 140 °C-210°C

Cellulose is more resistant to thermal effects com-
pared to hemicelluloses, as published in several works
[29, 57, 58]. Although the total amount of cellulose in
heat-treated wood does not change significantly up to
relatively high temperatures (around 200 °C), changes
in its structure occur at much lower temperatures
(Figs. 3 and 4). At temperatures of 140—150 °C there is
a slight increase in DP, which may be due to the hydrol-
ysis of shorter cellulose chains, probably from their
amorphous parts. This is also supported by the increase
in the crystallinity index (LOI) (Table 7). As the treat-
ment temperature increases, there is a significant

decrease in both DP and PDI (polydispersity index) val-
ues (Table 7, Figs. 6 and 7). Greater changes were found
in the sapwood (84% decrease in DP and 54% decrease
in PDI) compared to the red heartwood (68% decrease
in DP and 38% decrease in PDI). Significant cellulose
degradation occurs at a temperature of 200 °C in sap-
wood and up to 210 °C in heartwood. The results of the
SEC analysis are consistent with the results of the wet
chemical methods (Tables 1 and 2) and the carbohy-
drate analysis (Tables 3 and 4) and confirm the greater
stability of polysaccharides in red heartwood. The rea-
sons for the different stability are probably due to the
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range of 140 °C-210 °C
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Fig.5 FTIR spectra of beech wood cellulose

different structure of red heartwood, which is created
during its formation.

In the case of sapwood, the total crystallinity index
(TCI, calculated as the ratio of A1373 cm™'/A2900 cm™!
bands as described by [59] does not change significantly
up to a temperature of 190 °C, at higher temperatures its

values decrease, with the largest decrease being observed
at 210 °C (more than 10%). In the case of red heartwood,
the TCI values increase at temperatures between 170 and
190 °C, which is about 30% concerning the original value.
It decreases at higher temperatures. The TCI is propor-
tional to the degree of crystallinity of the cellulose. The
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Table 7 TCJ, LOI and HBI values of heat-treated beech sapwood and red heartwood
Heat treatment temperature Sapwood Red heartwood
(°C)
TCl LOI HBI TCl LOI HBI
REF 0.9239 04369 2.9489 0.8744 04735 3.1391
140 0.9109 04789 3.1362 0.8991 04736 3.0100
150 0.9228 04983 3.0961 0.8633 04783 3.1658
160 0.9231 04615 3.1846 0.8966 0.4555 3.0818
170 0.9262 04728 3.1331 1.1239 0.4507 3.0832
180 09144 04729 3.1051 1.1450 04676 3.0596
190 0.9277 04713 3.0045 1.1586 04742 3.0769
200 0.8626 04898 3.1400 0.8977 04789 3.0089
210 0.8275 0.7374 34295 0.8665 0.5095 3.0001
(=21
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Fig. 6 FTIR spectra of beech red heartwood cellulose

increase observed in its values during the initial phase
of the heat treatment can be attributed to the reduction
of amorphous regions by degradation reactions or their
crystallisation. The formation of new crystalline regions
can be explained by the fact that under the hydrothermal
conditions, the quasicrystalline regions of the cellulose
molecules were easily softened and began to rearrange or
reorient themselves. In addition, the free hydroxyl groups
present in the cellulose macromolecules are likely to be
involved in several intra- and intermolecular hydrogen
bonds, which may result in different ordered crystalline
arrangements. However, at higher treatment tempera-
tures, cellulose chain scission occurs to a greater extent,
increasing the amorphous portion of the cellulose and
consequently also reducing the crystallinity [60].

Several authors have reported changes in the degree
of crystallinity of cellulose due to heat treatment. Wang
et al. [61] investigated the changes in crystallinity of
Eucalyptus pellita wood under vacuum heat treatment
at temperatures ranging from 80 °C to 280 °C for 4 h.
When the temperature increased up to 240 °C, the seg-
mental motion of the crystalline regions of the cellulose
chain was enhanced, which resulted in a partial reduction
of the space between the cellulose chain and the forma-
tion of a new hydrogen bond, thus increasing the crystal-
linity of the wood. When the temperature was increased
to over 240 °C, the segmental motion was so acute that
the hydrogen bond was broken, the intermolecular force
between the cellulose chain was reduced and wood
crystallinity decreased. Vybohova et al. [62] observed
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similar changes in the TCI of ash wood during its ther-
mal treatment. At all three treatment temperatures (160,
180, and 200 °C), the TCI values first increased and then
decreased. At 160 and 180 °C, they reached their maxi-
mum after 9 h, and at 200 °C after only 6 h of treatment.
In addition, the changes in crystallinity were more pro-
nounced at higher temperatures. Bhuiyan et al. [63]
studied the changes in crystallinity of cellulose powder
from Sitka spruce (Picea sitchensis (Bong.), and Japanese
beech (Fagus crenata Blume) wood during heat treat-
ment under oven-dried and high humidity conditions in
an oil bath with silicone oil. The degree of crystallinity
of all samples increased in the early phases of heat treat-
ment and decreased in the advanced phases. The degree
of crystallisation depended on the type of cellulose. More
crystallisation occurred in wood cellulose than in cellu-
lose powder. More crystallisation occurred in Japanese
beech than in Sitka spruce. Beech wood thermally treated
at 200 °C for 1, 3 and 5 h showed an increase in crystallin-
ity and hydrogen bonding index in the early stages of heat
treatment, later these values decreased [64]. The effect of
humidity on the crystallisation process of wood cellulose
was also confirmed. Almost twice as much crystallisation
was observed after heat treatment of Sitka spruce and
Japanese beech under the high humidity condition. Kong
et al. [60] subjected eucalyptus logs with different mois-
ture contents to saturated steam at 100 °C for 2, 4, 6 and
8 h. They found that during the first 4 h, the reactions of
crystallisation and decrystallisation were intense, while

30 40

2 Theta (Degrees)

afterwards the decrystallisation became gradual. In terms
of sample moisture content, the higher the moisture con-
tent, the higher the degree of crystallinity.

The lateral order index (LOI, the ratio A1427 cm™Y/
A895 cm™!, according to Nelson and O’Connor [59]
values for sapwood increase with increasing tempera-
ture, with an increase of almost 69% at 210 °C. In the red
heartwood samples, the LOI values increase slightly, but
the maximum increase is only about 7% at 210 °C. LOI
depends on the arrangement of regions perpendicular
to the chain direction in cellulose. It reflects the degree
of order in the cellulose and the presence of crystalline
cellulose II or amorphous cellulose. Higher values of LOI
indicate a more ordered cellulose structure [65, 66].

Akgil et al. [67] determined the increase of LOI val-
ues in both Scots pine and Uludag fir wood during heat
treatment at three different temperatures (120, 150, and
180 °C) and for two different periods (6 and 10 h) under
atmospheric pressure. It was found that lateral order
increased in both species during heat treatment, depend-
ing on the duration. Reiniati et al. [68] studied the effect
of initial wood moisture content (0 and 9%), hot pressing
temperature (150, 200, and 250 °C), and their interaction
on cellulose order. The experiment was carried out on a
hybrid poplar wood. Under milder treatment conditions,
no significant changes in LOI were observed. Its values
increased significantly when the wood was hot-pressed
at the highest temperature of 250 °C, especially for wood
with a moisture content of 9%.
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Fig. 8 XRD diffractogram of beech red heartwood cellulose

The trend of changes in hydrogen bonding intensity
(HBI, the ratio between A3350 cm™'/A1337 cm™}) [69]
is different for sapwood and heartwood. While ther-
mal modification of sapwood causes an increase in HBI
of up to 16% (at a temperature of 210 °C), in heartwood
it causes a slight decrease in its values compared to the
original sample (up to 5%). The hydrogen bonding inten-
sity of cellulose is closely related to the crystal system and
the degree of intermolecular regularity, i.e. crystallinity,
as well as the amount of bound water [65]. The increase
in HBI in treated sapwood can be explained by a decrease
in the proportion of bound water in the cellulose macro-
molecule due to heat [70] and an increase in hydrogen
bonding between certain hydroxyl groups in the cellu-
lose, which is typical of the conversion of cellulose I to
cellulose II [71].

In addition, the increase of peaks at around 1510 and
1600 cm™ at 210 °C indicates the formation of aromatic
structures. Both bands are assigned to the C=C stretch-
ing vibration in the aromatic ring from beech wood lignin
[72-74]. Inari et al. [75] found new signals attributed to
the beginning of char formation using CP/MAS (cross-
polarisation/magic angle spinning) *C NMR during heat
treatment of beech wood carried out in an inert atmos-
phere at 240 °C. Similarly, Jiang et al. [76] at hygrothermal
modification of beech wood holocellulose, the formation
of pseudo-lignin was verified. Its yield, as indicated by
the acid-insoluble substance, increased with the inten-
sity of hygrothermal modification and the pseudo-lignin

formed contains polyfuran, aromatic, carbonyl, and ali-
phatic structures. The formation of pseudo-lignin was
also observed by several other researchers [77-80].

Figures 6 and 7 show that the increase of the peaks at
1510 and 1600 cm™ is more pronounced in the case of
sapwood, which is in line with the results of HPLC and
SEC analyses, according to which red heartwood polysac-
charides are more stable.

In addition to the degradation of amorphous polysac-
charides, the increase in crystallinity may be explained as
crystallisation in quasicrystalline of amorphous regions
due to rearrangement or reorientation of cellulose mol-
ecules inside these regions. At the later stages of heat
treatment, the glucosidic linkage is believed to be cut,
and depolymerisation occurs. In addition to depoly-
merisation, thermal degradation occurs in both, the
crystalline and noncrystalline regions, and a decrease in
crystallinity is observed [63]. The difference in cellulose
crystallinity between heartwood and sapwood can be
caused by its different structure, such as degree of poly-
merisation and binding to hemicelluloses. Several meth-
ods are used to determine the crystallinity of cellulose,
such as X-ray diffraction (XRD), nuclear magnetic reso-
nance (NMR), Fourier-transform infrared spectroscopy
(FTIR, Raman), differential scanning calorimetry (DSC),
sum-frequency generation vibrational spectroscopy
(SFQG), cellulose binding molecule (CBM). Each method
has its advantages and drawbacks; however, all the meth-
ods show similar trends in measuring the crystallinity
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values of cellulose samples [81, 82]. To verify the CI
changes obtained by FTIR spectroscopy, XRD analysis of
selected cellulose samples was performed (Figs. 7 and 8).
The obtained results show that the trends are similar for
both applied methods.

Conclusions

This work was focused on the thermal modification
of beech sapwood and red heartwood with the aim of
detecting chemical changes, especially in the structure of
polysaccharides. The results show that compared to red
heartwood, sapwood contains more cellulose (40.11% vs
37.57%) and less hemicelluloses (37.43% vs 38.35%). Cel-
lulose in red heartwood has a higher degree of polymeri-
sation than in sapwood (3.006 vs 2.726). Carbohydrates
are thermally more stable in red heartwood (decrease in
content by 4.77% vs. 13.83% in sapwood). At a tempera-
ture of 210 °C, the decrease in the degree of polymeri-
sation of cellulose was approximately threefold in red
heartwood, but up to sixfold in sapwood. Due to heat
treatment of beech wood, lateral order index (LOI) and
hydrogen bonding intensity (HBI) were more affected in
sapwood and total crystallinity index (TCI) in red heart-
wood. The formation of pseudo-lignin in cellulose at a
temperature of 210 °C was also observed, especially in
beech sapwood. The results of this study could provide
useful information on understanding changes in yields in
polysaccharides and structural changes in cellulose dur-
ing thermal treatment of both sapwood and red heart-
wood of beech wood. Therefore, there are helpful for
research and utilisation of beech wood polysaccharides.
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