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a b s t r a c t

This study investigated variations in the chemical compositions and thermal decomposition kinetics of
Japanese cedar and beech wood during heat treatment. Fourier transform infrared (FTIR) and nuclear
magnetic resonance (NMR) spectra revealed that various reactions, such as hemicellulose deacetylation,
condensation reactions causing lignin cross-linking, and reductions in cellulose amorphous regions, were
carried out during the heat treatment process. In addition, combinations of FTIR spectra and principal
component analysis (PCA) succeeded in discriminating the major changes in functional groups of wood
at various heat treatment temperatures. On the other hand, the decrease in the storage modulus of wood
was more rapid in the presence of oxygen than in an oxygen-free atmosphere during heat treatment.
Accordingly, the activation energies of thermal decomposition using Arrhenius model for Japanese cedar
and beech were 120.6 and 141.3 kJ/mol under air, respectively, while these values were 124.8 and
150.0 kJ/mol under nitrogen, respectively.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Wood is a versatile, renewable, basic resource, and natural
biopolymer that is widely used in different applications, and it re-
mains indispensable to everyday human life and culture due to its
aesthetic appearance and characteristic properties. In recent years,
wood-based products have been developed in the wood market as
the supply of large trees diminishes and the cost of wood continues
to increase [1]. However, these lignocellulosic materials have a few
undesirable properties, such as dimensional instability, photo-
degradation, combustibility, and susceptibility to biological degra-
dation. These drawbacks have limited wood utilization in various
applications. To overcome these issues, chemical approaches have
been used to enhance the dimensional stability, thermal stability,
photostability, and biological and weathering resistances of wood
in recent decades [2e6]. However, chemical modification is costly
and time-consuming and requires fastidious processing. Therefore,
heat treatment, one physical modification, has attracted attention
in academic and industry fields due to its cost-effectiveness and
environmental friendliness.
In general, heat treatment of wood is carried out in the tem-

perature range of 150e230 �C [7,8]. Outside of this range, the
changes in wood properties are insignificant at heat treatment
temperatures of less than 150 �C. Conversely, unacceptable wood
degradation is observed at heat treatments temperatures greater
than 260 �C [9]. Several researchers reported that heat treatment
significantly improved the hygroscopic properties of a lignocellu-
losic material, resulting in increased dimensional stability and
biological resistance due to the reduction of moisture absorption
capabilities [7,10e12]. However, heat-treated wood shows the color
change and exhibits a reduction inmechanical properties. Chemical
changes in heat-treated wood are obviously complex because of
varying amounts of cellulose, hemicellulose, lignin, and extractives
in the wood cell wall. Of these components, hemicellulose is the
most heat-sensitive, showing significant decomposition at
200e260 �C [13]. For chemical products of wood during heat
treatment, carboxylic acids (e.g., acetic acid) are formed from
cleavage of the acetyl groups in hemicelluloses [14], which are
consequently hydrolyzed into oligomers and monomers [15]. On
the other hand, monomeric sugar units, such as pentoses and
hexoses, are dehydrated to aldehydes, such as furfural and
hydroxymethylfurfural (HMF) [16]. Simultaneously, lignin un-
dergoes depolymerization and then repolymerizes as a more
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condensed substance with lignin-carbohydrate cross-links
[10,12,17e19]. In addition, the relative amounts of crystalline cel-
lulose are increased due to the degradation of amorphous com-
ponents after heat treatment. These autocatalytic reactions of cell
wall constituents, including depolymerization, dehydration, hy-
drolysis, oxidation, and decarboxylation, are caused by significant
transformations in the chemical composition of wood.

Among various analytical methods, FTIR spectroscopy is one
simple technique for rapidly obtaining information on the structural
compositions of wood or modified wood [6,20e22]. However, bands
cannot be directly assigned to every single component of wood, and
interpretations of isolated bands can be misleading if the signal of
the functional group shows poor intensity or if one single overlaps
another [23,24]. Therefore, FTIR spectra with PCA was developed to
characterize and analyze the complex signals in wood [25e27]. In
addition, CP/MAS 13C NMRhas been used to characterize the changes
in chemical compositions of thermally modified wood [18,28e30].
On the other hand, thermal degradation kinetics have been suc-
cessfully used to describe the rates of temperature-dependent
chemical reactions, and this allows prediction of the pyrolysis or
degradation of lignocellulosic materials [31e35]. However, these
previous studies explored thermal degradation kinetics for evalu-
ating the changes in mechanical properties of different pieces of test
samples. To the best of our knowledge, little information is available
on determining changes in the viscoelastic properties of the same
wood sample during heat treatment using dynamic mechanical
analysis (DMA). Therefore, in addition to detailed investigations on
the chemical compositions of heat-treated wood by FTIR spectra
with PCA and NMR, the other objective of the present study was to
investigate the time/temperature-dependent responses and thermal
decomposition kinetics of heat-treated wood under different
Fig. 1. FTIR spectra of wood samples as heat treatment proceeds under different atmosph
atmospheres using DMA.

2. Experimental

2.1. Preparation of heat-treated wood samples

Japanese cedar (Cryptomeria japonica) and beech (Fagus syl-
vatica) slicewoods were kindly provided by the experimental forest
of National Chung Hsing University (Nan-Tou, Taiwan) and Ua
Wood Floors Inc. (Yunlin, Taiwan), respectively. Heat-treated wood
samples were exposed under a continuous flux of air or nitrogen at
a flow rate of 20mL/min with atmospheric pressure in a conven-
tional oven (CMF-25S, Fann Chern Industrial Co., Taichung, Taiwan).
Before heat treatment, the samples were first oven-dried at 105 �C
for 24 h. The oven was further heated from 105 �C to the desired
temperature (140, 160, 180, 200, 220, and 260 �C) at a heating rate
of 10 �C/min. The heat treatments were conducted at the desired
temperature for 2 h, and the samples were then cooled to room
temperature in 40min. The dimensions of the samples of heat-
treated wood were 250mm (L)� 100mm (T), each having a thick-
ness of 3mm.

2.2. Solid-state CP/MAS 13C NMR analysis

The samples were examined by solid state cross-polarization
magic angle spin (CP/MAS) carbon 13 nuclear magnetic resonance
(13C NMR). The spectra were recorded on a Bruker DSX-400WB FT-
NMR spectrometer (Bremen, Germany) with a sampling frequency
of 100MHz. The chemical shifts were calculated relative to tetra-
methylsilane (TMS). Duplicate specimens were used for each
determination.
eres. Japanese cedar under air (a) or nitrogen (b); beech under air (c) or nitrogen (d).



Table 1
Assignments of bands in the IR spectra of untreated wood samples.

Absorption (cm�1) Assignment

Japanese cedar Beech

3340 3340 OeH stretching
2903 2903 CeH stretching in CH2 and CH3

1734 1736 C]O stretching of carboxyl groups and acetyl groups in hemicellulose
1595 1593 Aromatic skeletal stretching in lignin
1509 1503 Aromatic skeletal stretching in lignin
1452 1459 CeH deformation in lignin and xylan
1424 1422 Aromatic skeletal stretching and CeH in-plane bending in lignin and carbohydrates
1370 1370 Aliphatic CeH stretching in methyl and phenol OH

e 1327 C1eO stretching in syringyl derivatives

1316 e CH2 wagging in cellulose and hemicellulose
1267 e Guaiacyl ring breathing, C]O stretching in lignin, and CeO linkage in guaiacyl aromatic methoxyl groups
1233 1235 CeC, CeO, and C]O stretching in lignin and xylan
1157 1157 CeOeC stretching in pyranose rings and C]O stretching in aliphatic groups
1030 1034 CeO deformation in primary alcohols, C]O stretching (nonconjugated), and aromatic CeH in-plane deformation
897 898 C1eH bending in cellulose and asymmetric out-of-plane ring stretching in cellulose

Y.-C. Chien et al. / Polymer Degradation and Stability 158 (2018) 220e227222
2.3. ATR-FTIR spectral measurements

Fourier transform infrared (FTIR) spectra of untreated and heat-
treated wood samples were recorded on a Spectrum 100 FTIR
spectrometer (Perkin Elmer, Buckinghamshire, UK) equipped with
a DTGS (deuterated triglycine sulfate) detector and a MIRacle
attenuated total reflectance (ATR) accessory (Pike Technologies,
Wisconsin, USA). The spectra were collected by co-adding 32 scans
Fig. 2. PCA of second-derivative ATR-FTIR spectra for Japanese cedar as heat treatment
proceeds under air. (a) Score scatter plot of PC2 versus PC3; (b) PC2 loading profile.
at a resolution of 4 cm�1 in the 650 to 4000 cm�1 range.
2.4. Principal component analysis (PCA)

FTIR spectra were statistically analyzed by PCA using MVSP
version 3.1 software (Kovach Computing Services, Wales, UK). The
1800e800 cm�1 region of the ATR spectra was vector normalized,
and the resulting data were analyzed per previously reported
methods [36].
2.5. Thermal decomposition kinetics by DMA

The thermal decomposition kinetics of wood were measured in
single cantilever bending mode by dynamic mechanical analysis
(DMA 8000, Perkin Elmer, Buckinghamshire, UK) at a heating rate
of 10 �C/min to the desired temperature at a frequency of 1 Hz. The
storage modulus (E0) was recorded under isothermal conditions in
the 120e220 �C temperature range with an interval of 20 �C for 2 h.
The dimensions of the samples were 57mm (L)� 12mm (T) with a
thickness of 3mm. The straight longitudinal grain, free of defects,
and modulus of elasticity (MOE) ranged from 9.0 to 10.0 GPa and
from13.0 to 14.0 GPa for oven-dried Japanese cedar and beechwere
used, respectively. To investigate thermal decomposition kinetics,
the loss of E’ at each temperature over the time period was line-
arized to estimate the temperature-dependent decomposition rate,
k(T), which was considered independent from the duration time
and was calculated by Eq. (1). Many studies have explored
decomposition rates for evaluating the changes in any measured
property of lignocellulosic materials, such as color changes, mass
loss, and mechanical properties [32,34,35,37e40]. Based on this
kinetic theory, the first-order kinetics rates over time are presum-
ably dependent on temperature via the Arrhenius activation energy
model in Eq. (2) [41]. The model can be represented in natural
logarithmic forms in Eq. (3) to obtain Ea for both wood samples at
different heat treatment temperatures.

dE
0 ðt; TÞ
dt

¼ �kðTÞ (1)

kðTÞ ¼ Ae�Ea=RT (2)

ln kðTÞ ¼ ln A� Ea
RT

(3)

where A is constant (pre-exponential factor), Ea is the activation
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energy, R is the universal gas constant (8.314 J/K/mol), and T is the
absolute temperature (K).
3. Results and discussion

3.1. Characteristic bands in the FTIR spectrum

The effects of heat treatment temperatures under different at-
mospheres on the chemical compositions of Japanese cedar and
beech were characterized by ATR-FTIR, as shown in Fig. 1. Assign-
ments and peak positions of untreated wood samples are listed in
Table 1 [20,22,26,42,43]. To compare the spectra of untreated and
heat-treated samples, all spectra were normalized to the CeH
aliphatic stretching peak at 2903 cm�1 [21]. First, the bands at 1734
(Japanese cedar) and 1736 (beech) cm�1 were assigned to the
stretching of the carbonyl groups of acetyls in hemicellulose. As
expected, this specific acetyl absorption band was obviously
stronger in beech than in Japanese cedar. Under air, however, the
band intensities of both wood samples decreased with increasing
heat treatment temperatures. This result indicates that heat treat-
ment causes deacetylation of hemicellulose by the cleavage of
acetyl groups [10,12]. Whenwoodwas heat-treated under nitrogen,
the band intensities slightly decreased with increasing heat treat-
ment temperatures up to 220 �C. Once the heat treatment tem-
perature reached 260 �C, a significant increase in carbonyl bands
was observed, and they shifted to lower wavenumbers. This result
Fig. 3. PCA of second-derivative ATR-FTIR spectra for beech as heat treatment pro-
ceeds under air. (a) Score scatter plot of PC2 versus PC3; (b) PC2 loading profile.
can be explained by the fact that attendant acids (e.g., formic acid)
react with hydroxyl groups to form new carbonyl groups by ester-
ification reactions. A similar result was reported by several re-
searchers [43,44].

On the other hand, bands of aromatic skeletal stretching in
lignin appeared at 1595 and 1593 cm�1 for Japanese cedar and
beech, respectively. The intensities of these bands increased with
increasing heat treatment temperatures. Compared to the air
treatment, dramatic changes in the intensities of these bands were
observed for both wood samples at 260 �C under nitrogen treat-
ment (Fig. 1b and d). An increase in the intensities of these bands
was attributed to the fact that the relative percentage of lignin
increased due to polysaccharide degradation, especially hemicel-
lulose degradation. In addition, the previous study revealed that
splitting the aliphatic side chains in lignin and condensation re-
actions of lignin caused cross-link formations [45,46]. This phe-
nomenon can cause a reduction in water absorption, further
decreasing the shrinking and swelling of wood [19]. The other
characteristic band of aromatic ring stretching appeared at
approximately 1500 cm�1, and the bands at 1509 and 1503 cm�1

corresponded to guaiacyl-type and guaiacyl/syringyl-type lignins
for softwood (Japanese cedar) and hardwood (beech), respectively
[22,47]. These band intensities increased with an increase in ther-
mal temperatures up to 220 �C and then decreased at 260 �C.
Additionally, the band for beech shifted to a higher wavenumber
when it was heat-treated at 260 �C. The results can be explained by
the fact that the syringyl moiety of lignin thermally decomposes
more rapidly than the guaicyl moiety [22,48].

In addition, the band corresponding to CeO stretching at
1103 cm�1 appeared to be significant for beech at heat treatments
above 220 �C. This might have been due to the formation of an ether
linkage from the hydroxyl groups within hemicelluloses and lignin
[45] or to the formation of new alcohols and esters [21] during heat
treatment. Furthermore, after heat treatment, we noted a slight
reduction in the asymmetric ring stretching band of cellulose at 897
and 898 cm�1 for Japanese cedar and beech wood, respectively. This
result implies that soluble acidic constitutions (e.g., formicacid, acetic
acid, etc.) from the hemicellulose degradation caused depolymer-
ization of cellulose by breaking down long chains to shorter chains.

3.2. ATR-FTIR spectroscopy combined with PCA

In the previous section, functional groups of Japanese cedar and
beech during heat treatment under air and nitrogen were investi-
gated. To obtain more information on temperature-dependent
differences in all wood samples, ATR-FTIR spectroscopy with PCA
was conducted. From the results of FTIR spectra, similar major
changes in functional groups of all samples were observed
regardless of treatment with air or with nitrogen. Therefore, this
section outlines using PCA to distinguish differences in the chem-
ical components of wood during heat treatments at 160, 200, and
260 �C under air. In addition, the spectra were converted into sec-
ond derivatives due to several advantages: the influence of baseline
shifts is diminished, and thus, the reproducibility of spectra is
elevated [49]; and typical spectral features are easier to discrimi-
nate [26,50,51].

A mean-centered PCA was conducted based on the second-
derivative ATR-FTIR spectra of all samples over the
1800e800 cm�1 range (fingerprint region), which is dominated by
stretching vibrations of C]C, C]O, CeO, ring structures, and
deformation vibrations of CH2 groups [42,50,52,53]. This region
was found to be useful for polysaccharide identification [25e27].
Fig. 2a shows the score scatter plot of PC2 versus PC3 for Japanese
cedar at different temperatures under air treatment. The results
accounted for 39.3% of the total variability, with PC2 and PC3
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accounting for 23.7% and 15.6%, respectively. Distinct segregation
and clustering was apparent between Japanese cedar at different
treatment temperatures, and a robust separation was easily ach-
ieved by combining PC2 with PC3. Remarkably, three groups could
be observed based on the score scatter plot: one for untreated and
heat-treated samples at 160 �C, another for heat-treated samples at
200 �C, and a third for heat-treated samples at 260 �C, with scores
located on the negative side of PC2. These differentiations most
likely reflect the main changes in the functional groups of Japanese
cedar when it was heat-treated above 200 �C. Furthermore, loading
plots were generated to highlight the contribution of each variable
(wavenumber) to each principal component [49]. As shown in
Fig. 2b, PC2 loadingsmay be used to interpret sample separations of
heat-treatments at 260 �C, as their scores were negative in the PC2
axis. The major contributors to spectral variation were at 1698,
1600, and 1198 cm�1. At 1698 cm�1, the absorption of carbonyl
groups (C]O) of aldehydes, such as furfural and HMF, which act as
cross-linkers between two aromatic rings [54], were visible. Brebu
et al. [55] reported that this absorption can also result from py-
rolysis products of lignin, such as vanillin. In addition, the band at
1600 cm�1 corresponded to the degree of condensation of lignin
fractions [54]. Finally, the band at 1198 cm�1 could be assigned to
ether linkages (CeOeC) from crosslinks by the thermal degradation
Fig. 4. 13C CP/MAS NMR spectra of Japanese cedar as heat treatment proceeds under
different atmospheres. (a) Air; (b) nitrogen.
of lignin or to products of the thermal degradation of cellulose and
hemicellulose [56].

On the other hand, Fig. 3a shows the score scatter plot of PCA for
beech at different temperatures under air treatment. PC2 and PC3
accounted for 9.3% of the total variability (8.7 and 0.3%, respec-
tively). Only beech that was treated at 260 �C exhibited distinct
segregation and clustering from the other groups. In the PC2
loadings profile of untreated and heat-treated beech (Fig. 3b), we
observed negative loadings at 1699, 1611, and 1200 cm�1, which
were similar to the PC2 loadings profile for Japanese cedar. Addi-
tionally, a major negative absorbance at 1105 cm�1 was attributed
to the formation of new CeO groups during heat treatment, as
mentioned previously.
3.3. Characteristics in the NMR spectrum

Solid-state CP/MAS 13C NMR was used to elucidate the charac-
teristics of untreated and heat-treated samples. As shown in Figs. 4
and 5, both untreated Japanese cedar and beech wood showed
typical lignocellulosic characteristics. Cellulose appeared in the
60e105 ppm region. The signal at 105.0 ppm was attributed to C1
Fig. 5. 13C CP/MAS NMR spectra of beech as heat treatment proceeds under different
atmospheres. (a) Air; (b) nitrogen.
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anomeric carbon. Signals at 88.7 and 83.1 ppmwere assigned to the
C4 of crystalline and amorphous cellulose, respectively [57,58].
Signals at 74.9 and 72.4 ppm were ascribed to the C2 and C3, C5
carbons of cellulose, while 65.0 and 62.5 ppm corresponded to the
C6 of ordered and disordered cellulose. Signals of hemicellulose
carbons could not be precisely identified due to exhibiting an
overlapping field with cellulose carbons [59,60]. Therefore, the
signals at 171.4 and 20.7 ppm were for hemicellulose and were
assigned to the carboxylic (CH3COOe) and methyl (CH3COOe)
carbons of acetyl groups. Beech signals were more obvious than
Japanese cedar signals due to higher hemicellulose content, espe-
cially the acetylated xylans content. After heat treatment, the sig-
nals at 171.4 and 20.7 ppm for all samples decreased with
increasing temperature, especially under air treatment (Figs. 4a and
5a). Due to the higher content of acetyl groups in untreated beech,
the reduction in hemicellulose deacetylation was clearly more
pronounced in beech than in Japanese cedar. In addition, with an
increase in heat treatment temperature, the signal at 147 ppm
increased for Japanese cedar, while shifting of the signal at 154 ppm
in untreated beech to 147 ppm in heat-treated beech was clearly
observed. These results indicate modifications in aryleether
structures of the lignin network. On the other hand, a broadened
signal between 125 and 140 ppm appeared for all samples after
heat treatment at temperatures greater than 220 �C except for
beech wood under nitrogen treatment. This is ascribable to the
thermal cross-linking of lignin [18,30,54,61]. Furthermore,
compared to the signal at 65.0 ppm (crystalline C6), the intensities
of signals at 62.5 ppm (amorphous C6) significantly decreased
above 220 �C, indicating an increase in the crystallinity of thewood.
Wood crystallinity is well known to increase with heat treatment
due to preferential degradation of the disordered molecules of
Fig. 6. Duration curves of the storage modulus (E0) of wood samples under different isoth
nitrogen (d).
amorphous cellulose and hemicelluloses [19]. In addition, this
phenomenon at different temperatures wasmore obvious under air
treatment than under nitrogen treatment. According to the NMR
spectra in this study, the main changes in the chemical composi-
tions of all samples during heat treatment were (1) deacetylation of
hemicellulose, (2) increased thermal cross-linking of lignin, and (3)
increased crystallinity of cellulose. Moreover, these signals were
dramatically altered for both wood samples under air treatment
compared to those under nitrogen treatment.

3.4. Thermal decomposition kinetics

To investigate thermal decomposition kinetics, DMAwas used to
estimate the change in storage modulus (E0) of wood during the
thermal degradation process. Fig. 6 shows the E0 duration curves of
Japanese cedar and beech under air and nitrogen atmospheres at
various isothermal conditions. The initial E0 values of all samples
decreased as the heat treatment temperatures increased. For
instance, when wood samples were heat-treated from 120 �C to
220 �C under air, the initial E0 decreased from 3.8 GPa to 1.2 GPa
(decreased by 68%) and from 4.8 GPa to 3.4 GPa (decreased by 29%)
for Japanese cedar and beech, respectively (Fig. 6a and c). Little
change was observed in E0 as a function of time at lower temper-
atures (below 140 �C), whereas a slow decline was observed in the
160e180 �C range. When the temperature exceeded 200 �C, dra-
matic change in E0 were obvious. These phenomena agreedwith the
ATR-FTIR spectroscopy and NMR results in this study. The major
factor underlying these results is the deacetylation of hemi-
celluloses. Released acetic acid acts as a depolymerization catalyst
that further increases polysaccharide decomposition [17,28,29,62],
causing loss of mass, density, and mechanical properties [8,63]. The
ermal conditions. Japanese cedar under air (a) or nitrogen (b); beech under air (c) or
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oxidative degradation of bothwood samples was clearly observable
as time increased at sufficient temperatures regardless of treatment
in air or the nitrogen purge. However, the decrease in E0 was more
dramatic under air than under nitrogen. For example, for Japanese
cedar at 200 �C after 2 h, the E’was reduced by 69% under air and by
33% under nitrogen (Fig. 6a and b). These results demonstrate that
thermal decomposition for heat-treated wood was more rapid in
the presence of oxygen than in an oxygen-free atmosphere. This
tendency was similar to the report by Kubojima et al. [64]. On the
other hand, the decomposition rate of beech was higher than that
of Japanese cedar due to the higher content of acetyl groups in the
cell walls of beech [23].

To further investigate the thermal decomposition kinetics of
wood under different atmospheres, the E0 values at all exposure
temperatures over time were fit to straight lines based on an
assumption of a constant. In this study, the decomposition rate,
k(T), found the slopes of linear fit in the 160e220 �C range to avoid
obtaining a negative degradation rate. As shown in Fig. 7, the
decomposition rate on a natural log scale versus the inverse of the
absolute temperature (T) was plotted. Activation energy (Ea) can be
calculated from the slope of the plot of ln(k) versus 1/T. A linear
regression was performed on the slope, and the R2 values of all
wood samples were greater than 0.97, suggesting that the change in
E0 during heat treatment can be explained as first-order thermal
decomposition kinetics. Accordingly, the Ea values for Japanese
Fig. 7. Correlation between the natural log of the degradation rate (k) and reciprocal
absolute temperature of wood samples. Japanese cedar (a); beech (b).
cedar were 120.6 kJ/mol and 124.8 kJ/mol under air and nitrogen,
respectively, whereas those for beech were 141.3 kJ/mol and
150.0 kJ/mol under air and nitrogen, respectively. This result reveals
that heat treating woods requires more activation energy under
nitrogen than under air. Additionally, the Ea value of beech was
higher than that of Japanese cedar due to the higher hemicellulose
contents for beech. For thermal decomposition kinetics, several
researchers calculated activation energy of heat-treated wood from
color changes, mass loss, and reduction in mechanical properties.
Matsuo et al. [34] calculated the activation energy of heat-treated
wood under air from color changes in the 95e117 kJ/mol range.
On the other hand, the Ea value of heat-treated wood from mass
loss under air and nitrogen presented as 71 kJ/mol and 155 kJ/mol,
respectively [32]. According to the reduction in mechanical prop-
erties, the Ea value of heat-treated wood under air was calculated to
be 74e130 kJ/mol [31,33]. These activation energies were similar to
those in the present study that analyzed the loss of E’ by isothermal
DMA.

4. Conclusions

The chemical compositions and thermal decomposition rates of
wood were substantially influenced by the temperature and
treatment atmosphere. Deacetylation of hemicellulose, cross-
linking of lignin caused by condensation reactions, and reduction
in amorphous regions of cellulose were observed from FTIR and
NMR spectra analyses of heat-treated wood samples, particularly in
the presence of oxygen and treatment temperatures above 220 �C.
In addition, FTIR spectra combined with PCA showed distinct
segregation and clustering for Japanese cedar that was treated at
different temperatures under air. However, only beech that was
treated at 260 �C was segregated and clustered. Based on loading
PCA plots, the major contributors to spectral variations of heat-
treated wood samples were determined to be the carbonyl
groups from aldehyde formation and ether linkages from crosslinks
of thermally degraded lignin or pyrolysis products of cellulose and
hemicellulose. Furthermore, according to the variation in the
storage modulus (E0) as a function of time, the E0 loss rate of beech
was higher than that of Japanese cedar due to higher acetyl group
contents in the cell walls of beech. In addition, the thermal
decomposition of heat-treatedwoodwasmore rapid under air than
under nitrogen. On the other hand, the activation energy (Ea) was
successfully calculated by first-order thermal decomposition ki-
netics from the loss of E’. The results revealed that heat treating
wood required more activation energy under nitrogen than under
air. Consequently, these results not only provide information
regarding changes in the chemical compositions of wood but also
offer feasibility for evaluating the thermal decomposition kinetics
of wood using isothermal DMA tests.
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