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Abstract Test samples of Japanese larch (Larix leptolepis)
heartwood and Japanese beech (Fagus crenata) sapwood
were heated for 22h at constant temperatures (50°-180°C)
under three water content conditions. Raman spectra of the
samples were recorded before and after the heat treat-
ments, and spectral changes in the range from 1000cm ' to
1800cm ' were evaluated using the difference spectrum
method. For both wood species, the Raman band intensity
at 1655-1660cm ™' due mainly to the C=C and C=0
groups in lignin clearly decreased with increasing heat-
treatment temperature (HTT). The spectral change was
thought to reflect the progress of condensation reactions of
lignin molecules during the heat treatment. Moreover, the
decrease in band intensity was considerably facilitated by
the presence of water in the cell wall, suggesting that the
condensation is closely related to the softening of lignin.
From the spectral changes in the wavenumber region of
1200-1500cm ™', it was considered that wood constituents
are partially decomposed at the higher HTT.
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Introduction

Heat treatment of wood and wood-based materials has
been directed toward not only artificial drying but also di-
mensional stabilization, deformation and fixation, separa-
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tion of extracts, and others. Although wood scarcely loses
weight up to 200°C, a number of studies'” have pointed out
that the physical and biochemical properties of wood
change during heat treatment at lower temperatures. Such
treatment leads to undesirable changes, such as reduction in
strength'™" or durability,”'* and discoloring.” Therefore, it
is of fundamental importance to investigate the changes
of wood constituents at the molecular level to develop
the heat-treatment techniques for producing high-quality
wood.

To do this, it is desirable that the analysis of heat-treated
wood includes no wet process, because the products of heat
treatment are not always chemically stable. In the past de-
cade, the application of Raman spectroscopy suitable for
nondestructive analysis has been extended to many kinds of
woody materials by employing Fourier transform (FT)
techniques and a near-infrared laser. We have used this
spectroscopic tool for local analysis of materials made from
lignocellulosics because it probes only a small laser spot,
and we have obtained much information on the chemical
behavior of adhesives'®” and preservatives'™ in wood.
Moreover, we recently reported the Raman spectra of arti-
ficially dried Japanese larch (Larix leptolepis) lumber."” The
preliminary study showed not only important and intriguing
aspects of chemical changes in wood during artificial drying
but also several problems to be clarified.

The aim of the present article is to examine the effects of
heat-treatment temperature (HTT) and water content on
the chemical changes in wood. Small block samples of
Japanese larch, softwood, were heat-treated at tempera-
tures ranging from 50° to 180°C under three water content
conditions. Japanese beech (Fagus crenata), hardwood, was
also explored in the same way as Japanese larch, because
there are distinct differences in hemicellulose and lignin
between softwood and hardwood. We describe here the
Raman spectra of larch and beech samples that were heat-
treated at low temperatures (=180°C), and further discuss
the chemical changes in both wood species during heat
treatment based on the spectral changes.
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Experimental
Wood samples and heat treatments

The wood blocks used as test samples were taken from
Japanese larch heartwood and Japanese beech sapwood.
The blocks of larch and beech measured 15 (T) X 15 (R) X
Smm (L) and 25 (T) X 25 (R) X 5mm (L), respectively.
Prior to heat treatment, all the samples were weighed at
25°C and 60% relative humidity (RH). Five replications
were selected from the samples of each wood species and
the average water contents at 25°C and 60% RH were
based on the assumption that water content of the wood
samples was approximately zero after 48h of oven-drying at
105°C. On the basis of these average values, the water con-
tents of the samples before heat treatment were calculated
from the weights.

Three different procedures of heat treatment were em-
ployed as follows: (I) the samples were conditioned at 25°C
and 60% RH, and then were heated in an open vessel at the
desired temperature for 22h, (II) the samples were kept at
25°C and 90% RH for 2 days, and immediately were put in
a sealed vessel together with a small glass beaker containing
1.5ml of water and heated for 22h (Fig. 1a), and (III) water-
swollen samples were heated in the sealed vessel for 22h
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Fig. 1. Stainless steel and Teflon vessels used in heat-treatment proce-
dures II (a) and 111 (b)
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(Fig. 1b). All heat treatments were carried out using an
electrical oven, and the desired temperature was varied
from 70° to 180°C in procedure I and from 50° to 130°C in
procedures II and III at intervals of 10°C. The 22-h heat
treatment was adopted in this study, because the period of
heating at the highest temperature in artificial drying of
wood is generally about 1 day. It was difficult to perform
reliable analysis of Raman spectra due to intense fluores-
cence when the HTT exceeded the upper limit. The sealed
vessel consisted of an outer stainless-steel vessel and an
inner Teflon cylindrical cell (diameter 34 mm, 55 mm high),
as shown in Fig. 1. After heat treatment, the wood samples
were cooled and dried at ambient conditions (23° * 1°C,
50%-70% RH) for more than 2 days, and then used for
Raman measurements.

Raman measurements

FT-Raman spectra were recorded with a Jeol JIR 7000W
spectrometer connected to an RS-RSU-200 Raman module
with a backscattering configuration. Excitation of Raman
spectra was carried out with irradiation of 1064.1 nm from a
Nd**: YAG laser. The focused spot of the laser beam was
about 0.5mm in diameter and the laser power was about
200mW on the sample. To obtain good-quality spectra,
more than 1000 scans were required at about 2cm " inter-
vals (spectral resolution, ca. 4cm™'). All the Raman mea-
surement points were located on earlywood at the center of
the transverse sectional surface of the wood blocks. Raman
spectra were measured twice at the same point on the
sample surface before and after heat treatment.

Difference spectra

Strong background owing to fluorescence was eliminated by
calculation of the difference Raman spectra. A difference
spectrum was calculated by subtracting Raman spectrum A
of a wood sample before heat treatment from spectrum B
after heat treatment as follows.

Difference spectrum = Spetrum B — k X Spectrum A (1)

where k is calculated when the intensity of an internal refer-
ence in a difference spectrum is zero.

Results and discussion
Water content of wood samples

The average water contents of Japanese larch and beech
samples before heat treatment are listed in Table 1. Water
in the glass beaker was scarcely reduced when heat treat-
ment II was completed, indicating that the inside of the
Teflon cell was held at a saturated-water-vapor pressure
during the heat treatment. Immediately after completion of
procedure III, all the heat-treated larch and beech samples
had more than 60% water content. The results clearly show
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Fig. 2. Raman spectra of larch
heartwood heat-treated by proce-
dures I (A) and 111 (B). A: a, un-
treated; b 120°C; ¢ 140°C; d
160°C; e 170°C; f 180°C. B: a un-
treated; b 100°C; ¢ 110°C; d 120°C

T T
1500 2000

Wavenumber /cm-1

Table 1. Average water content of the wood samples before heat
treatment

T
2500

25°C, 60% RH
(procedure I)

25°C,90% RH
(procedure II)

Water-swollen
(procedure IIT)

17.7%
20.0%

110%
120%

Japanese larch ~ 8.2%
Japanese beech  8.3%

RH, relative humidity

that the wood samples maintained free water sufficiently in
the lumen and intercellular space throughout the heating
run, because the fiber saturation point of wood is usually in
the water content range of 22% to 35%.

Raman spectra

Figure 2 demonstrates Raman spectra in the range from
800cm ' to 3600cm ' of heat-treated larch samples from
procedures I (Fig. 2A) and III (Fig. 2B). For both heat-
treatment methods, Raman spectral changes became
greater with increasing HTT and the most remarkable
change was strong background due to fluorescence in the
low wavenumber region. As can be seen in Fig. 2, there
were pronounced differences in fluorescence intensity be-
tween the two heat-treatment procedures. In the heating
runs of procedure I, the increase in fluorescence with in-
creasing HTT was very small up to 140°C, but became expo-
nentially greater when HTT exceeded 160°C. In procedure
III, the steep intensification of background started from
120°C. The larch samples heat-treated in procedure II also
showed a prompt increase of fluorescence intensity from

j T T

T T T T T
3000 3500 1000 2000 2500 3000 3500

Wavenumber /cm-1

120°C, although the increase was not as steep as that in
procedure III. Assuming that the fluorescence is induced by
laser irradiation of products of the heat treatments, these
Raman spectra suggest progress of some chemical reactions
in wood constituents and important roles of water in the
reactions.

We next describe the vibrational Raman bands of wood
samples. The most notable change in vibrational bands was
a reduction of the relative intensity of the band at about
1655cm ' with increasing HTT. This band is mainly attrib-
uted to the C=0 and C=C groups in the coniferaldehyde
and coniferyl alcohol structures, respectively, in lignin mol-
ecules.”™ Moreover, a new band is observed around 1630
1640cm™' as a shoulder as shown in the inset of Fig. 2.
According to Agarwal and Atalla,” olefinic C=C bonds in
the stilbene structure show a strong Raman band at
1635cm . Therefore, this band may suggest that stilbene
derivatives are produced by the heat treatments. These
spectral changes resulting from the heat treatments were
expected after considering the previously reported Raman
spectra of artificially dried larch.”

Figure 3 depicts the Raman spectra of heat-treated
beech from procedures 1 (Fig. 3A) and III (Fig. 3B).
The control samples exhibit a band around 1740cm ' due to
the C=0 groups, mainly in xylan.”** This is a characteristic
Raman band of hardwood species and usually appears as
only a trace in the Raman spectra of softwood.”**
Like larch heartwood, both treatments I and III led to
fluorescence intensification and the reduction of band
intensity at 1660cm ', whereas it was not clear whether
the relative intensity of the bands at 1630-1640cm '
and 1740cm ' changed during heat treatment from Fig. 3
alone.
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Fig. 3. Raman spectra of beech —
sapwood heat-treated by proce- A
dures I (A) and IIT (B). A: a un- .
treated; b 140°C; ¢ 150°C; d
160°C; e 170°C; £ 180°C. B: a un- f
treated; b 80°C; ¢ 90°C; d 100°C;
e 110°C
Z
=
2
.Ei \
e
d
C
b s
—4a 1600;
1660
10|00 15'00 20l00

Wavenumber /cm-1

It may be expected that the fluorescence contains much
information on chemical changes with heat treatments at
low temperatures. However, the mechanisms of fluores-
cence induction by laser irradiation are very intricate, and a
trace amount of the product of heat treatment can result in
intense fluorescence. Hence, the chemical changes in
Japanese larch and beech wood during the heat treatments
were discussed based on the spectral changes in vibrational
Raman bands.

Difference spectra

Although the results in Figs. 2 and 3 show the important
spectral changes in the Raman bands, it was difficult to
evaluate precisely all of the spectral changes from the raw
Raman spectra alone. Thus, the difference spectrum
method is adopted as an arithmetical analysis of Raman
spectra to understand the spectral changes in more detail
and to find other small spectral changes.

Japanese larch heartwood

The difference spectra calculated from the Raman spectra
of larch samples before and after heat treatments I, II, and
IIT are demonstrated in Figs. 4, 5, and 6, respectively. In
each heat-treated sample, two kinds of difference spectra
were calculated individually by using two internal refer-
ences. One reference is the strong band at about 1600cm '
that does not shift significantly even though chemical
changes occur at the side chains of an aromatic ring. The
other is a band group at around 1100cm '. The Raman

T
2500

T T T T T T
3000 3500 1000 1500 2000 2500

Wavenumber /cm-1

bands of wood in the range 1050-1150cm ' are due mainly
to stretching vibrations of C—C and C—O bonds in cellu-
lose and hemicellulose.”””” The former is expressed as inter-
nal reference A, and the latter as B.

As can be seen in Fig. 4A, the first spectral changes with
the rise of HTT appear at 120°C as a decrease of the band
at 1655cm™' and an increase of that at about 1633cm ™.
These changes become greater as HTT is increased. These
spectral changes are also observable in Fig 4B, although
they are not as clear as those in Fig. 4A. A peak at 1612cm ™'
appears above 150°C and develops with HTT by using the
internal reference A, while this band is undetectable when
the internal reference B is adopted. The same band appears
as a small peak or shoulder above about 100°C in Figs. 5A
and 6A.

In these spectral changes, the reduction of the band at
1655cm ' will be the most informative one, and is likely
explained in terms of the condensation reaction of lignin
molecules. As mentioned earlier, the band at 1655cm™" is
due mainly to C=0 and C=C groups in coniferaldehyde
and coniferyl alcohol structures of lignin, and hence it is
likely that the reduction of band intensity is attributable
mainly to condensation reactions of lignin molecules. The
band at 1612cm ™' may be due to the vibrational mode of
benzene rings having side chains that change chemically
with the condensation, that is, part of the strong band at
1600cm ™" shifting to slightly higher wavenumbers. A pos-
sible explanation for the intensification of the band at
1633cm ' is the formation of stilbene derivatives.

As shown in Figs. 5 and 6, similar spectral changes occur
during heat treatments II and I1I, but become observable at
much lower temperatures in comparison with procedure I,
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Fig. 4A,B. Difference spectra A B
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indicating that the presence of water accelerates the chemi-
cal reactions shown by the changes of Raman band inten-
sity. However, there are only small differences in the
progress of the chemical changes between heat treatments
IT and IIT despite large differences in water content. This
suggests that free water in the lumen or intercellular space
has little effect on facilitating the reactions. Moreover, the
increase in the band intensity at 1633cm ' is detected at
about 20°C higher than the decrease in the band at
1655cm . This is an important result that indicates that the
chemical changes corresponding to the increase and those
to the decrease in band intensity will not always occur at the
same time.

T T T
1600 1400 1600 1800

Wavenumber /cm-1

We next describe the differences between the series of
difference spectra A and B. The differences between them
common to Figs. 4, 5, and 6 appear at the band at 1600cm '
and in the range from 1000 to 1500cm . For each heat-
treatment procedure, it is obvious that the band intensity at
1600cm ' in B increases steeply when HTT is above a cer-
tain temperature. The benzene ring is, however, very un-
likely to be produced in larch wood during heat treatment.
A possible explanation for the growth of the band at
1600cm ' is the pre-resonance Raman scattering occasion-
ally observed in Raman spectra, although we have obtained
no experimental evidence. The intensification of the band at
1600cm ' is not unreasonable if any compounds that have
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Fig. 6A,B. Difference spectra
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absorption near 1064.1nm are generated from lignin mol-
ecules during the heat treatment and the absorption is as-
cribed to the benzene ring or groups directly bonded to the
benzene ring.

In Figs. 4A, 5A, and 6A, a number of valleys appear in
the range from 1000 to 1500cm " at the same HTT that the
band at 1600cm ™' begins to increase in B. These valleys
become deeper as HTT is increased. The spectral contours
in this region are very similar to those of the Raman spectra
of Japanese larch (see Fig. 2) when the vertical axis is re-
versed. On the other hand, quite different spectral changes
are observed in the 1000-1500cm ' region with HTT when
reference B is used. Several peaks that are not observed in
the Raman spectra of non-heat-treated samples appear
above 160°C, 110°C, and 100°C, in procedures I, II, and III,
respectively, and hence they are likely due to components
decomposed by heat treatment. It was reported that the
major components of wood, cellulose, lignin, and hemicellu-
lose start to decompose or depolymerize thermally at
remarkably low temperatures.””®” Thus, these spectral
changes in Figs. 4B, 5B, and 6B allow us to postulate partial
decomposition of the wood constituents, especially hemi-
cellulose which is considered to begin pyrolysis at the lowest
temperatures.”

Japanese beech sapwood

Figures 7, 8, and 9 depict the difference spectra of the heat-
treated Japanese beech sapwood from procedures I, I, and
III, respectively. A number of spectral changes similar to
larch are observed with the rise of HTT. As can be seen in
Fig. 7B, the intensification of the band at 1600cm ™' caused
by heat treatment I appears rapidly from 150°C, which
is about 30°C higher than larch. For procedures II and
III, the most prominent difference from larch was that

Wavenumber /cm-1

intensification of the band at 1600cm ' during heat treat-
ment was not observed at all up to 120°C. In other words,
there is no difference between the results obtained from the
calculation methods A and B in the HTT range in this study,
and hence we show only the difference spectra calculated by
method B of the beech sapwood heat-treated through pro-
cedures II and III.

The difference spectra of beech show decreases in band
intensity at about 1660cm™" with increasing HTT for all
heat-treatment procedures, like those of larch. These re-
sults indicate that the primary chemical reactions in beech
sapwood are analogous to those in larch heartwood and
suggest the same effects of water on the reactions. How-
ever, the lowest temperatures yielding a decrease in band
intensity at 1660cm ' are 140°C, 100°C, and 90°C in proce-
dures I, II, and III, respectively, and are higher than those
for larch.

The changes in the decreasing rates of band intensity
at 1660cm ' are discussed for the HTT range free
from interference of the band intensification at 1600cm ™.
As shown in Fig. 10, the Raman spectrum after heat
treatment was normalized by the use of internal reference B
in the Raman spectrum before heat treatment, and the ratio
of peak height at 1660cm ' after heat treatment to that
before heat treatment, h’'/h, was determined. The value
of h'/h X 100 (%) is plotted against HTT in Fig. 11. As
expected from the difference spectra, the decreasing rate
of the band intensity at 1660cm ' in Fig. 7 is much smaller
than those in Figs. 8 and 9. Moreover, it can be seen that
the decrease rate in Fig. 8 is smaller than that in Fig. 9,
although the differences between them are not large. This
confirmed that water, especially water absorbed in the cell
wall, plays an important part in the chemical reactions
of lignin molecules caused by heat treatment at low
temperatures.
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Fig. 8. Difference spectra calculated from the Raman spectra of beech
sapwood before and after heat-treatment procedure I1. a 80°C; b 90°C;
¢ 100°C; d 110°C; e 120°C

The difference spectra of heat-treated beech in Figs. 7, 8,
and 9 show that the intensity at about 1640cm ' rises with
increasing HTT and a shoulder appears at 1616cm ™' above
150°C. These spectral changes probably indicate that
chemical changes similar to those in larch occur in beech
during the heat treatments, although the wavenumbers are
slightly higher than those of larch.

In heat treatment I (Fig. 7), like Japanese larch, several
small peaks appear in the 1200-1500cm™' region above
160°C when reference B is used, suggesting the thermal
decomposition of wood constituents. Consequently, chemi-
cal changes similar to those in larch occur throughout the
heat treatments, but higher HTT is necessary for prompt
progress of the changes as compared with larch.

Wavenumber /cm-1

Fig. 9. Difference spectra calculated from the Raman spectra of beech
sapwood before and after heat-treatment procedure III. a 80°C; b
90°C; ¢ 100°C; d 110°C; e 120°C

From the measurements and analysis of Raman spectra
of Japanese larch and beech heat-treated at low tempera-
tures, it is likely that water content has a considerable effect
on the reaction rate of lignin molecules. It is expected that
water absorbed in the cell wall contributes to progress of
the condensation and other reactions much more consider-
ably than free water in the lumen. In other words, water as
a solvent or reactant would have only a small effect on the
chemical reactions. A likely explanation for the role of
water in the chemical reactions during heat treatment is
that it is a driving force for a reduction in the softening
temperature of wood.

In general, wood shows softening temperatures due to
cellulose (7), lignin (7}), and hemicellulose (7%), and they
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Fig. 10. Determination of /2 and 4’ in Raman spectra of beech sapwood
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Fig. 11. Relationship between decreasing rate of band intensity at
1660cm " in Raman spectra of beech and HTT. Circles, heat-treatment
procedure I triangles, heat-treatment procedure II; squares, heat-
treatment procedure III

decrease in the order T > T, > T."* An increase in water
content reduces 7} and Ty, drastically, whereas 7. is almost
independent of water content. Kelley et al.” reported that
the glass transition temperatures (7,) of lignin and hemicel-
lulose decrease with increasing water content, steeply at
first and then gradually. From the measurements of modu-
lus of elasticity in bending of more than 20 wood species
planted in Japan, lida®” showed that all species had two
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softening points in the regions of 39°-54°C and 67°-80°C.
In addition, a recent study of dynamic viscoelasticity”
confirmed the softening point of water-swollen lignin near
80°C. These softening phenomena in wood have been inter-
preted in terms of micro-Brownian motion of lignin and
hemicellulose molecules. Therefore, it is considered that
the reactivity of functional groups in lignin molecules is
raised because of micro-Brownian motion caused by heat-
ing so that condensation and other reactions are consider-
ably facilitated.

Concluding remarks

The measurements and analysis of Raman spectra have
given us important information about chemical changes in
wood during heat treatment at low temperatures from 50°C
to 180°C. The reduction of the band at 1655-1660cm ™" due
to the C=0 and C=C groups is probably explained by
chemical reaction of lignin molecules due mainly to conden-
sation. The lowest HTT yielding a decrease in the band at
1655-1660cm ' was markedly reduced by the presence of
water: the effect of water in the cell wall on the lowest HTT
was much larger than that of water in the lumen and inter-
cellular space. Water would have little or no contribution to
the chemical reactions of lignin as a reactant or ordinary
solvent. Thus, the reduction of the lowest HTT with increas-
ing water content allowed us to postulate that the softening
phenomenon of wood is closely associated with the begin-
ning of the lignin condensation, and water acts as a driving
force for the reduction of softening temperature. Moreover,
it is suggested that the primary chemical reactions in larch
during heat treatment are very similar to those in beech and
occur at lower temperatures than in beech.

The heat treatments would lead to other chemical
changes as well as the condensation of lignin molecules.
From the spectral changes of both the wood species in the
1000-1500cm ' region, it was inferred that the thermal de-
composition of wood constituent molecules begins at tem-
peratures lower than 160°C.
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