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ABSTRACT

Ailanthus wood (Ailanthus desf.) was thermally treated at three different low temperatures
(140, 160, 180°C) for 2 and 4 h in order to investigate the effects on wood color, hygroscopity and
dimensional stability. Results indicate that mass loss increased following the treatments, while
equilibrium moisture content decreased from 11.86% to 9.88% for the 180°C and 4 h treatment.
Moreover, improvements in the dimension stability were observed for post-treatment samples.
The thermal treatment induced color changes in the Ailanthus wood, with a significant reduction
in the lightness, yet the redness and yellowness exhibited minimal changes. FITR spectra of
the thermally treated wood suggest that the heat treatment resulted in the deacetylation of
hemicellulose. These results help to conclude that thermal treating temperature under 160°C can
improve wood dimensional stability and maintain original color.
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INTRODUCTION

Wood is an essential renewable material, with an excellent strength to weight ratio, is easy to
process, has excellent environmental characteristics and is widely used in construction engineering
and interior design (He et al 2019, Percin et al. 2016). However, due to the dry shrinkage and
wet swelling of wood, its use is often limited (Okon et al. 2017, Korkut and Hiziroglu 2014,
Kasemsiri et al. 2012). Common methods of wood modification include impregnation resin,
acetylation and high-temperature thermal treatments (Candan et al. 2013, Esteves et al. 2011,
Esteves et al. 2007a, 2007b, 2008). In particular, high-temperature thermal treatment is an
environmentally friendly modification method, which can degrade hemicellulose and lignin and
reduce hydrophilic groups in wood. It can also increase the crystallization zone and crystallinity
of cellulose, thus reducing wood hygroscopicity and improving the dimensional stability (Esteves

and Pereira 2009).
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The heat treatment of wood, also known as wood thermal modification, is defined by the
European standard (CEN/TS 15679:2007) as follows: At a temperature higher than 160°C in
a hypoxia environment, inducing changes in the cell wall composition and physical properties
of the wood. The extent of the changes in wood properties during the thermal treatment is
a function of the processing method, the wood species and, the initial moisture content of the
wood, the ambient atmosphere and the treatment duration and temperature (Yildiz et al. 2006).
Temperature has a greater impact on the thermal wood properties compared to the treatment
time, and prolonging the treatment time does not result in the same effects as treating with
a higher temperature (Korkut and Guller 2008). Compared with unmodified wood, thermal
treated wood exhibits a lower EMC (equilibrium moisture content) (Santos et al. 2014, Zhou
et al. 2013, Obataya et al. 2000) and smoother contact surfaces (Unsal and Ayrilmis 2005).
The thermal treating of wood has been observed to lead to a darkening in color. For example,
Esteves found that pine (Pinus pinaster) and eucalyptus (Eucalypt globule) wood became darker,
with the lightness reduced by 50% following heat treatment with hot air or steam over a period of
2-24 h above 170°C (Esteves et al. 2007b). The dimensional stability of the wood often requires
improvement while maintaining the original color. The color changes of thermal wood can be
compensated via two techniques: thermally treating wood in a vacuum environment (Sivrikaya et
al. 2019) and thermally treating under lower temperatures. In this study, the wood of Ailanthus
(Ailanthus desf.) was treated at several temperatures of 140-180°C improvement while maintain
hygroscopicity and dimensional stability were tested to explore  a thermal treatment process that
could improve the dimensional stability and maintain the original color.

MATERIAL AND METHODS

Sample preparation

Ailanthus (A4ilanthus dest.), a white colored wood with a similar grain to white oak that is
commonly cultivated in China, was sourced from Sichuan Province, China. The test specimens
were prepared from sapwood with dimensions of 20 x 20 x 20 mm (length x width x thickness)
and an initial moisture content of 70 + 5% (according to the GB/T 1931-2009 standard) (Zhao
et al. 2009). All specimens were dried at 103°C.

Thermal treatment

Thermal treatments were conducted in an oven at the temperatures of 140°C, 160°C and
180°C for 2 and 4 h. A control group of samples was left untreated (denoted as 20°C) and
compared to the thermally modified samples.

Mass percentage loss (MPL)

The MPL was determined based on variations in the mass before and after the thermal
treatment as follows:

MPL = 222 X 100% ¢))

where: my is the pre-treatment oven-dried weight of the specimen (g) and m, denotes the
post-treatment weight of the same specimen (g).
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Wood dimensional stability estimations

Swelling tests were performed according to the GB/T 1931-2009 standard (Zhao et al.
2009). The treated and control groups were oven dried and subsequently stored in a climate
controlled chamber at 20°C with 65% humidity in order to reach EMC. The dimensions and
weights of the specimens were measured before and after conditioning. The swelling coefficient
was calculated as follows (Zhao et al. 2009):

a =" x 10004 )

‘o

where: a is the swelling coefficient (radial, tangential or longitudinal), 1, denotes the initial
dimension of the specimen, and I, represents the dimension after conditioning.

Moisture absorption (MA)

The process used to determine the MA is detailed as follows. The specimens were placed in
a chamber with a constant temperature of 20°C and 65% humidity to reach the EMC according
to the GB/T 1931-2009 standard (Zhao et al. 2009). Following conditioning in the climate
chamber, the MA was calculated via Eq. (3):

MA =" x 100% 3)
wy

where: wy, (w,) denotes the weight of the specimens before (after) conditioning in the climate

chamber (g).

Color measurements

Pre- and post-treatment surface color measurements of all specimens on the tangential
section were collected using an AvaSpec-USB2 spectrometer (Avante, Netherlands) equipped
with an integrating AVA sphere with a diameter of 80 mm. Measurements were made using
a D65 standard illuminant and a 10° standard observer. The reflectance percentage, collected at
10 nm intervals over the visible spectrum (400-700 nm) was converted into the CIELAB color
system. The resultant pre- and post-treatment colour coordinates were lightness L* (from 0 for
black to 100 for white), redness a* (from negative values for green to positive values for red on
the green-red axis) and yellowness b* (from negative values for blue to positive values for yellow
on the blue-yellow axis). Colour differences between treated and control samples were calculated

based on Eq. (4):
AE = VAL + Aa*® + Ab*? 4)

where: ALF, Aa* and Ab" are the differences of the pre- and post-treatment values of L*, a* and b,
respectively. Low AE values correspond to a small colour difference.

Chemical structure analysis

ATR-IR spectra of the control and thermally modified wood milled samples were collected
using a standard FTIR spectrometer (Tensor 27, Bruker, Germany) via direct transmittance at
a resolution of 4 cm1 for 32 scans across 700-4000 cm~1. The alignment of the light equipment
and the background spectra was performed before the measurements began. The spectra were
averaged over 6 measurements for each treatment.
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RESULTS AND DISCUSSION

Mass percentage loss

The MPL is a key indicator for the quality of thermally treated wood. In particular, it is
a function of wood species, heating medium, temperature and treatment time (Esteves and
Pereira 2009). Tab. 1 reports the mass loss of the treated samples. The results indicate that mass
loss increased with temperature. More specifically, under the 180°C and 4 h heat treatment, the
mass loss was observed as 2.437%, which is greater than the equivalent value for 140°C (1.432%).
Moreover, the mass loss also increased with treatment duration. At 160°C, the mass loss was
observed to be 1.395% and 1.734% under 2h and 4 h, respectively.

Tab. 1. Mass loss of the thermally treated wood.

Wood sp. Treatment Initial mass (g) Mass loss (%)
Ailanthus 140°C, 2h 4.024 0.761 (0.071)
Ailanthus 140°C, 4h 4.139 1.432 (0.112)
Ailanthus 160°C, 2h 4.265 1.395 (0.094)
Ailanthus 160°C, 4h 4.035 1.734 (0.083)
Ailanthus 180°C, 2h 4.126 1.962 (0.132)
Ailanthus 180°C, 4h 4.135 2.437 (0.048)

*Values in parentheses indicate standard deviation.

Wood dimensional stability and moisture absorption

Wood dimensional stability has a significant influence on the quality and usage of wood
products. The swelling coefficients in the tangential and radial directions are the most influential
factors for wood dimensional stability estimations. Fig. 1 demonstrates the influence of the
thermal treatments on wood dimensional stability.

Huntreated 140°C 2h  ®m140°C 4h
W160°C2h ®160°C4h  ®™180°C 2h

B180°C 4h

Swelling coefficient (%)

Tangential Radial Longitudinal

Fig. 1. Swelling coefficients in the tangential, radial and longitudinal directions for the treatment and
control groups.

The average value of the swelling coefficient of the control group was 3.08%, 1.78% and
1.03% in the tangential, radial and longitudinal sections, respectively. Following the 180°C 4 h

treatment and compared with the control group, the swelling coefficient decreased by 16.88% in
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the tangential section, with a smaller reduction of 6.80% in the longitudinal section. Compared
with the control group, all three swelling coefficient decreased with increasing treatment
temperature and duration. The results demonstrate that the thermal treatments markedly
decreased the wood swelling coefficients in the tangential and radial directions, with less of an
impact on the wood swelling coefficients in the longitudinal direction. This may be attributed to
the ease of shrinking and swelling of wood in the tangential and radial directions, with a greater
stability in the longitudinal direction (Liu and Zhao 2012). The increase of wood dimensional
stability via the thermal treatment is a result of the hydrophilic substances degradation induced
by higher temperatures (Esteves and Pereira 2009).

Moisture absorption

Wood moisture content under the fiber saturation point (FSP) has been demonstrated
to have a great impact on wood dimensional stability. To further investigate the effects of
thermal treatment on wood dimensional stability, MA was recorded as an indicator for wood
hygroscopicity. Tab. 2 reports the MA values for the specimens before and after conditioning
in the climate chamber at a temperature of 20°C with 65% humidity. The average mass of the
untreated specimens pre- and post-conditioning varied from 4.036 to 4.507 g, with an MA of
approximately 11.68%. Furthermore, the MA for the treated group was observed to decrease
compared with the control group. Thus, the thermal treatments markedly decreased the MA
ability of the wood samples, and can therefore be applied to increase wood dimensional stability.

Tab. 2. MA of untreated and thermally treated wood.

Wood sp. Treatment Pre-conditioning | Post-conditioning MA (%)
mass (g) mass (g)
Ailanthus untreated 4.036 4.507 11.682
Ailanthus 140°C, 2h 3.993 4.443 11.263
Ailanthus 140°C, 4h 3.992 4.427 10.895
Ailanthus 160°C, 2h 3.987 4.427 11.048
Ailanthus 160°C, 4h 3.972 4.374 10.127
Ailanthus 180°C, 2h 3.946 4.339 9.979
Ailanthus 180°C, 4h 3.897 4.282 9.883

Post-treatment color changes

Ailanthus cultivated in China, used for furniture making, has white color. The values of the
coordinates L ¥, a ¥, b * of untreated wood are 76.97, 5.96 and 27.48. AL* values were negative,
indicating a darker color for the wood following the heat treatment via the reduced lightness due
to higher temperatures during the heating process. The blackish hue increased for temperatures
within 140-180°C. For example, the lightness value (L) decreased from 76.97 to 64.53 for the
samples exposed to the 180°C heat treatment for 4 h. However, for the same treatment duration
under 140°C, L* decreased from 77.20 to 75.88. Esteves et al. (2007b) observed a reduction in
L* for transverse sections of pine by 9.4% and 28.4% for 2 h at 170 and 200°C, respectively. The
values of a* and b* slightly increased following the thermal treatment by 4.34 unit for Aa* and
5.42 unit for Ab* under the 180°C 4 h treatment. Comparing the color change from these six
thermal treatment processes, 140°C (2 and 4 hours) and 160°C(2 hours) can maintain original
color better than other processes.
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Fig. 2. Changes in LY, a* and b* and the total color change (AE) for thermally treated samples.

Chemical structure analysis

The dimensional stability of wood is directly linked to the hydroxyl (-OH) and other
chemical contents, and can result in changes in, or the loss of, hydroxyl or other chemical groups
that play key roles in the stability of wood (He et al. 2016, Jiang et al. 2015, Mitani and Barboutis
2014). FTIR spectroscopy is able to effectively measure variations in the chemical structure of
samples resulting from different treatments (Basso et al. 2017, He et al. 2017, Chen et al. 2011).
The FTIR spectra in the range of 800-1800 cm™ for the treated samples at 140°C, 160°C and
180°C under 4 hours and the control group are displayed in Fig. 3.
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Fig. 2. Comparative FTIR spectra of untreated and thermal treated wood samples in the range of

800-1800 cm™ (from bottom to top: untreated, 140°C, 160°C and 180°C).

To compare the spectra of the untreated and heat-treated samples, all spectra were
normalized to the C-H aliphatic stretching peak at 2905 cm™ (Kocaefe et al. 2008). Although
the chemical structures of the thermally treated specimens were modified compared to the
control, the changes were minimal. The band intensities at 1736 cm™ were observed to decrease,
corresponding to the stretching of the carbonyl groups of acetyls in hemicellulose (Chien
et al. 2018). This indicates that the heat treatment resulted in the deacetylation of hemicellulose
by the cleavage of the acetyl groups (Altgen et al. 2018a,b). The absorption band at 1643 cm-1
assigned to conjugated carbonyl groups, were observed to increase, especially after 180°C thermal
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treatment 4 hours. This suggests that more conjugated/aromatic carbonyl groups were formed
during thermal treatment. In addition, aromatic skeletal stretching bands in lignin were observed
at 1593 cm™L. The intensities of these bands increased with the heat treatment temperature. This
is attributed to the increase of the relative percentage of lignin due to polysaccharide degradation,
and in particular, hemicellulose degradation. An additional characteristical band for aromatic
ring stretching appeared at approximately 1506 cm1, which also exhibited an increasing intensity
with thermal temperatures. This can be explained by the thermal decomposition of the syringyl
moiety of lignin. In addition, the band corresponding to C-O stretching at 1105 cm™! appeared
to be significant for the 180°C heat treatment. This may correspond to the formation of an ether
linkage from the hydroxyl groups within hemicelluloses and lignin (Colom et al. 2003), or to the
formation of new alcohols and esters (Kocaefe et al. 2008) during the heat treatment.

CONCLUSIONS

In the current study, wood from the Ailanthus tree genus was thermally modified at
140°C, 160°C and 180°C for 2 and 4 h. In particular, we investigated the mass loss, swelling
coefficient, moisture absorption, color change and variations in FITR spectra of the treated
wood compared to the control group. Following the thermal treatment, mass loss increased,
while EMC was significantly reduced with increasing treatment temperature and duration.
Furthermore, the dimension stability was improved with the thermal treatment. Changes in the
color of the Ailanthus wood were induced by the thermal treatment, however changes in the
redness and yellowness were limited. Permutations in the FITR spectra of the thermal treated
wood compared to the control suggest that the heat treatment results in the deacetylation of
hemicellulose. According to the results of color change and dimensional stability and moisture
absorption, 160°C for 2 h can improve wood dimensional stability well and maintain original
color.
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