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Effects of Heat Treatment on the Characteristics of Royal
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ABSTRACT

Effects of heat treatment on the characteristics of Royd paulownia (Paulownia tometosa) wood were investigated.
The results were compared with those of Suwon silver poplar (Populus tementiglandulosa) and Korean red pine (Pinus
densiflora) woods. The wood samples of the three species were treated at 160°C, 180°C, 200°C and 220°C in an electric
furnace for 2 hours. The changes of color, density, mass loss, and relative crystallinity were investigated before and
after heat treatment. The lightness (L*) decreased rapidly from 2007C in all species. There were no change in red-green
chromaticity(a’) and yellow-blue chromaticity(b*) of Roya paulownia and poplar woods with increasing temperature.
Whereas, yellow-blue chromaticity(b*) of Korean red pine wood decreased sharply from 200°C. Royd paulownia wood
showed appreciable color change(AE") after heat treatment above 180°C. Poplar and pine woods, however, presented
significant color change from 160°C. Color change of the three wood species increased rapidly with increasing temperature.
Mass loss of the three wood species by heat treatment was the highest in the Royd paulownia wood and the lowest
in the pine wood. Mass loss and relative crystalinity increased and density decreased dlightly with increasing temperature.
Consequently, it is revealed that Roya paulownia wood showed considerable differences in the temperature of color
change, weight loss and change of relative crystallinity compared to the other wood species.
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1. INTRODUCTION of economic and fast-growing tree species and the
expansion of the usage plans is important.

Currently, over 83% of the wood consumption in Along with Korean red pine, Paulownia coreana is
South Korea rely on imported woods. Considering the an important wood resource that is suitable for Korean
country's target, domestically grown woods production cultural backgrounds. As a fastest-growing tree among
ratio will 50% by 2050, the research on afforestation domesticaly grown trees, it offers excelent dimensiona
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stability and durability so that it has traditionally been
used for making instruments and furniture and other
domestic goods. Thus, it is considered relatively high
value-added tree species. Growing in Korea, Japan,
China and Southeast Asia, Paulownia coreana is from
15m to 20m tdl, and its diameter is up to 80cm wide.
It grows to be used as woods within ten years after
the planting, and it is light and soft so that it can
be easily processed. Among the domestically grown
Paulownia coreana species, Paulownia coreana UY EKI
and Roya Paulownia (Paulownia tometosa (Thunb.)
Steud.) have high value of use. As fast-growing tree
species, these offer relatively superior wood quality
so that their usage can be varied, including biomass
resources (Kim, 1997; Kuroiwa, 2010).

There have been studies mainly on the physical
properties of domestically grown Royal Paulownia
woods (Hong, 1985; Yoo and Jung, 1997; Lee et al.,
2008), and recent studies have examined and reviewed
the anatomical, physical, dynamic and carbonization
properties of the tree trunk, branches, and roots of Royd
paulownia woods to evaluate its wood quality and the
use as biomass resources.

Heat treatment on wood has been widely used to
improve the absorptiveness, dimensional stability,
wesatherproof performance and discoloring performance
(Kim, 2016). Various studies have adso been conducted
on the heat-treated woods grown in Korea (Cho et
al., 2015; Kang et al., 2015; Kim et al., 2009, 2010;
Lim et al., 2014; Park et al., 2012; Hidayat et al.,
20173, 2017b; Yoon et al., 2008, 2009). However, there
are few studies that applied such heat treatments to
useful Korean woods resources, such as Royal
paulownia wood. Kang et al. (2015) performed oil-heat
trestment on the larch and Paulownia coreana at 200°C
and observed the surface color change. They reported
that the latter had a relatively lower colour change
than the former. Hidayat et al. (2017b) compared the
color change by the hest trestment of Roya paulownia

and determined a heat treatment method and
temperature that offer aestheticaly pleasing results
through a survey. Moreover, Hidayat et al. (2017a)
reported that the heat treatment of Roya paulownia
wood by fixing it with clamps resulted in the woods
that had a sméler decrease in the physical and dynamic
properties of the woods. Therefore, it is determined
that in the quality evaluation of hesat-treated woods,
the heat transfer media (air or nitrogen, etc.) by tree
species based on the aesthetically pleasing results, and
the color change based on the heat treatment
temperature and duration are the most important
indexes, at which the analysis on the weight change
or cellulose crystallization that affect the dynamic
properties of woods are also considered important data

To offer key basic data for the expansion of the
usage plan of Roya paulownia woods that have
superior added value among tree species grown in
Korea, the study examined the color, weight, and
density changes as well as the relative crystallinity
of cellulose caused by the heet treatment. Furthermore,
the study compared and examined the heat treatment
properties of Korean red pin wood, a representative
Korean tree species as a needlleaf tree wood as well
as Suwon silver poplar, one of the broadleaf
fast-growing woods.

2. MATERIALS and METHODS

2.1. Specimens

The study used three specimens of 11 to 15 years
old Royal paulownia (Paulownia tomentosa (Thunb.)
Steud.) with the diameter about 30cm from the
experiment forest at Kangwon Nationa University. For
a comparison, some 25 years old Suwon silver poplar
(Suwon silver poplar, Populus tementiglandulosa T.
Lee) in 35cm in diameter, acquired from Gunaerim,
Kangwon National University, and some 50 years old
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Korean red pine (Pinus densiflora Siebold & Zucc.)
in some 40cm in diameter, acquired from Samcheok,
Korea Forest Research Institute were used as

specimens.

2.2. Test method

2.2.1. Heat treatment

Oven-dried specimens of the woods were heat treated
for two hours at 160°C, 180°C, 200°C and 220°C,
raising the temperature by 2°C/min (Fig. 1). To produce
the specimens used in the test and the heat treatment
schedule, the study referred to the results from previous
studies that showed small distortion or cleavage during
the heat treatment process and offered excelent
dimensional stability and durability (Hidayat et. al.,
2017a).

2.2.2. Measurement of the color change

The color change of three tree species by heat
treatment was measured with a color-difference meter
(NR110, 3nh, Chind). The specimens for the color
change measurement were made in 50mm (T) x
20mm(R) x 160mm (L) and were trested by heat. The
three points of the specimens were measured for color

Time
Fig. 1. Schedule for heat treatment.

changes (Fig. 2), and the expression of the color change
values was based on the CIE-L*a'b" color space
measurement by Commission Internationadle de
I'Eclairage (Han and Cho, 2005). L* shows the
difference in lightness, where as a8 and b" signify
the direction of the color. -a" is green, +a" is red,
-b" is blue, and +b" is ydlow. Based on the measured
L*, &, b values, the actual color change (AE") was
determined by the equation below, and the color
change difference was determined by the color
difference proposed by National Bureau of Standards
in the US.

AE=(V(AL)2+ (Aa*)2+ (ADF)?)

Fig. 2. Measuring point for color change on the
surface of wood specimen.
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2.2.3. Measurement of density change and
weight reduction
The study measured density chance and weight
reduction in the three specimens (20mm(R) x 20mm
(T) x 40mm (L) by the temperature of heat treatment.
The following equation was used to determine the
density change and weight reduction based on the
oven-dry condition, showing the average value of ten
specimens.
Density(g/em?) = %V
V: Oven-dry volume of specimen (cma)
M: Oven-dry weight of specimen (g)

weightreduction(%) = (M, — M,) / M, X 100

Ma1: Specimen weight before heat treatment (g)
M,: Specimen weight after heat treatment (g)

2.2.4. Analysis of relative crystallinity of
cellulose
Using an X-ray diffractometer (D-Max 2100V,
Rigaku, Japan), the study analyzed the relative
crystallinity of non-treated and treated wood cellulose.

Specimens in Imm(R) x 10mm (T) x 20mm (L) were
measured under 40kV, 30mA using monochromeatic
CuKa -ray with n filter. The calculation of relative
crystallinity used the following Segal method (Segal
et al., 1959).

Ly —1
Or (%)= 22" o 100

‘[200

l00: Diffraction strength at (200) (20 = 22.8°),
lam : Diffraction strength of the non-crystalline zone
(20 = 18°)

3. RESULTS and DISCUSSION

3.1. Color change by heat treatment

Fig. 3 shows the heat-treated woods in three tree
specimens at each temperature. All the three species
showed marked discoloring over 200°C. Korean red
pine wood showed surface contamination due to the
elution of internal resin by heat treatment. The surface
contamination of resin could not be observed after the
heat treatment at 220°C, which is believed that resin
has been vaporized by high temperature.

Royal paulownia

Control
WRP T
ek 160°C &

Suwon silver popular

Korean red pine

Fig. 3. Surface images of heat-treated woods at different temperatures.
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Table 1. Change of L*a*b* value of the three wood species at different temperatures.

Roya paulownia

Control 160°C 180°C 200°C 220°C
L* 74.57+0.1 72.87+0.9 71.19+1.9 54.23+1.6 34.12+0.2
ar 5.86+0.2 6.66x0.2 8.91+0.6 12.63+0.1 9.44+0.3
b* 15.83+0.4 17.79+0.6 21.35+1.0 24.84+0.5 14.80+0.4

Suwon silver poplar

Control 160°C 180°C 200°C 220°C
L* 72.35£3.0 77.85+34 74.84+3.4 43.72+1.3 31.99+2.5
a* 6.07+0.2 6.76+1.1 10.00+0.3 11.64+0.2 8.28+0.8
b* 15.17+0.2 18.68+1.1 22.71+0.2 19.05+0.3 11.54+1.9

Korean red pine

Control 160°C 180°C 200°C 220°C
L* 72.611+.2 70.82+1.0 72.40£1.0 29.40+0.9 35.82+0.9
ar 12.87+1.3 9.68+0.1 9.68+0.1 11.07+0.3 12.44+0.4
b* 31.64£1.2 24.63+0.3 24.63£0.3 7.97+0.7 17.26+0.6

N . * * *
'” -L* -e-a* b* :2 --L* -8-a b
70 ” 70
5 @ 2 &
' it [
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(A) Roya paulownia (B) Suwon silver poplar
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%0 - * -e-a* —a=b*

L*a*b* value
w
3

30
20
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Control 160 180 200 220
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(C) Korean red pine
Fig. 4. Change of L*a*b* value of the three wood species at different temperatures.

Table 1 and Fig. 4 show the results of color change in lightness, that of & means the change of red color,
of three tree species based on the temperature of the that of b* is the change of yellow color. In al three
heat treatment. The increase in L* means the increase wood species, the increase in the heat treatment
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Table 2. Color change(AE*) of the three wood species after heat treatment

AE* value (Classification according to N.B.S.)

Condition Royal paulownia Suwon silver poplar Korean red pine
Control - - -
160°C 1..26 5.2.1 4.5_1

(dlight) (appreciable) (appreciable)
180°C 521 3.28 3.87
(appreciable) (appreciable) (appreciable)
200°C 21.23 29.11 4352
(very much) (very much) (very much)
220°C 40.62 40.47 36.99
(very much) (very much) (very much)
50
15 ® Royal paulownia

40 A Suwon silver poplar

35 .
Korean red pine

30

25

AE* value

20
15
10

5 T |

=

160°C 180°C

200°C 220°C

Temterature

Fig. 5. AE* values of the three wood species after heat treatment.

temperature results in the decrease of L*, which sgnifies
lightness, and over 2007, lightness fell drastically and
visual-inspection showed dark color as well.

With Roya paulownia wood and Suwon silver poplar,
a’, b" increased with the increase in heat treatment
temperature, but with Korean red pine wood, b* vaue
showed a decreasing tendency over 200°C. There are
many previous studies on heat treatment temperature
and color change (Aydemir et al., 2014; Bekhta and
Niemz, 2003; Brischke et al., 2007; Hidaya et al., 2015,
2016, 2017b; Yoon et al., 2008, 2009). Particularly,
Bekhta and Niemz (2003) reported from the heat
treatment test of Korean spruce wood that L* and b

values decreased and a vaue increased. Hidayat et
al. (2017b) surveyed the public's preference of the color
change on the Royal paulownia wood and nut pine
wood surface by treatment temperature and reported
that they considered the surface of heat-treated wood
at 180 to 200°C most beautiful, a result that has been
confirmed by the result of the present study.
L*a’b" shows the color change and cannot express
an absolute amount of that change, but AE" is an
absolute value, through which the amount of color
change between two specimens each of which the color
change occurred in opposite directions (Han and Cho,
2005). Table 2 and Fig. 5 show the amount of color
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Table 3. Change of density and mass loss of the three wood species after heat treatment

Royal paulownia

Suwon silver poplar

Korean red pine

Content

Density Mass loss Density Mass loss Density Mass loss

(glem®) (%) (g/em®) (%) (g/lem®) (%)
Control 0.26+0.02 - 0.55+0.04 - 0.50+0.06 -
160°C 0.26x0.01 1.8+0.27 0.53+0.03 1.5+0.14 0.49+0.05 2.2+0.32
180°C 0.26:0.01 8.6£0.27 0.51+0.04 2.8+0.18 0.47+0.04 3.5+0.25
200°C 0.25+0.02 11.4+0.29 0.49+0.01 5.8+0.46 0.45+0.03 6.4+0.30
220°C 0.23+0.04 15.0+0.76 0.49+0.04 13.6+1.62 0.45+0.04 9.2+0.54

m Royal paulownia

0& m Suwon silver poplar

Korean red pine
06

Density(g/em?)

o

=]

Control 160°C 180°C 200°C 220°C

T

Mass loss(%)

r

10 I
: I
"=

160°C 180°C 200°C 220°C

Temperature

Fig. 6. Change of density and mass loss of the three wood species after heat treatment.

change in three tree species by temperaiure (AE"). Over
200°, al three species showed a drastic displacement
of AE", which corresponds to "very much" under the
amount of color change categories by N.B.S. (Han and
Cho, 2005). At 160, Roya paulownia wood showed
a dight change whereas Suwon silver poplar wood and
Korean red pine wood showed a considerable change.
With higher temperature at 180°C, Royal paulownia
wood showed an appreciable change. Therefore,
compared to the other two species, Roya paulownia
wood showed color change at a somewhat higher
temperature. Many researchers have reported the change
of AE" by the increase of heat trestment temperature
and duration (Brischke et al., 2007; Hidayat et al., 2015,
2016, 2017b; Lim et al., 2014; Ra et al., 2012; Shi
et al., 2011; Yoon ¢ al., 2008, 2009). Also, the increase

of AE" resulted in the decrease of MOR and MOE
(Bekhta and Niemz, 2003; Brischke et al., 2007; Hidayat
et al., 2016) as well as the increase of the volume
contraction ratio and the decrease in dengty, equilibrium
moisture content, and the amount of moisture absorption
(Hidayat et al., 2016) so that it is believed that there
is a close relation between color change and wood
properties.

3.2. Density and weight reduction change
by heat treatment

Table 3 and Fig. 6 show the density change and
weight reduction of three wood species by heat
trestment. The density of non-trested wood is 0.26g/cm®
for Royal paulownia wood, 0.50g/cm® for Korean pine,
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and 0.55g/cm® for Suwon silver poplar. With the
increase in heat treatment temperature, the density of
all three wood species decreased somewhat, by about
a 10% decrease in density at 220°C. Paticularly, Royd
paulownia wood showed relatively stable properties
with little density change at 180°C. Weight reduction
also increased in al three species along with the
temperature increase, and the largest weight reduction
was observed in Royal paulownia wood. Particularly,
Royal paulownia wood showed considerable weight
reduction from 180°C, and Suwon silver poplar wood
showed a drastic weight reduction at 220°C. Korean
red pine wood, on the other hand, showed relatively
lower weight reduction.

Generaly, it has been known that low moisture
content, the vaporization of extracts contained in wood,
the decomposition of hemicellulose in wood and the
vaporization of the decomposited materials cause the
dengty and weight reduction by heat treatment (Poncsak
et al. 2005; Yildiz et al. 2006; Gunduz et al., 2009;
Kim, 2016). For extracts in wood are highly volatile
with lower amount of molecules compared to the other
components, and thus, the decomposition at low
temperature (120°C to 180°C) is linked to these extracts
(Shebani et al. 2008; Kim, 2016). Hemicellulose is
pyrolyzed a over 180°C (Liang and Wang, 2017), and
the reduction of hydrophile hemicellulose decreases the
absorptivity, resulting in the increase in dimensional
stahility (Korkut et al., 2008). Thus, it is believed that
wood species with high hemicellulose content show
high weight reduction during the heat treatment at over
180°C.

According to Chong and Park (2008), the hemicdlulose
content in Royal paulownia wood 17.8%, thet of Korean
red pine wood and Suwon silver poplar wood is 12.9%
and 26.9%, respectively, and the extract content in Royal
paulownia wood by hot water is 8.8%, and thet in Koreen
red pine wood and Suwon silver poplar wood is 1.6%
and 3.6%, respectively. Thus, it is believed that the

reason why Roya paulownia wood shows low density
change and high weight reduction by heat treatment
compared to the other species is due to the differences
in chemica content, such as extracts, hemicdlulose and
properties, etc.

3.3. Relative crystallinity

Fig. 7 shows X-ray diffraction strength curves that
measured the heat-treated woods from three species.
This confirmed that in al three species, the heat
treatment increased the strength of (1-10), (110), and
(200), key surfaces of cellulose crystallization. Table
4 shows the relative crystalinity results from the X-ray
diffraction strength curves of three tree species before
and after the heat treatment. On the non-treated
specimens, Roya paulownia wood showed the lowest
relative crystallinity, and Suwon silver poplar wood
showed the highest relative crystallinity. All three tree
species showed a dight tendency in the increase of
relative crystalinity as the temperature increased.
Particularly, heat-treated Royal paulownia wood
showed the highest increase in relative crystalinity
compared to that of the non-treated specimen.

According to Bhuiyan et al. (2000), the relative
crystalinity of wood cellulose increased in the initia
phase of the heat treatment between 180 and 220,
and Hidayat et al. (2016) reported that the relative
crystalinity of cellulose increased somewhat by heat
treatment and over for two hours of the treatment, it
tended to decrease. Furthermore, Kubojima et al. (1998)
and Kocaefe et al. (2008) showed that the relative
crystallinity of cellulose would increase by short-term
heat treatment and affect the change of dynamic
properties.

Accordingly, the present study confirmed a dlight
increase in relative crysdlinity by heat trestment, which
is a key factor in wood properties such as equilibrium
moisture content (Dwiant et al., 1997; Kubojima et al.,
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Fig. 7. X-ray diffractograms of the three wood species at different temperatures.

Table 4. Relative crystallinity of the three wood species after heat treatment

Condition Royal paulownia Suwon silver poplar Korean red pine

Control 53.5£0.1 66.7+4.6 59.3£2.9

160°C 57.9£0.9 64.1+2.6 60.2£3.5

180°C 61.1+0.3 68.4£2.7 58.6£1.2

200°C 59.6+4.0 68.0£0.1 62.2+3.9

220°C 66.5+4.8 68.2+3.9 64.1+1.6
1998; Ishiguri et al., 2003) and MOE(Hira et al., 1972; 1. The lightness(L*) of Royal paulownia wood,
Inoue and Norimoto, 1991; Ishiguri et al., 2003). And Suwon silver poplar wood, and Korean red pine
therefore, further review on temperature, duration, and wood decreased with the increase in the
types of tree species would be required. temperature of the heat treatment. While the
red-green chromaticity(a’) and the yellow-blue
4. CONCLUSION chromaticity(b") showed little change with the
increase in the heat treatment temperature, the
The comparison and analysis results of the heat yellow-blue chromaticity(b™) of Korean red pine
treatment properties of Roya paulownia wood to those wood dragticaly decreased from over 200C. The
of Suwon silver poplar and Korean red pine are as color change(AE") of Royal paulownia wood
follows. showed a marked increase from 1807, and that
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of Suwon slver poplar and Korean red pine wood
showed a marked increese from 160C. In dl three
species, AE" markedly increased from over
200°C, showing similar AE" at 2207C.

2. The dendity of the wood specimens decreased by
about 10% due to the heat treatment at 220°C,
and at 160-1807C, there was no density change
in Royal paulownia wood. There was the largest
weight reduction on Roya paulownia wood, and
particularly, from over 180°C, the weight of Roya
paulownia wood drastically decreased.

3. The relative crystdlinity of all wood specimens
showed some increase as the temperature of heat
treatment increased, and compared to its non-
treated specimen, Roya paulownia wood showed
the largest increase in relative crystallinity.

As such, the study identified the change in color,
density, and relative crystallinity on Royal paulownia,
Suwon silver poplar and Korean red pine woods, and
the data on such changes of the properties would be
used as basic data for the application of these woods
to practical usage in the wood industry.
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APPENDIX

(Korean Version)

A 2 3UFAY EX2 £4

Q0 B ATolAE 4 FOFEUTAY AXelel] st AUEAY] WeHE 2ABAT HEE $I5te] LA
Ao A4 B4 24, ARslgnh Al BA450) BANFEE 160°C, 180°C, 200°C B 220°C9] 712 ol
2AIZF ARe] F, AHUBHL a*b?), U, FHAL U AR o 0| AjdRsies S4sdt st 244,
HELYE Al FA4E B4 85 200C oAfol 27 FAstnh, FoFURAS LAY A~ o) o} 3
HUEMDE e LRl T2 Aol A9 gglot), AR bi 200C o|F FAstdch HLFLTA
AHBIHAE) £ 160C AA oA A §1ola 180°C o] 4follA] ZA iR oL}, LA} 2L Al 160 CoflA
= S FA Uehteh B BURAe] WEL 160~180C AXelAAE A2] Wbt 9o, FUUARe HoFL
SA7 7 2 bt AR RE S7to] weh Al £ 2Rl Futags AWAASIEE S0 UEE
tht gAsigich ARAOR FOBURAL AWt LE, FUAS 9 ATiARstE Sl vutE BAle o 54

2 vt

LME

A, St FW SAAEFY 83%0)d-S Aol olEskar ¢lal, 20509 7R A A& 50%E HEE shal
A, AAEE 94 4559 2 9 o] gHRE SE 3t A7t Fasich

QFUFE AUReL T 22 19 ESAA Y| W 2Fe BEARYCR, I A =% F 7P A St wEn
5984, Wtgol Seste]l AEA o R o7 8] 9 78 5 ALEAE o] §Eo] & vy R & 48
FFo &3ttt LFUREL S, o, Y7 9 FHokAfol A Go A ASStaL 91, =1l 15~20m, 11272 80cm
THA] Aghs agoltt @ FUREEL AF) 109 ool HARA Q] o]go] 7Hadt AR s, 7HE L Aste] 7ol
- gojaict. FY ke LFURE T o] 87T w2 A 25U (Paulownia coreana UYEKI)SQ} 2o Fubit
(Paulownia tometosa (Thunb.) Steud.)o]c}, @ F Lo} 2H0 B = &X04220 24 Hiw A o] L45k0] &7} thofs)
I HolemjAzl o2 o]d [V} nj o szo 7 7kEETHKIm, 1997; Kuroiwa, 2010).

A L FURA Y] o] 83} FHeiA = SFH EAS FHOE 3 B84 Ado] Bt A-t(Hong, 1985; Yoo and Jung,
1997; Lee et al., 2008)7} & 2x3x|o] ¢k11, 2 &} S(Qi et al., 2014, 20163, 2016b, 2016¢)-& . ELHEA) ] - H 7}
g Hfo] QALY 0 2 0] F8-G o] QUL 7L T1A], el R4 ek, B4, It 9 w3 EAS
x4l ARSI

T B S48 2 AeHEA, WA, A 55 A7) Hete] B9 dAeEbe] e o]8-xaL QIeHKim,
2016). A E 0835 dAe] BAjo] st ATLE thoFsiA 43 =] o] $THCho et al., 2015; Kang e al., 2015; Kim et
al., 2009, 2010; Lim et al., 2014; Park e al., 2012; Hidayat et al., 2017a, 2017b; Yoon e al., 2008, 2009). 3}A|5} o] &3t
A S T 8 EARGYA HoFUREA ] 18ste] AFEt o= WA gt Kang e al.(2015)2 Y843} 25U
£ 200°Col|lA U FAzjsto] TH HAASIE WAt At 0 FUETE bl vial vlad AAsiyt Aokl dasteich
Hidayat e al.(2017h)-> e 5U5E HA2E Sl AAHSE vastar, And EAJo] FHojd EA42] W 9 g AERAL
£ 59l L&ol9irt T3t Hidayat et al.(20178)2 T 5URAE SHEE o] §dto] 7438 Adefoll Al FAestd 43517
U2 EAET S2)d, A5ty A favt vkl Bttt whebs dAE] 5219 A Bkl vl Aol A A
ot 223, @AY WjA(F7], i B), AT Y A7o| wphE ARSI} M Sash AR HehEe, ojn gk
of 9L vAE S}, MEZ oA A o BAL Fa3 Az YzE.

AtolAle Tt SAFTOR FIPIA7L & AeFURAY o] 8kt S 8 712 ARE ATttt Fes
WA o] Ex o] ofgh MHst FaF 9 drws), AER A0 YAt EAS RARIACE ES EE4 495419
SRl AR USRS AAFARA T i 590 2UFAE o] 85t X 5L v, HESY
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2 M= Y e

21 3AA=

2 dolAe At shEdolA 9 11~154, Fi7 oF 30eme| Fe-Fuhr(Royd paulownia, Paulownia
tomentosa (Thunb.) Steud.) 322 A7 sko] AF-E-3tGiTh. vlag Ysto] ZFAehetal oA 3t +7 of 251, Fa13
7 oF 35eme] 2-ARA|U-E(Suwon siver poplar, Populus tementiglandulosa T. Leg) @} = #lAldabsll o 2 HE] Algk2 A o=
AR oA Qe 48 oF 504, F31A7 oF 40cme] AL} (Korean red pine, Pinus densiflora Siebold & Zucc) HAE HAE
BAARR ol gatgry.

2.2 A

2.2.1 g4

TA4=20] AZAARE 160C°, 180C°, 200C°, 220C°0] A 24]7F Eot A 2]atgd.on, 2C°min 2702 22 stgtkFig. 1).
Aol ZGE ARAR 2 GXe] 2SS A I F FEFo|Y ddo] Fom 945t 2T WS Ul
Al At 215l cHHidayat . al., 2017a).

2.2.2 QA =4

Al %9 dAel o3t RARS= MIA(NRLL, 3nh, Ching)E ARg-ste] SAsk¢Itt. AAH3}E 57
50mm(T) x 20mm(R) x 160mm(L) 27| = A|2et 3 GA]2|abgict. A|He] 37 oA Mg Z45H% o m(F
FHe A28 3)(Commission Internationale de I'Eclairage) 2] CIE-L'ab A3 7F 24¥-S 412519 thHan and Cho, 2005).
L' g=o 2Jo|2 Uehdl Zo]a, as b Mo Wakg onjdit)h -d 242, +a = A4S Yehle, b & o,
+ & S Uedth 24 L, a, b gk Hleto R AR Ao AMHBHAE)E ofe)9] AAtale] whel AEEtgl o u|w
FZ==}(National Bureau of Standards) 2] Mja}-iof| whet zjAHste] 2ol & L

Q

223 UE 9 FURLE 24
Al 5% A2E 20mm(R) x 20mm(T) x 40mm(L) 27|12 Azksto] dxje] Lwd W) wWslel FHNALS 2%
WEsiol FHNLSS AUAYE 71202 0o A4S ol gslol AkksIgen], 107) AlHe] HEgS v

224 AE2L A A= 24

XA 8)d%2](D-Max 2100V, Rigaku, Japan)E ©|-8-to] v @A 2| Aot A 2| Aje] AER e 20| a4 stes E4I5HA
ok AlEE Imm(R) x 10mm(T) x 20mm(L)=2 #2313 20 40kV, 30mA 27151 A Ni filter2 T olet CuKatl& AHg-3to]
Z75H3ltt. 2] Segali(Segdl et al., 1959)°f| s ArAY et S Arkstglt.

Fig. 32 Al 450] BANRE 2 LEolA] Axet ARlole). Al 48] B i 200ColAte] Lmed G245k 4]
W WIS 2SI 4 ek 2nRA B ele] ek o] £ AR $8R EHol 2@sE 2 B 4 Uk
59 E 092 220°C B o] Fo AL BET 5 golte] DO ) SR | DL ol T RO
e,

Teble 13} Fig 4% @A) L0 B A 4% BAl] Auste 248 208 ek Roleh L $7h it ol e
oJulatar, d 37k HoMome) ek b E M k0 2o WakE Sjuldich A 25 B4 B GXje] LE7} Folusg
WE g2 vehhe L /b obgiyl, 200Co oA st 2 gastaln SUHORE of 8 A4S Uehyh

HOFURA LANURAE e L= F7bol et d, b7k S7hs o, AURAl 200Col Al A b glo] k4t
L S ebith ol Ae] Al E Gxje] Lwek Auslel peistel ZARE A Wek(Aydemir et al., 2014; Bekita
and Niemz, 2003; Brischke et al., 2007; Hidayat et al., 2015, 2016, 2017b; Yoon et al., 2008, 2009). £3], Bekhta and
Niemz(2003)t= 7HeHILRAle] e AgelA] L, b glol Zaska d glol $7kske 208 uusigth. Hidyat e

4o
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al.(20170) 9] Aol A UrelE Ao g e st Ao dAje] 2 4 9 ZH*%‘HL@PPJ HFE AR
3}, 180°C~200°CollAl GA et A9 S 7P Av|H o2 olggA Azeitt Husilet, & d+tol s 1
AT AU 5 Sle AR A4HU

L'ab gk Aol sk vehye] Arj2ql Malge Uehd 4 QAT AE & AgAS Ueh, A= o2 wiFo sl
ARSE7E dofd = 2419 M wsteke Blwd 4= glti(Han and Cho, 2005). Table 29t Fig. 5= A8 ko] ©&
Al 550 AWSHAE ) Yeld Zolth Al $:52 B4 2% 200°C ool F23 AE gte] HalE Lehlied] o=
N.B.Sof w2 Mz} wskey -RA} o9 W5 (very much) 3ggtth(Han and Cho, 2005). 160C FAj2o] ojaf ZeguiAle
muk(dight) W3S WERRAIR SAA YRS} 2R ek (eppreciadle) W3S UEMTE tesutAle EEP
£ 2291 180°Col A 43 (appreciable) W3HE Vet wets e lls o & 53} Hluste] o w2
LEo A AL et Ao] IRk A7 We AFAEe] AAE] L&, A7k S7to] ufe} AE ghe] MBS
B3} QltiBrischke et al., 2007; Hidayat et al., 2015, 2016, 2017b; Lim et al.,, 2014; Ra et al., 2012; Shi & al., 2011;
Yoon et al., 2008, 2009). =35+ AE 7] Z7}o) wke MORY} MOEZ} 743131 (Bekhta and Niemz, 2003; Brischke et al.,
2007; Hidayat et al., 2016), A|Z¢=g2 £7}, Uk, Fshrg U RS 45 B uskal gloj(Hidaya e al., 2016),
Aﬂqu}g,} EzH_,] =22 7]—01] 2o HwHAo| 9= 740; xHﬂQq

3.2 AXel oJF UE U FAtag Wsh

Teble 33} Fig. 62 QA2jo] ol A 4% 2419 W wske FUARE ekl Flolth. 4] 459 Hldxe] B
WL FOFUTA 026gant, AU 050gom’ 9 SALLFER) 0Ssgan’c). WAje] L) S7bol ute} Al 45 B4
WL ok FAstgon], Al 59 BA) BE 220°C A oF 10060] WEY] HAS Uehith 53, FoBUAlE
180C A= Aemishrt Ao glo] Axjelol ofs) vma] QHiFIel B4 e Ao Bewlgch Al 45 B9

SeHiag B QAR L5} Sish Bl oM HOEURAY Fuasel H ATk S5 BOELRAL
180°CHE| Fagagol 493 A, SAMURAL 20°C)4 2 Zoz Fatage] Z7HdTh 2UFAE the £

ol Hl) tha v o 2AS Uehych

" Qgkom el ol Gt A asn FIAR0] ok
SAL, B FAAES dngzose] o) U B AHo] Sl
Yildiz et al. 2006; Gunduz €t al., 2009; Kim, 2016). Zxjjof &3}+= %ZH TAAEES vlg] EAlgFo] e
SR Aol B8 BAo]] o] BAS) AL(20~ 1800 AL 5210l Felo] 9 AO2 Aol ol
(Shebani et al. 2008; Kim, 2016). 3u]AE2 6 AL 180°C o]Abo| 4 FEa) E=u|(Liang and Wang, 2017), 214:40] 2
SIS R 0.7 44H0f Féel ot ol el Ae el S7kebl HlciKorut e l, 209 wiek g
029 Fgo] e £FL 180°C ool AAE Y F B FY HARE Uit o2

Crong erd Pak(Z008)9] 1254l SJ5hel 205U ATIEE0 THES 179 £HA 1264 LA
269z BISHON, o] Tt FEE TS HOFUTA 88% AR 16 LAMILTA) 36%S Tt ook

Rstglck deb Al FOELRI) e Sl o) AAele] Sl Re WEss ke $YULLE B2
ol $E, AATROA 5| SR Y U B4l Y5k oz Az

HH‘

b

ko
R

]_

I, @A S Aol gE 58
2 o2 3 9}t (Poncsk e al. 2005;

o2
Io

' rlr
o %h
W{N‘ (2
_iN' rlo pos)
o qg

ol
r]r

3.3 JrjARsE
Fig. 7 Al %% A1) 442 BA4E 248 XAHY FEDHolt. 4] £59 B4 BE x| os) AERes
A%j0] F0 Wl (110), (10) 9 (0)°) 57} kel 0] SIREIsich Teble 4= 21Al2] 24350 4] 5 BAjo] XHsld
pesonie A @yl dilold, Mddel SN HOEUTA] 1Y sk oA et
T, SCAPIEAE 7V 28 3 et A S50) BA) mE dxlz] Lro] 2710 sl Ad AR} ta Sl
& itk Sol, 2 5LRAel A sl el Ao gshed oo 7k 2 delegsinel $7hE ekl
/Ké_Q_ r,]_
Bruiyan d a. (2000)0] SJ5} 180220 ol EAAEEOAS AAaNHE 0 Al LI T A2 RS}
Srbkehn B 7e1 91, Hidayat e ol (2016 SA2lo] ol AZEe 0] AeAHBIEE thi Z7EH AR Aol =
AIZE Ol A4 E ZHaeks Aol oloha was}oith. Fa Kubojima et al.(1998)7} Kocadfe et al.(2008)2 tHAIZEo]

oY

A oﬁ iE
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Azl sl MER oA AAAS =Tl Frletar AehE 2o Wl QS F= AR Hustau gtk
o}t Zro] & Ao A Ao Y AHAAS =T} thar SUE= Ao AN, A A EE BEETE
(Dwiant et al., 1997; Kubgjima et al., 1998; Ishiguri et al., 2003)} MOE(Hirai et al., 1972; Inoue and Norimoto, 1991;
Ishiguri et al., 2008) 5 2A|o] S0 JFL T FQ AAo|EE 2% A7, 5 5T BT AE/} 6S "ast dow
Azt
4. 4 E

OO —

HOBURAY Ge] BHS LA, AR ula, 2AR Anke 3t 2o,

HOBURA, SAARA 9 AR WE(L) e Drelwsh I st A (e)oh B3R
AR 2 F7lE A9 Wab} QI9lon bR SR AE(b) s 20000 oA FRSHA Zaskich AAASHAE)
L HOBURAL 180CHH, ARG AURAL 160CHE tha 27 S/ Al 459 B4 55 200°C o]4fo]
A AB*7E 5P BRI, 220CeIA] Al S BAE HISak AE S ebel.

FASE BA Ak 22009 Gxeo] o) o 10% P40, 160~180C] Axjeold FLFURAY B
BIEH GOtk BUARE HOBURAZ b Aom, B3] 180°ColelA] FRFURAY Fepo] A stk

BASFE B B Axje) L2 Z7h0 WA A AR tha FHSHe A% e, SEURAL HgAe)
At waste] g 2 A AREES] F712 hehilc.

oY ATAIL, HOFUE, SAAUE D AURAY GHIBY F AN, D=, JhAREY WaE B,
olefat B4 wate] Pt ARE g0l SHlA TA] H2e £ Tl /| ZARE AFD 5 S Ao
Ayzh|leh
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