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ABSTRACT

This study was carried out to investigate the effect of heat-treatment and particle size on the crystalline properties
of the wood cellulose. The color of wood flours was changed from light yellow in control sample to dark yellow
or deep brown by heat treatment at 100C to 200°C. Relative crystalinity of the heat treated wood cellulose decreased
with decreasing particle size from wood chips to 200 mesh, and there was little change in the crystal width. As the
temperature was increased, relative crystallinity of the wood increased and crystal width was not changed. As a result
of the FT-IR analysis, it was confirmed that the peaks were gradually decreased at —OH elongation as the hesat-treated
temperature was increased. The lignin C-H bending of 1425 cm™ and the hemicellulose C-H bending of 1370 cm™
did not change with the increase of the heat treatment temperature. In addition, it was revealed that C-C stretching
of carbohydrate near 1031 cm™ decreased with increasing heat treatment temperature. Consequently, it is suggested
that particle size and heat treatment affected the crystalline properties of wood cellulose.
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heat-induced changes in wood properties (Cermék and
Degmd, 2013; Tu et al., 2014; Pak et al., 2015; Chung
et al., 2016; Gong et al., 2016; Hidayat et al., 2016;
Lee and Kim, 2016; Jang et al., 2017; Hidayat et al.,

1. INTRODUCTION

As the demand for environmental preservation in-
creases worldwide, environmentally friendly, heat-

treated, and weatherproof wood materias that can be
used to address shortages in resources and energy
without producing toxic residues have drawn much
attention (Sandberg et al., 2013, 2015; Esteves et al.,
2009). Heat treatment of wood is a type of polishing
method that produces dimensional stability and
increases weather resistance by controlling the wood's
thermal degradation and changing its chemical com-
position (Kim, 2016). Several studies have reported

1 Date Received January 24, 2019, Date Accepted May 8, 2019

2016; Won et al., 2017; Park et al., 2018).

Heat treating wood eliminates wood-extract com-
ponents, degrades hemicellulose, and causes changes
in cdlulose and lignin. It is speculated that heat-induced
changes in wood color result from a reduction in
hemicellulose (Kim, 2016; Garrote et al., 1999). Heat
treatment partially degrades the hemicellulose within
the wood, induces changes in the composition of wood
extracts, and causes the formation of new chemical
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bonds (Yun et al., 2015). Acetyl groups, which are
thermdlly ungtable, give rise to acetic acids. These acids
have a sgnificant influence on the thermal degradation
of hemicellulose (Vybohova et al., 2018). Changes in
the amount and structure of hemicellulose reduce
bending and tensile strengths, and cellulose degradation
is considered to be a mgjor cause of reduced tensile
strength (Boonstra et al., 2007). Martinka et al. (2014)
have reported that heat-treated spruce is safer than
non-heat—treated spruce after a fire resulted from the
maximum reduction in the heat release rate. Wood
generaly darkens when heated. This color change is
typically observed after exposure to temperatures
>70°C, and the color becomes darker over time and
as the temperature and humidity increase (Stenudd,
2004). Heat trestment increases the crystdlinity of wood
cdlulose (Bhuiyan et al., 2000), and it has been reported
that the relative crystallinity of wood increases when
heat is increased to 80-200°C (Wang &t al., 2015). Akgll
et al. (2007) have reported that the relative crystdlinity
of pine and fir increases following heat exposure for
a specific period of time, and they attributed such an
increase to the changes in the monoclinic structure with
a relatively high composition ratio into a triclinic
structure during treatment.

One study has reported that the relative crystalinity
or crystal size decreases as the size of the wood
particle decreases, and thet bal milling causes crystdline
regions to turn into noncrystalline regions (lsogal,
2008). There has aso been growing interest in wood-
based nanocellulose, and the process of disk milling
reduces particle size and is essential for the production
of nanocellulose. Various domestic studies have been
conducted on wood micronization as a step in
nanocellulose production (Lee et al., 2010; Jang et al.,
2012, 2013, 2014; Han et al., 2017; Seo et al., 2018).

Thus, in our study, we used heat treatment, which
enhances the physicd properties of wood, to experiment
with cellulose, the largest constituent of wood. In
addition, we investigated the effects of wood flour

particle size and heat treatment on the crystaline
properties of wood cellulose with the ultimate aim of
providing basic data on the patterns related to cellulose
crystals during treatment.

2. MATERIALS and METHODS

2.1. Testing materials

Branches of wild Paulownia tomentosa grown in the
experimental forest of Kangwon National University,
Gangwon-do, South Korea, were used as testing
materials in this study.

2.2. Experimental method

2.2.1. Wood flour production

The P. tomentosa branches were subjected to a first
round of grinding using Hammer mill (Hammer Mill
Vertica DFZK [GM], Bihler GmbH, Braunschweig,
Germany) available in a workshop at the College of
Forest and Environmental Sciences, Kangwon National
University (Fig. 1). The size of the resulting wood flour
particles was made uniform using a continuous grinder
(KOREAMEDI CO., LTD. Korea) (Fig. 1). The wood
flour was then divided according to size (40, 60 100,
or 200 mesh).

Hammer mill Continuous grinder

Fig. 1. Hammer mill* and continuous grinder® used
to prepare the wood.

Sources. (Hammer Mill Vertica DFZK [GM], Biihler
GmbH Germany); 2(KOREAMEDI CO., LTD. Korea).
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Table 1. Weight loss of wood flours under different
conditions

Nitrogen  Particle o 5
gas size(mesh) Control 100C 200C
147g+003 1.3¢+0.03
40mesh (-2%) (-13.3%)
146g+0.03 1.29g+0.03
60mesh (-2.6%) (-14%)
With
146g+0.04 1.29g+0.07
100mesh (-2.6%) (-14%)
141g+0015 1.27g+0.06
2
O0mesh (-6%)  (-15.3%)
1.59
143g+0.02 1.26+0.01
40mesh (-4.6%) (-16%)
142g+001 1.25¢+0.02
E0mesn (53%)  (-16.6%)
Without
141g+0.02 1.22g+0.02
100mesh (-6%) (-18.6%)
S 139g+001 1.19g+0.01

(73%)  (-20.6%)

2.2.2. Heat treatment

An dectric furnace available at the workshop was
used to increase the temperature by 6°C/min. The wood
flour was treated by heating at 100°C and 200°C for
30 min. During this process, mass reduction rates were
compared between the specimens into which nitrogen
gas was injected and those into which nitrogen gas
was not injected. No dgnificant difference was observed
in the mass reduction rates of the two groups; therefore,
the heat-treated specimens into which nitrogen gas was
not injected were used (Table 1). The observed mass
reduction appeared to have been caused by the reduction
in the amount of extract components and volatile matter
resulting from the heat treatment.

2.2.3. Morphological characteristics

The Nikon ECLIPSE, E600 optical microscope and
the IMT i-Solution Lite image analysis program
(https://www.marti nmicroscope.com/imt-i-sol ution-lite

-image-acqui sition-and-measuring-software) were used
to examine the wood particles in each wood flour group.

2.2.4. Analysis of the crystalline properties of
cellulose

The DMAX2100V X-ray diffractometer (Rigaku
Corp., Tokyo, Japan) was used to obtain the X-ray
diffraction intensity curve of the wood flour specimens
in each group at 40 kV and 30 mA. The Segd method
(Segd et al., 1959) and the Scherrer equation (Scherrer,
1918) were used to calculate the relative crystallinity
and crystal width.

Relative crystallinity determined using the Segal
method and the following equation:

[ [(7]77
Cr. (%) = 2200 “am T1OO woeeevnrereeeenns @
Ly
lo00 : Diffraction intensity of (200) (20 = 22.8°)
lam : Diffraction intensty of noncrystaline portion (29 = 18°)

Crystd width determined using the Scherrer equation

L(hkl) = B cosd

L : Crystal width, K: Scherrer constant, 0.9
A @ X-ray wavelength (A = 0.1542 nm)
(3 : Haf-width (radian), 6 : Bragg angle

2.2.5. Analyses of chemical components

A Fourier-transform infrared spectroscopy (FTIR)
spectrometer (PerkinElmer Inc., Waltham, MA, USA)
a the laboratory center of Kangwon Nationa University
was used to perform attenuated total reflection
spectroscopy with ranges of 400-4000 cm* to analyze
changes in the chemica composition in the wood
specimens after heat treatment. Non-heat—treated wood
flour and 100-mesh wood flour created from the
branches of P. tomentosa treated at 100°C and 200°C
were used in the analyses.
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3. RESULTS and DISCUSSION

3.1. Gross color changes in heat—treated
wood flour

Fig. 2 shows the appearance of the cellulose from
the wood specimens of varying particle sizes treated
a varying temperatures. The non-heat—treated wood
flour was initialy light brown and turned dark yellow
to deep brown following heat treatment.

3.2. Morphological properties of
heat—treated wood flour

Fig. 3 are images wood flour specimens of varying
paticle Sizes treated at varying temperatures as observed
under an optica microscope. The specimens turned dark
brown as the temperature increesed. Garotte et al. (1999)
have reported that heat-induced changes in wood color
are a result of a reduction in hemicellulose. Vybohova
et al. (2018), who have studied hest-treated wood using
ash trees, have reported that acidification begins at
160°C, producing carbonyl and carboxyl groups, and

Control

40mesh

60mesh

the amount of lignin increases beginning at 180°C,
which contributes to color changes.

3.3. Crystalline properties of heat—treated
wood cellulose

Fig. 4 shows the X-ray diffraction intensity curves
of the wood flour of varying particle sizes that reflect
the typical structure of cellulose |. Peaks tended to
decrease on the (110), (110), and (200) planes as particle
size decreased. Table 2 shows the relative crystalinity
and crysd width based on the X-ray diffraction intensity
curve. Wood chips had the highest relative crysalinity;
whereas, the 200-mesh specimen had the lowest. The
specimen treated at 100°C had higher relative cry-
stallinity than the control specimen, and that treated
at 200°C had higher relative crystalinity than that
treated at 100°C. It was clearly observed that relative
crystallinity decreased as the size of the wood flour
particles decreased, and that it increased as the heat-
trestment temperature increased, with nearly no changes
in the width of the crystals.

200mesh

Fig. 2. Appearance of wood flours treasted at different temperatures.
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Control

200°C

40mesh 60mesh

100mesh 200mesh

Fig. 3. Micrographs of heat-treated wood flours at different temperatures.
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Fig. 4. X-ray diffraction patterns of heat-treated wood samples of different sizes.

Bhuiyan et al. (2000) have reported that heat
treatment considerably increases the crystallinity of
wood cellulose in spruce and beech trees. Wang et al.
(2015) have reported that the relative crystallinity of
eucalyptus flour increases when the heat treatment
temperature increases from 80°C to 200°C. Kim et al.
(2018) have reported that heat trestment increases the
relative crystalinity in Paulownia trees. The results of
our study are consistent with those of these earlier

studies. In addition, Akgul et al. (2007) have reported
that the duration of heat treatment, in addition to the
temperature used, significantly affects the relative
crystalinity in the wood. On the other hand, Yun et
al. (2015) have reported results that conflict with these
findings stating that no clear changes were observed
in the crystaline region in eucalyptus wood following
heat treatment, but that crystal length and width
increased as temperature increased. Additional studies
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Table 2. Effect of heat treatment on the crystalline
properties of wood samples of different sizes

Relative Crystallite

Samples crystallinity (%) width (nm)
Control (wood chip) 524 2.36
100°C (wood chip) 56.2 2.64
200C (wood chip) 57.5 2.59
Control (40mesh) 49.3 2.70
100°C (40mesh) 51.8 2.96
200°C (40mesh) 55.9 297
Control (60mesh) 4.3 244
100C (60mesh) 50.9 261
200C (60mesh) 51.8 2.96
Control (100mesh) 39.3 241
100C (100mesh) 404 247
200C (100mesh) 421 254
Control (200mesh) 37.3 221
100°C (200mesh) 38.8 2.56
200C (200mesh) 424 252

on the effect of heat treatment on crystal length and
width are needed. The increase in the relative
crystallinity corresponding to a temperature increase
appears to poditively affect the crystalline properties
in the wood because hest trestment reduces the extract
components and volatile matter, thereby increasing
wood strength, and destroys the noncrystalline regions
to increase the ratio of the crystalline regions.

3.4. Analyses of chemical components

An FT-IR analysis was conducted to study heat-
induced changes in the chemical composition of the
wood specimens. The FT-IR spectrum of the non-heat—
treated specimens and the specimens treated at 100°C
and 200°C are shown in Fig. 5. Table 3 summarizes
the results of the spectrum shown in Fig. 5, and Table
4 provides the results from the other referenced studies
(Bodirlau et al., 2009; Dai et al., 2011; Wang et al.,
2012). Pesks were observed for -OH dongation a 3339
cm, C-H vibration for the surface wax at 2917 cm™,

W) | 200°C

control

Transmittance

Wavenumber(cmT)

Fig. 5. Fourier-transform infrared spectroscopy (FTIR)
spectra of 100-mesh heat-treated wood flours at different
temperatures.

Table 3. Assgnment of the infrared bands to functional
groups in wood

Bondtype Peak (cm-1) Remark
-OH stretching 3339.50

C-H vibration 291712 Surface wax
C=0 stretching 173534 Carbonyls
C-H stretching 1425.07 Lignin
C-H bending 1370.84 Hemicellulose
O-H phenolic 1235.88
C-C stretching 1031 Carbohydrate

Table 4. Assgnment of the infrared bands to functiona
groups in wood (Bodirlau and Teaca., 2009; Dai and
Fan, 2011; Wang et al., 2012).

Band position (cm?) Functiona group

3450-3400 O-H group
2930-2910 C-H methyl and methylene
groups, surface wax
1740-1730 C=0 carbonyls
1640-1618 C=C akene
1515-1504 C=C aromatic
1462-1425 CH2 cellulose, lignin
1384-1346 C-H cellulose, hemicellulose
1260-1234 O-H phenalic
g O-H acohols(primary and
1170-1153 secondary) and aliphatic ethers
1046-1018 C-C, C-OH, C-H ring and side
group vibrations
910 C=C akenes
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C=0 stretching of carbonyl groups at 1735 cm*, C-H
bending of lignin a 1425 cm®, C-H bending of
hemicellulose at 1370 cm*, OH-phenolic stretching at
1235 cm*, and C-C stretching of carbohydrates a ~1031
cm™,

The pesks a 3339 cm™ for -OH elongation, at 1235
cm* for OH-phenolic stretching, and at 1031 cm* for
C-C dtretching of carbohydrates decreased as the
temperature increased. This might be the effect of
dehydration resulting from the reduction in hydroxyl
groups causad by hest trestment as wel as the reduction
in the carbohydrates within the wood specimens. No
evident change was observed for the pesks at 1735
cm® for C=0 stretching of carbonyl groups, which
conflicts with the results reported by Vybohova et al.
(2018). The lack of change might be a result of the
relatively wide ranges in temperatures used in the
experiment, which might compromise the precision of
the results. No evident peak changes were observed
for C-H bending in lignin and C-H bending in
hemicellulose at 1370 cm™. Contrary to our expec-
tations, little change in hemicellulose and lignin was
observed.

4. CONCLUSION

The results of our andlyss of the crygdline properties
of wood celulose a varying particle sizes and
hest-treatment temperatures showed severa changes in
the properties based on these two factors. With increeses
in temperatures from 100°C to 200°C, the wood flour
turned from light yellow to dark yellow or deep brown.
In addition, the relative crystalinity in the wood
increased as the temperature increased with no changes
in crystal width. As the size of the wood particles
decreased, the relative crystalinity tended to decrease
as well with nearly no change in crystd width. Finaly,
FT-IR analyses showed peaks at 3339 cm™ for -OH
elongation, 2917 cm* for C-H vibration on the surface

wax, 1735 cm* for C=0 stretching of carbonyl groups,
1425 cm® for C-H bending of lignin, 1370 cm™* for
C-H bending of hemicellulose, 1235 cm™ for OH-
phenolic stretching, and ~1031 cm™ for C-C stretching
of carbohydrates.
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APPENDIX

(Korean Version)

AR27] 2 GAE7F B AE2 A0 AA EA nX& IF
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= A
= -
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592 g Blon, AAFe) Hoke A9 §lglth 227} 100TA 200C2 S7etel wet 549 Ao a4eter} S8t
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Tu ¢ al., 2014; Pak et al., 2015; Chung & al., 2016; Gong €t al., 2016; Hidayat et al., 2016; Lee and Kim, 2016; Jang
et al., 2017, Hidayat ¢ al., 2016; Won ¢ al., 2017, Pak & al., 2018). ZA1E A 2|5l F&50| A|AE L, JuAEZ e A7}
wefju AER e A0 2171d o WskrL dojub=tl, FAP] o] oet 249 AMHSl= FnAER A0 o] o5t AL
FHTHKim, 2016, Garote et al., 1999). FA2|o] afl, HAS] FHER A7} RRA 0 Refjen], a/d8E WA
7|32 A& 3t} AgkE WEAIITHYun e al., 2015). of|E7]= FH o8 EQPdohH ofMEARS: FAJSHESSL, o] opA|E
AL FnAER ¢ A0 R Fo] At JgkS ZrH(Vybohova et al., 2018). Fu| SR @ A0 oFul 20| MIte F7bwol
QAL E FhAA7|H, MBER 0 A0l Bl Q1A 7ol 7hAo] 2a ¢olo g AzkE|o]xtiBoondra & al., 2007). Martinka
e al. (2014) 7hRu[LHLe) A A, EE vt AR Vet shh Bae o, vldH e gt 2t
o] QPdsTaL shgict. HAE FAE] st AAo] AA| Msl=d|, YRR Bz 70T oo &0 kEd 7% M
S} e 2w $ET7F Eal Algho] SRR A Ao] FojxItiSenudd, 2004). FA 2= HAHMER S A AL S
S71A171H(Bhuiyan et al., 2000), EA 2] 2%7} 80Co|A] 200C7H] 713t wf, HAj 2] A a4ster}t F7Fghetal B arstal
At Weng e al., 2015). Akgll & al. (2007)-2 el AURE o]gsto], A AR 52t 93] Al dtiaRel=r} S7tshH,

ol FAY Al AH g FHEo] & APA F27F ARPEA 2R WEks)y| dfEelekal Huskal glok

S, EEUR; A7)7F gastel wet AR st ey A7) AaE, EUgel s AHYgPe] HEAGYeR
W58l Zlo] HaE| 1 Slti(sogd, 2008). & BAE o83 Ve AlEZ @ Aof| tidt halo] Fostal Sl=d, L}lc*é%ﬂ
28 A2E QA taa dygor YRarE darlrle Aol BeAolnh A2 Ay dFoM e HeAEZ A0 A%
3t 2219] n|PAste o] AFo|A A=) Qti(Lee e al., 2010; Jang et al., 2012, 2013, 2014; Han e al., 2017,
Seo et al., 2018).

mebA B Aol Ao 7 AR %
A7 el A 7HES o8 s} =
tfstel 2Ale] A AN AEROA

7P B2 Hlee AAshe AR LA Z-8Hetl M SA o] =24 54
ES SEUA 2719k QAR BA AER LA AHEA vAE gl
ARe| Awol et 71z HolHE AlgstaAt sk

- 308 -



Effect of Heat Treatment and Particle Size on the Crystalline Properties of Wood Cellulose

2, Mz 3 U

2.1 FAA=
B o ZYdsta stedola et F 95U (Paulownia tomentosa) @] 7HAAS BAAR R AHEEHAT.
2.2, AEYH

221 H5E A=
w0 Az elojsha ARSI Tsks $2H4l0] AAEo] 9l Hammer mill(Hammer Mill Vertica DFZK (GM),
buhlergroup Germany) (Fig. 1)& ol-83to] 14 241E AAISIGIth 28]al A54] 247)(A454 2471, KOREAMEDI
CO,, LTD. Kored) (Fig. )2 59] 2718 el THE0}:9.00] 40, 60, 100mesh 127 200mesh A2 H£%
A71e] w2k Eelsks

222 g4

Zredietal FAHde] YIS e A7|2E ARgste] 6C/mInE 5251911, HHE25 1001T 2} 2001 A4 30 2|
8 NS, ol 4AE FUT ARG DAAAE R P AR FF 248 vmslo, %%*Ji%ﬂ
A7t AA] o e st} Aag FUHA| oAl GARR A RS ARsIitH(Table 1). ojuf =Ajo] &/ 9 9o
Axelo] ofs) e Ao| Fegad] deloR ARH

223 9oty 54 W

7F Ay mrol oxs yEy) 9)she] 3ekau| 7 (Nikon ECLIPSE, E600)T} o|u]#] ¥4 2 1a(IMT I-Solution
lite)& AHg-3FAt

224, ASEO X AHEA BAY

X427 (DMAX2100V, Rigeku, Japan)E ©]-8-5101, 40 kV, 30 mA zzdstol| A 2t 2704 A2|et SEo) X412 87t
A AoATh Tt 22 Segal ¥(Segdl et al, 1959) I} Scherrer(Scherrer, 1918)4)0]| o) 73t oA ehe et A5
242} Alrsk .

Segal Hol| ofgt Al gei=

. (%) = MX TOO weennrerrrnnneerreninn e (1)
(o

loo : (200)9] 2] A= (20= 22.8°) lam 1 H]EAFEO] S EAE (20= 18°)

Scherrer2lo] o3t AA= g
B =° L(hKl) = B e seseeeeeesesees e seesse s eeenee 4]
(- cosf

L: 24 Z, K: Sharer A= 0.9, ) 1 XA19] 12K (A=0.1542nm), 3 : HFx|Z(2}T]el), 6 : Bragg 2=

RS Ax)2] s RustE 2Ael] istol s 3547 45Tl Sl FT-IR spectrometer (PerkinElmer
Inc., USA)E o]-8-5}0], Attenuated Totd Reflection spectroscopy™ ©.2 400~4000cm-12] H o4 2431 T AlgE= u]A g
|29} 100T, 200Co] A BHelst ZOFUR 7Hx|419] 100mesh BE-S AHE51T)

=3

3. Zut o 3

3.1 @A o) fobd st

Fig. 2 A7) 2o w2 U 8 54 AEROAT 40to2 WHT ARolth vdAT BEE e guolgla
Aol olato] A FAolA sk 2FMo Wsr

3.2, 94X BRol Fejars 54
Fig. 32 92 2% 270 12 9 8 B2 YoHAn|4L Fojol A Adolt. Axje] L8/} Fol a4 S A
2802 WEstit. Garote e dl. (1999)2 Aol o3 B4 AUWEE AFste] AHele] et sk USRS
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20] Zraof ofgt o2 Husgitt. Vybohova et al. (2018)2 &+ W5 o83t dA2] HAE A8kl 160To]
A A8 AEElo] AjRE 7t R Y7 9F 7R R 7 A AL, 180Tl AT 2| o] F7FskHAl A wste] 7]of Rt
I H 3k

3.3. Xz EHER A9 AHEA

Fig. 4= 72 o2 Y719 BEE9 XY =T 08 APHQ AER oA 19 128 e 1L Qlrk 527
717} Zopd4E (110), (110), 2 (200)H9] 2|77} 7Hash= Aao] I3ich Table 2= XA A ET Aol A Axket A2
Azt A4 Zo| Aatolrt. B O] FAASHE }F 7 2A Uerstal, 200mesh Al &9] AR EsE 7 Wkt
E3 control A|=2] AiAgst= Rt 100T oA GA gt Ao], 100CE T 200T oA HA 23t A 72| A EAASE gho]
ok, JEQAA 2717 M-S A AAsterL WobA| L, ®3 FAE] 27t SR uet Y] A adstest S8k,
ARZ O Hsk= A9 gle AS Wl & 5 AUSiTh

Bhuiyan et a. (2000)2 7}ZH|UHRef Y IERRFR O] B8-S o] §afjA] dA 2|7t EAMER e A0 AASEE AFd] ST
71Tkl sk, Weng et al. (2015)2 L4 ESANE AR, 48] 2%7F 80Tol|lA 200C7HA] F7Fe uf, HAj o] A2 g3t
T7h F71shal BasGi) Kim et al. (2018)2 e g U A 2|4 Y] Aol FAjelel oJaf L5 Ao aXstert
S71eTaL Bastal glof & A7) Ak dX|ohe Ao AZE) E5 Akgll et al. (2007)> @47 =t opyzt
A3 Al7to] ARSI o] Halo] M3E Zohd 514tk 3HH, Yun e al. (2015)2 SAHEA $F 07 IAE AASHH
A G| Wshr} F5lohA] ghov, A% dolet £o] A9 27t F7Ite| wlet 7Kt s, £ A-te] A} Afolsiairy.
2740 do] 9 Fof| Bgt GAe] avte 3% HS AE7F Dot AZE: A2 259 S| wE A=
7t BA AR T 2R RS0 AT oste] Faro] FEA Aol Fieke A Wilopzt vAA
goo] gtajElo] AP nlgo| Frlete] A7t AYEA T8 FFE vAE AR AEHLh

3.4, IR HA

A =0 ofFt HA) 0 SRS ALY fIste] FT-IR &A1 AA|stgict v]dA 2] A2k 100T, 20019
L8 dAeet AR FT-IR AHERLS Fg. 67 Lth Table 32 Fig. 69 AHEYS B0 A5 24 ofg] A+
(Bodirlau et al., 2009; Dai et al., 2011; Wang et al., 2012)0]| A %3} Table 42 2t 2 5}9It} 3339cm oA} -OH A%,
2917cm” 'of|A] Y o] FGERE CH %, 1735cm ' of|A] 7k2 8 d7]9] C=0 415, 1425em ' ol A] 2]71d 9] C-H 73,
1370cm ' ol 4] Fu] SR 220 C-H 3], 1285¢m ' o] 4] OH-phenolic 415¢] 54 73, 1081em ' HLojl A ©4=3HE9]
C-C 4% §4 9aE AT 4 At

ol dAe] 2%=rt Eobzlo] ke 3389em o] -OH Al%e] 73, 12365cm” ' 9] OH-phendlic 4152 §4 73 12|11
108lem ' 9] §43HE0] C-C AlFo] At 7hadh ZS BRIttt o= dAjElo] Qs 2471159 Aot 9 g
HRgo] dojuil FEAR Fof BpslEo] tAste] ZejE F o2 AlRHch B3 1735am oA 7F2RY7|9] C=0 A%
Axg] Lxof olg Wy} Eaiskx] oo} Vybohova et al. (2018)9] ATte} AMElE|= ATE Uehic). o) &% 2749
H97E AEA o)A oot wekel Avks UehlA] of7] tiEe® Aldch glad CH #33h 1370em ' 9] Fujdgg oA
CH #32 dA2] 229 Z71o] wpe Apolg 7] of2sick. FA2o] oste] suldER e, 2jad o] Hslr} dld=glont
2 Aol 18 Aol FA eyt

Z2E

4,
AR 2 Y 270 42 B WERe 29 B 54

3 & 2R A et g
1 S2e] M dxe L7} 100Co14 20002 F7Ho] wet g Sl A AT A3 2A0 = Astatsict
2 QX B AER 010 ARSEL BAY AL Aol arS ArhAREEs Gadh HGS W, AYEY
wlaks A9 giolek
3

. axe] ewsk kgl dek Bl AadatEl Fstn, AR ekt sk
4. FT-IREA 23, 3339cm o4 -OH 1%, 2917em ' o4] E¥l 2f2o] shgfslts GH 25, 1736am™ ' oflA] 7h2md7]
o C=0 A1%, 1425em oA F1de] CH 4, 1370em o4 HuER 020 CH 4, 1235em oA
OH-phenolic 19| 54 331, 108len ' S2e|4] B4:3120] CC 4159 B4 128 S 4 dick
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