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STABILIZATION OF NATURAL DYED WOOD FILLED PLA BIO-COMPOSITES. THESIS
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This study examines the environmental stability of natural dyed wood filled PLA
bio-composite that pine wood flour as reinforcement. This research has improved surface treatment
of pine wood with NaOH solution. Three types of natural dyes; yellow color from jackfruit tree, red
color from sappan wood and blue color from indigo, were selected to dye alkali-treated pinewood
fibers. Before compounding with PLA, original, alkali-treated and natural dyed wood flour were treated
with 3-TEPA to increase the compatibility between PLA and pine wood flour. Afterwards, the prepares
were injected to be the dog bone shape and composites were placed in UV-radiation exposure box
for 3 months.

The results showed that the B-WPC has lower thermal stability than the other
composites. However, the thermal decomposition rate was lower than the other composites. The
thermal degradation of PLA was not change after UV radiation exposure. After weathering for 3
month composites had lower thermal stability more than before weathering except B-WPC. In
addition, % crystallinility of composites were increased compare to neat PLA but % crystallinility of
natural dyed wood composites were decreased compare to AL-WPC. Moreover, the tensile modulus
of all composites decreases after 1 month UV-exposure and increase after that. On the other hand,
neat PLA and W-WPC have continuously decreased tensile strength but natural dyed wood
composites have decreased tensile strength after 1 month exposure then it was increased after 2
month and decreased after 3 month again.

When considering of the overall color change of the material (AE), B-WPC have the
lowest color change indicated the indigo blue capable to photo stability. Moreover blue color from
indigo was able to anti-bacterial but compounding to composites was not able to anti-bacterial.
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Wood
Cell Wall Component Non-Cell Wall Component
|
Polysaccharide Lignin Extractive
Cellulose Hemicellulose
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1 %‘ %’ 4 v & I~
TA39a319 (amorphous) 1sEneuMenIEFIveNIMaFeURUAIIWUTE B-(1—>4) naziing

MUsy (1—2) (1—3) W30 (1—6) HaA1 DP mszua 100-200 Hosnlszneunamilu

£4
3 o &

UIM10A9U  D-xylopyranose, D-glucopyranose, D-galactopyranose, L-arabinofuranose, D-
9
mannopyranose, D-glucopyranosyluronic acid 481¢ D-galactopyranosyluronic acid @11 3UHINA
a A Y 9 a 9 K 1 a 1 Ao o
FUADU W“]Jllﬂuﬂfl !ﬂll!,Glfﬁ@.Iﬁﬁﬂigﬂﬂﬂﬂ’JUHWHﬂMWﬂﬂ’ﬂ 1 YUA ?iag,mummﬂu acetyl-
o A 2 & @ v Y J %l a
1o methyl- @QLLﬁ@QiHﬂWW‘ﬂ 8 G]NL‘]JHG]’J’EJEIN’G;WIiI‘ﬂ'ﬁ\iﬁiN"U’éNiJﬂuﬂln@iu1ﬁ1ﬂﬂ1\1%u@1u

1glesag laa

B-D-Glucose f-D-Mannose
B-D-Glucopyranose B-D-Mannopyrancse
B-D-Giup B-D-Manp

H H
H _o
OH OH
HO \ OH
H H
H
B-D-Galactose B-D-xylose
B-D-Galactopyranose B-D-Xylopyranose
B-D-Galp B-D-Xylp
H OH H H H H
— (o] — GOOH «0
CH,0 on
HOH,C OH HO \ OH
H OH H H H
a-L-Arabinose 4-0-Methylgucuronic acid
a-L- Arabinofuranose 4-0-Methylglucopyranosyluronic acid
a-L-Araf 4-0-Me-a-D-GlupA

= 9 ¥ a 1 A g 1 a
NINN 8 i;f@]iIﬂi\iﬁiN‘U@\‘]uTﬁWﬁ%uﬂ@N‘]Vll‘IJUﬁ'JU‘]_Iizﬂ’E]’]JGU’EN!t"’ﬁJL‘ﬂfaQTﬁﬁ [13]
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4 a
UsgTemivouaiivrag laa
7 ¥ a .
» lugiueuewes (monomer) dmnsoueniinaialaeds lalas lada (hydrolysis fiv N3
Y] 9)%’ I v 1 o Y L2
ameiuszved luana laglduiiluddesdat)  nldluanavesans uay  Auauiia
i y' o g &} . .
nlagunladll Sendsiin msinimannidie 1l (wood saccharification)
a P ~ o q ¥ a A 2 o q ¥ < A
» lugilwedei (polymer) Hmaviliwandadorniu sildanuuiussveubonas
A K A a y & o Y2 9 Py a
ATEATHIANNINTY 1Hoannd Insesauiluedagiu (amorphous) 1dwdnld1dde nams
o A o gy T yyx a 7 A A A o q Ya Y a
wosivewdeinlnguinlas fuszlenilumsawe Ao vhldAveadulouanesninans
% [y ° A < 4
Uszaudideniuse lalasnu (H-bond) v lifielianuudausannvu
4 o o 4 a o J 3 a ) ..
> e ldunsgimanil ldnaasusidluasduuaarilfe sty (food additive)
4 ) < @ . o y . I
TolunTeed1914, 11U absorbent (jelly agent), Aou1/sr a1y (adhesive) (Hudu
2.2.2.3 antu (lignin)
a a 4 [~] Y]
antuil Tassaden ludluszidion Janusudou UsznoudisTaseadiaoz s
a I = AA o ] A o "y
W1ANUDY Phenyl propane HUNANTIAMNTAUNUANAWNUL 0, B, W30 ¥ UALIINAUDYAIY
@ = 4 4 4 a a 9
WUBZBIMes (C-0-C) nay Mmiveu-miveu (C-C) antudwnsouenilszinn ldnaegiuny
1A A A ' s v ~ o o gy X o Y
uanden Ao uleuesAlsyaevvealaseaiemanil sy ldiesoninlszneuaie

4
1 1 [
coniferyl alcohol 5N guaiacyl lignin aliileuvainyszneuaie coniferyl LIQ¢ sinapyl

e

1 a a o 1A g’/ ] J v 1 {
alcohols 92{38NN syringyl-guaiacyl lignin anHUNNOINTUHTAYAAYUN 2 uazuIngan

v '
AANFU NN 9 gﬂiiﬂiﬂﬁ‘%INVINLﬂﬁ‘ll’iNﬁTﬁ‘U%‘lﬂfuﬂsll@Qaﬂuu

CH,OH CH,0H CH,OH
(lZH (!TH CH
J, 4, J,
@ @OCH; CH,0 OCH,
OH OH OH
p-cournarvl alc. Conifervl alc. Sinapyl alc.

A 9 = = a Aa a
NINN 9 TﬂiﬁﬁiwvmmmrmmsLmJ‘UNG]fuﬂmluaﬂuu [11]

a a I a P 9 1 ] . 3|
ANUUUAITNORINDINFUFOUNI  cellulose N1 hemicellulose  taziilu

Tassadavosmiusadsianils wuly 1 un3a (hardwood), 1dluuay (softwood), W
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s . v
EsﬁlQﬂ (grasses) ngﬁwuﬁmaq”lﬂ A1 glucose unit (DP = degree of polymerization) &8¢ il

[ I aa o { g { 1 o <
anvazTaseaiaily 3 6@ iy cell wall adhesive andulenogsaunuldilu
£
Tassafraveudio s
4 Aa A
Use Teyrvesaniiu
>Qadlll9/ v A 19115_]&’ aula)
aniiui ldaninmsdutonszaaunso lfiuyemasld
a a aa ¥ @ o A o o J Y a A d a A .
» antlunthimmin luanaduiievhmndunsizraeg Iaensduvsd Wi 111aau (vanillin),
a o 4
lawTadarionlud (dimethyl sulfoxide = DMSO)

a A d‘dao} Y [ X T a A d' Y 1 a a
> antuniiminTuenagainldluglvewmasdntiunldinlaeass  wu  anilu

9

a °

Falwmavsenswlaniu  waz  antunihimninluagageddnuunnlugaamnisumsya
Y o o A o 1 o A J o PR o A ~
12131 T Heuad MFua 11e19 uaze1a 15 ua 3Ny (extenders) lun1iuea
2.2.2.4 #®15UNIN (extractives)
A ~ 9 1 4 9 ] 4 I
msunin ae @130 hilsesnlsznevvesInseadwueamiiusad e1dlunia
< 3 g ' <. a a a
wiolunannld e aslelewiu moitlu wnmelslendn niasdu a1sneauea
1 k4 < 9 I A 2 A v N Y 1 a
AN uaz weamaves (Hudu wezifluesdsznoviduamauiavesiug liuaazyiia
v 2 ° YA ] A A A < A ] o
mslszaeumaiil sz ldinyuaazyiiald nau sa uazANuLIINuanaInuean 1l ag
Ao = = 1 9 . . 3
wntillszna 5-30% Jeewda @952 de esaduiies  (minor  constituent) 13U
o a 1 aa I
msdsznounneldinad 1dun arsdsereuuaamey Tnunamdey Wemvlea uaz an 1u

Y d’ld A 9 a
AU aswIniNY sz 0.1-3% IﬂEJlJ'Ja NN 10 Tﬂ3Qﬁ§1\15llf]ﬂﬁ15llﬂiﬂﬂ']\1“]fuﬂ

CcH,
HC COM

K ;
CH,O-
o X é,o Hofg}m.n

P

A 10 TAgaa319veaasunInUIa%a (1) abietic acid, (2) o-pinene, (3) pinosylvin,

(4) pineresinol, (5) gallic acid, (6) a-, B-, 48 y-thujaplicin [13]
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2.3 JaQRoNwaan [14]
22.1  HeguveanoNwoan [14]

a . A v Aa s A A 9 v
ADNND AR (comp051te) o ﬂﬁﬂﬂuﬂﬂﬂﬂﬁzﬂﬂﬂﬂqﬂlﬂuﬁi'ﬂjﬂﬁ\iﬁﬁ’lqu@ﬂ@’]\iﬂu

2 9 = wa @ A 9 [

g ' a X v R o ! o 9
awadowsiayu luwannu Feigan Ideelauiavesiagisudusiunu Tagna ldudneon

q

a Y v o £ o 9y A I j‘ @ A a 4 . @ A o Y
Wi’]ﬁ@’ﬂgﬂigﬂaﬂﬂ?ﬂ?ﬁﬁ]@'JWHQVI"IWH"IVILﬂutu@ﬂaﬂﬁi@m‘ﬂiﬂ‘ﬂf (matrix) HAZITANNMIHUIN
< ! @ 1 ] a 7 % ] a
iWhlaingzaediog (dispersed phase) oglummsndiiy Wioewisonindlumaaiuns

. o 1 a A a ] Y. = o Aa
(reinforced phase) fJfW]QGGTQﬂONW@ﬁWVIWUiuﬁﬁﬁN%TW IFU “]'lﬂJ” “B\i!ﬂﬂ?ﬁﬁ]ﬁf\iﬂigﬂﬂﬂ

1 a a @ X 3 a
2439anIY (lignin) M) 1dulowaglaa (cellulose fiber) 130 “nszgn” Fuiluaouweda

' 1 4 [ I 1 a
serNausorn Ing (apatite) nu T1/sAuARANIN (collagen) WAy TuaiuveInauNedn

wn

[ c’g}J =) é’ A YA A [ 9 A
AAUAITIEHUU %zgmmﬂmmml,wa”lwmmwﬂmmzﬂumﬂmmmwwmq Iﬂﬂﬁll‘]JWlI@Q

H Y ]
ﬂ’f)lJ‘W@ﬁ@ﬁqﬁjﬂzﬁuﬂgﬂﬂﬁi]ﬂ@]m@ﬁ’)ﬁmiﬂglju amwmwuamﬁmﬁuﬁ'mmazwﬂ uag

anvuzveuainiznediod i 11 naasteanyuzavealaiinszneniod Fadna
1 A a I~ Y1 R Y I A A a A 4 A
aoduiiavesneunedn sz landauiziluneuwed@ainannunsnduaziaingzaiy
(J 1T a A o 19 A Y 9 = ' o A
AegriaRgINy uanaNuENIY Sw), vine, 31519, dnvazmInszy WIens
v ) ~ o ' ' o 9] 9 A Ay v = wasy 1
A8V UN T NNIZDIBAIDGUANA 1IN Y udrgamenounodan lanazliauian 1

v Y
millounu luiilizvenarinme Jaanounedanaraanmeauna lf

DD 'y yy) pYyYyy)
S [ 2 [ 2
792829282928 & DDA
[P L L QY Tt aa”
concentration size shape
P ryy) DD
&7 &7

2o e lele!
&% guivuvu
distribution orientation

A 11 anpazanvealainsznemeemininvesiagaouneda laun anududu

W), via, 31519, MINTEN Ly MITAITEIAD [14]
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222 fouwaan ld-walafn (wood-plastic composites; WPCs) [15]
3 o : o ' o ¥ a '
uiagaalasuanuaulvediannnalan naluglsy ewsm niewdualuedo
Y o A3 ' Y A o ~ 2 ] AN o
Fonlugeonalian “Idifen” Jagaiatiaunsonumuaonasuaauaziu T8du 1az adeaie
WanenaIn viodwsoma lammwanudesms uazdasansainmsznsiuuesdain mou
a 9 a d” 9 v a ] 9 g’u v 9 a 4
yosnounoda lil-nardaniinseungums iganeuwedaluainie awamsldwoawos
a 1 Y a Aan a ax a a J A a ~ I 9
wiiaa1ee) laun wod Insnaw, weaenaw, wea ilanae l5a (W1%) uaz wodad lasu 1fudu
a J dyd 4 a A Yo 9 I A
wardanmaidlumes Tuwaradn weldsuanudouazvasuiluveunaivilanay
<3| < A ' Y3 wa o T o Y a o A o
naeiluvewds weildesliauas autaawinayhldsansaduiagouqasldmwanny

a ! 2 < a o J a 1% 1 1 a 1
wadgannoumsvuglilundadusinounedald  misawnanwiEenn  c@saua

£ 1
A o 3 A a

a a a3 2 I
(additives)”  memgiiagaouneda l-naradnduiluiagindadie  awisovugihilu
a [} [ ) 4
wanna launue taz ssenuansinlslss el la
) a a . o $ g v A
Tagn lilnounoda lf-waradnazd ldaaimindluaisaudy  (fillers) 3o
Y
A31ETNIT (reinforcement) g 1ULSUIY 30-60% VosdIUNAUNINA Tdaana1vzeglugll
9 v Aa ad Yy 9 = a [ A A & a a Y
voura il wennnmsauaunulindy  dlieseuunsrtisdusuauaslunounedali-
a 4 A (=Y a [ L [ @ 1 1 [ 4
WaEan oL aNAUDINANN U IHINZ AN UM 1FU @081 U @1Iviaeau
. = v ya a [ 4 ::. ] [ é’ A .
(lubricants) @50 1dRIveIRAadMaAdawe 1az Moo svugll, a15weuTes (coupling
] 1% a 1 o
agents) W30 @13UszaIu  (binders) Felumsdiviljemstadnszrinesaliznonves
a o L A 1A o 4 A 1 .
wanaanuazly, FvhmrhimiuanuasnuuiNaasud, asuANNEDsTARLaY  (light
. A . o A A Qv P o
stabilizer), asules (blowing agents) LIQ o3 Tuwsaaaussy Huay sanlseneuvanves

AouNedn 1T-NaaAnLaAIRININg 12

fianouwoda lil-waraan) [15]



18

1]
[ =

I 4 1 Y A 1 dy a A A a 9
Taaniluesnllsznouaeques ldifeumaill @uilidies “aeuwedalll (wood
1 =) k4 (% g %
composite) tigsguAed”  aouweda 11l lannmsdaugilune linvmsiszamdroany
o <3 o a A 9 Ya KR ~a 9 A 49! 1 1 A @ 1
auga uiaggauaaiie lFnaunu i emalinnudoimsiiuiuedeaeiios A10619904
a 9/& Y 1 a A 4 . 14 4
aounedn liganuluiesnaia wu wiihaveia (particle-board) taz Tviuesussaniu
' . . 1 @ a 9 o ' Y
v ulunang (medium density fiber-board; MDF) Lm“luﬂ%fguuﬂanwaﬁ@vlmmﬂan 1ax
[ ~ @ ds! I a a 1
mMsUsulasunanvuiluaeuneaawsiialyiy
A 9 a " Y ' dyd' A 9
aounadn ld-naraanuun v ldannmsnansznnaasimosrsona sy g
a A a I [ = di’ 9 = [ dy a <
Uszenuuazwarddnienaniluigadsaunsovugl ldmlounumsiugiwaraaniali
' o , R A YNYY o ' A vy oy o
HATIVANHUSIAUVING LT tay waradnn Maredy Tudrundluliinin Idnneyihos
Y 1 )
wnrTeru livinmsdavey lddmnmaelduay liasarh s luaudug1d whusm
I I 1 A ¥ A v '
NTZUIUMTUA (grinding) 1DursoyMAvIa@INowANa lulonaaAn UUNHLIBAIUI
a o a Y a dy 1o & 9 = o 9 A 49! a '
msnaniagaouneda lil-waradnil 151 lusuiludesgap@eninerns ldmvaunn@ay @
a Z 9 A = ] 9 Y (% 49! B =2 Y
YoInmdanI@ T IFnaaanduneriums Igauudanauunaugiiag 14 1msn 14
' a ' ' A Y a o MY a A 9 A o 3
IFU YINAIEANLNT, NADILVAMDTINT M3 IFNaanma ilagwaraanmae ldviowuiaqiiu
[ a a ;1’ 1 o Y a a = a ; Y o
Tagaulumsndatimwnsameilnaeunedastalvulidunulumswaad  Idwadlsga
v Y
HazIeTIIANNAdoy  uonmnineuwada lil-naafndiliauiaFanad  miler  uag

<3 =\ Y I a [ P v 9 9
LEUNLLIN ummmgﬂqq @a@mummmﬁlﬂumiﬂﬁxﬂ’amﬂuwaﬂﬂmmmmmmumau‘lﬂ

223 msvugdnenwednlii-waradin

a Y a dg@‘ Y ' a ) Y 1
ﬂf’)ﬁJW@ﬁ@]]lﬂ-waqﬁ@ﬂﬁ1uhliﬂﬂlu§ﬂllﬂIﬂﬂW]uﬂigﬂjuﬂT'iNaﬁ 2 YUADU Ulﬂllﬂ

9
Q/

<) a <} a 4 & o 3’, 1 YR A
Juaouusniumskdadianaradnneuniig  Fuhdunguninue 1wy e ldaadiving
o ARY 1UHI 40 B3 60 mesh (Uszam 250-350 luasow) wauduwaradnuazasisunag

o ) ~ v ' ' ' o 2 4
1A (modifiers) FaAIMNoIAlTZNOUNABINMT Iuanzhuia wWiefloanuanuaun

[

% 1 1 a a o 4 g/} ! [ '
@]ﬂf’%}%ﬁ]"lﬂ fAl é]?’\iﬁ\iNaﬂi‘éﬁ‘ﬂ‘ﬂIﬂﬂ@ﬁﬂﬁ@ﬂmﬂ1WN’W@ﬂNﬁﬁﬂm°’ﬂ MNUUTIUNTUAINA

a
2 < a P Y P A oA
wwpnrauulanaigannounIAReINUAaoANINA  (homogeneous) ABIATOIOAIA
(extruder) ARUWBAAMAIVE IMaruIRa  (die) sdnavuavesonuludnvuzyeady
A o ] 1 A Y a dy @ 2 £ g Y A o = .
WaaanNAUYIRE AR IdUNAEAN NIz NARRR NI UFENAIHATEIN A (pelletizer)
g’; g’; ~ = d o a 4 [ da! a T Y
NNUNTUARUNARITUT UM INANAIEANABUNIIANIHIUNTZUIUM I VLT ¥iiaa 9 14
I a @ 4 1 H < A A 3 [ a
uwdanuagiliawidesms  nszuaumsna lditenldlunmsyugiliaaneunedali-

Y v
waaan JuTuadUNaIl 3 NILUIUNST AD



19

2.3.3.1 NITVIUNTOATA (extrusion)
= g A v oo Y a 4 Y = F2
Fuunszurumsmisau linaadnaeuniavasudruRay 1a
a [ 4 1 [ 1 A 4 @ =
nannmaiegluanyuzuny vse Ts Ildawdnvuzyesinia

2332 n3zUIUMIon luiuuy (compression moulding)

o

£ g b Y s a ¢ Y o
Fuumslianuiounnlanaiadnaeunig - uaz  BAAIBANNAUGA
o J ' 1 I
MWNTENINBUNIANADN TUYB IR
9 ' .. . .
2.3.3.3 NILUIUMIRAU LN (injection moulding)
] ] a ¢ a9 a o
Fuilunszurumsvaeudanaidannouning  waz s lduanly
%0919YD I HULUAINAITTRUNYUAINNINAIAAN AR HATANI

a gy A Y a < Y I~ < A A A Ay o R X
UNHUTION lfwaiwwmﬁ&mmummuazﬂ’mmﬂummmm °1ua@¢mmummmmumﬂu

'
a o a 2q 9

g S A a Y Y I dy = o Y a
msnaaiganeunedalszanil nAe msswmaaan iiuiemernunslld madinhls
D) o Y o q YLy A a Y o Y o
A M3 leasanaradgeriline il vazwara@nmamsmaudniula (compatibilizer) 130 131
= 1 d‘ . d‘ [ [ [ g’; d‘a Y A
Fen “aswouszanu” Weolsuljamsnaunuveiganides arsszaunionly ae

a J aa
ynasnuoula'lase (maleic anhydride), lstau (silanes), 1NN 1LUN (titanates) LAZNIABLATAN

Y

[l 9 9
(acrylic acid) [16, 17] FalFlumsylddiunanveslduaznaradnamnsovuglidaau

=\ wa

yo/ 1 a < a 2 @ 1 a o 4
uaﬂ%mﬁﬂwaﬂﬁjwawaﬁqwﬁwﬁmmmmmuazummmmﬂaqﬁu AIDYNUBDINANNUN

AOUNB AN 1T-NaaANLTAIAININD 13

39) Y

o a a Y I =< wad d =
’JﬁﬂﬂﬂuWﬂﬁﬂWﬁWﬁﬁﬂNﬁlJN\‘llliJL‘ﬂuﬂﬁﬂ\‘iL’EN?HJUG]‘VM“]JU“VNGU’E)@ g ULy

2’, a 9

o Yy o a g A Vg Yo 2 A P, Y
“UEN'Jﬁﬂ“l/l\iﬁ@\ﬂfumslﬂiﬂll?ﬂ'wﬂu f]fWNLﬂuﬂWiLWNHﬁﬂﬂﬁﬂ‘U!ﬁH"U!ﬁﬁﬂ uag GlGBulﬂJyulﬂfJEl'N

q

[

9 1 LY L] 9 Ao o ldy % 9y a A
ﬂllﬂﬁ;f\‘iﬁﬂ m1ﬂ‘]J’J1!,‘]JuﬂTiﬁiN’Jﬁﬂ‘ﬂllﬁiJ‘UG]Gl,WiJ"ULlllTifN‘i‘]Jﬂ’JHJG]’é)\‘iﬂﬁﬂN’Jﬁ’Jﬂi‘ﬁJﬂﬂ

q

~ @ ] a [ 4 a 9
NN 13 ﬂ?@ﬂWﬂWﬁ@ﬂﬂ!“ﬂﬂﬂMWﬂﬁﬂﬂN [15]
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a PPN PR 14 a 1 a asn a as
woawesnuenlmilumes Tuwaraan [18] %1 woaloNaw, wea Insnaw,

'
Aaa

a = a a J = -d"o 1 9 a
waaﬁ“lmu e W@a‘huaﬂaa"lm L‘Wi"l%lli]ﬂﬁaﬂmﬁﬂ’l‘ﬂ@nﬂ’ﬂ’qmﬁﬂﬂﬂlliJi]%!ﬂﬂﬂﬁ

G

4 o { <
@onanmlszum 200 esruzaBoa dandaslunni 14 wrawnsovaeumraduazHawily
Tagaounodanaraannauns 1 Tag I lunlasuduaznan Falassauudamsmun oy

a ¥ I A < Yo o a K ¥ o Y
Tuwara@anivezidumsmuanuuiwsddnudinardan uaunauyhIniianulse

A d%’ [ o 1 <= wa Y A 1< [ ] [ I ) 9

muuny eeelsng  autiasuougnezuanarnueenll  Tinezdumsti g

a

< g 1 ] 1 o @ a {
ﬂWﬂufJﬂﬁ%@ﬂWﬂ{luﬂﬁWN Gluélll.lﬂﬂu@n\ic]ﬁﬁllﬁﬂ1iﬂﬂﬁ‘ii’)ﬁﬂﬂﬂ !ﬁ@ﬂﬂi%ﬂﬂuﬂWiWﬁﬁﬁ

a

oA 9 ' =2 A o Y vy [ o Y a2 =
MUY g NATDUTNUAATURNNG i]\‘iﬂ’ll’i“l/]i]%“l/]ﬂ‘l’iﬁﬂ@ﬂﬁﬂ\‘iﬂﬂﬂﬁuflﬂsl‘lfﬂuﬁ]i\i BN

o 1 Aa 4 < o a a YA 9
’ﬁﬂfff')uﬂuEJiJfffi']Qlﬂu’JﬁﬂﬂﬂiJW@ﬁ@]WﬁWﬁﬁﬂWﬁiJN\illllﬂ@ 30-60 % GU’ENW\?U]JJ

o LiGadananin
LDPE \
HDPE

PP

PVC

0 50 100 150 200 250
famni (°C)

AT 14 gungiliviasumalvesnardanatiaa1e Meunuguugimsdouaninves i [18]

v A k4

ad - -
2.4 NURNNLINVINAZMITONATIINGIA [19]
d
2.41 duazesnilszneuveamsiiua
2~ s a A ~ ) o 4
MINOURUTVOWYLS  NaNMINuaIiazRouINIAgUUg  UINTZNUANT
] @ d‘ 3 dd’ I~ [ g’z S KR A [ [ ] A
nazdel)dsanes momlasenuuiludimu duiulumsueuiudaditieeyg 3 01w fo

uraIn AL TN Haz e IUBIALUIT

4 @ A

< 1 [ [
ﬂ'liiJf]\?LTiu@a]}'JEJ@ni]Z'U\ﬁJ@ﬂaﬂ‘l&lﬂ@ﬂlﬂ\?ﬂ@]i}ng 3aNHUSAND

A

a A < 1 = a A A Y a = '
> ﬁﬂﬂ‘i'lﬂgcluﬂWillﬁNlﬂu LBU THA TV HIDAUUIU 158N hue

d'dll L= 1

' % g 9 .
> mmmwmm?@mﬂumﬁawaummuﬁwmmwﬂmiﬂmw hghtness

'
» anwdald Anudunaza LS gnvesd i5ona1 chroma
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2.1.4.1 unaInuianas
1 o A o @ < ' Y
UUAIDUUALEITIHIUNITNOUVUNIIN 2 LKA ﬁﬁ] UHADINUUALTIANY
a 1 o A 1 a :{g o [ 1 o A a 1
FITUYIA LA memmmzmﬁﬂimygw AU TULAAINUUALTIATNT T TNV "l,gfﬁm LT
a J A [ . U o :&} a A
AMNANDINAY mauﬁmmiu@muﬂmnu (daylight) ammmwuwﬂaﬂ Iﬂﬂﬂau
[ I~ Y] 1 [ 1 é ] dyd 1 [ d‘ d'
LL?JL’ViaﬂlIV\IWWilzi’JQGl‘L!GH’NLlﬂ‘]JC] TEMIN 380 — 780 Llﬂl!tll@]i PIFINULTYNTIT “PYINAAUN
] Y, .. .. . | a = . . A

vouriulg” (visible spectrum/visible light) Tasuouruiluuasdgu (light white) HaZINONIY
=2 = <1 < A Y = ' = =~ A 1 ] '
ﬂ?“]fll!lﬁﬁﬁ"ll1’JLl%$l!EJﬂf]f]ﬂ!ﬂulm“ﬂﬁ@nﬂﬂﬂu 7 o T@mmam%nmmanﬂaumﬁﬂumaq
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pendiznouTmanueuNnIIAl Uy Feeyiutvesanslszneudliid lutlesnin 19 via Tag
J { o o v A ' . . . . . ..
99A13zneUNMAYYDIANTINAIT 19U alizarin, purpurin, ruberythric acid tag lucidin-
. . o Y asd a = ' ' L ) o
primeveroside a9 10ud Fnitluteunsiad Tuy sxlianunumuasasnonded dmsy
1 ~ 4 ] I ] A 3
hydroxyanthraquinone 921 uAINUABIAINTOEAY 11711 hydroxyl T unjununNINTU
1 < a A 1
aueenlseneuvesdnlauian  weld lAun luteolin, luteolin-7-glucoside,
1 J 1 g 2 XY
luteolin-3-7-diglucoside 1182 apigenin ANUNUMUABLAIVBIOIRYTZNOUMAIIIZIUDYN
substituent group (auxochrome)
A g 4 A L . .. . . 3
anluesnlsznouved woad Ao indigotin 1@1¥ indirubin indigotin %ZL‘]J‘L!ISJL’GQE]
dd’d A g/} . . . =) 1 ] 7 d‘d
ANUANVAVNIAT UBNIHHUDIINUY indigoid LTANUNUMUADHAIDY IUTZAVNA LAz A
1 S o o v o . A g}J 4 A A A o
NUNMUADUEINIITUWHUTAY substituent group UBNHUDIINUY 03ALIZNOVDIUYNNBINY
v
TuaoUN1IMen N lumsdoudsssumA 91992 UONTHARDANUAINUABLEININAN
HAZONATAUIAVINAINUABLEAT WU T madder 1AL woad VUANUNUNIUAD
1 v Aa = I a d” a Y A a9
ey luszaunand weld anuiluasstiamnioesuieldn e Tuanavesdmd lunan
@ [l a ] 1 o ] 90’
aogludule indigotin aztianmswesuauiluTaseaswvinalve i ld luazarei nas
a 1 v 3 ' Y
wounsIluy  szsaunquiniueymavinaluameluduls  luzilvesansilszneu
A v . Y 1 = 7 ..
akoulane (metal-complexes) Giles a1 AME [40] 1ana1nneeeniszneuvea alizarin ¢10
ANUNUMUABLES NAMTONAMT shift YUY absorption [FuanATNI WUIZIAAMS
4 a v A 1
WoSumssznoudadoulany Van Beek [45] laduiivgiun lovouveslanzgnnszdu
' < 1 . o & = = 1 A
9819579131 1gan1z excited state a9ty msdsingnieluszuvszlinnuatosaoudai
A 2 ' I ° a 2 g ° a o @
WA au Tivaeatlu Uv-filter 323 1¥0AMNT absorb Failumarhliinamsrateansed
A o =\ Aa A dy
ITMIVATIINMAF AT
A g = y Ay ' 1A
uenHenNUY  MsAnEIATIlAUEAIIN  2-hydroxybenzophenone il

Aa a < o [ a 21/ a { a I
Uszansmnlumsitlu UV absorber 85 UA5IsUMANIaNUFansaanasfiihe aaaasly

A A c’:}; . Y I3 U =\ . v a A
DNN 33 UBNIWUDIINUY phenyl salicylate waas Iisiu Ums absorption 338gI91N
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a S o 1 1 I~ [ 4 @
!Lﬁ\i@'lﬂﬁﬂ‘ﬁﬁ'lll'lﬂ 'E)fJ'I\TVlSE]EJ'NUliﬂ@'Ill ‘Viaﬂﬁnﬂﬂ'ﬁ‘ﬂﬂﬁ@'ﬂﬂ1il?f@llﬁﬂ'lwsll®\1llff\1 VULLEAN
Y3 X a 44X A Z . = Aa A a
Glmwummaamaumwmu UDNIVUBDVINUY phenyl salicylate El\ﬁJ‘]JigﬁT]‘ﬁﬂTWiuﬂTﬂﬂﬂ

I o 1 [
light-catalyzed rearrangement WuTnseai 2-hydroxybenzophenone AL4e aalunIni 34 uain
{1 v g J @ a o oA 1 Aa a I~
@oanein Wuduansavesuiundasusionnla uatseansamlumsdly stabilizer

9
W83 50-70% MUY

O-\\ O”’l_:
ROU H hv _ RO H
C¢0 " heat (lj/o
|
CﬁHS CﬁHS
Structure I Structure 11

NN 33 M3nA photochemistry U84 2-hydroxybenzophenone [39]

OH
QOH
OH
O Ultraviolet radiation
| »
CcC=0 CcC=0

NN 34 M3na photochemistry U9 phenyl salicylate [39]

NANUIBVDY  Rajni S, wazAmz  [46] laanwianuannsalumsaiu
dy a A = a a =< = a a Y
MFDYAUNTYUDIADTI TNV N (natural dyes) UNFUA Iﬂﬂﬁﬂ‘]&lﬁ]”lﬂﬁ’ﬁiiﬂ%’?@l 4 YUA Ul,ﬂ!,!,ﬂ

Acacia catechu, Rumex maritimus, Quercus infectoria, Rubia cordifolia FINATOUNY

'
a =4 a A o

ki 9
Wogaunse 4 stafldinalsa WU Quercus infectoria dye vziidszansnwlumsdues

=S =

A a Yt A o ' Y Y Ay A Aoquua v & a 7
!Gﬁﬂﬂﬁuﬂﬁﬁﬂﬂﬂq@ UAZYINUN ﬂ')'lilLﬂluﬂluﬂuﬂﬂﬂq@ﬂﬂ”ﬂﬁ!ﬂﬂﬂ’]ﬁfJ‘]JfNi]‘au‘Vl i)
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9

(minimum inhibitory concentration; MIC) VOITATTTNIIANG 4 ‘Kﬁﬂﬁ]%@iji%‘ﬂ’jﬁ 5-40 pg nay

A o 9 Y 1 Y dy a A d 1 o [

DNMNITIDUANUURNINUIN mmmmiaiumimuwmmfai]aumﬂummﬂ’nm MIC
Aa o . o = = Y &} ==

INANUIVYYDY Mari K. 18 A [47] MNTANEIDINTONUITDLUANLTYVDIFT

. o 4 &
tryptanthrin 8% kaempferol NNNY indigo (Polygonum tinctorium Lour.) MAUMIIFD

v
=

a {3 &’ o a .
uuaiisewiia Helicobacter pylori Milwevhlding lsanylunesin@e Tag incubated 0

=]

a = < @ o ¥ {a X
QUNYU 37 DIFALTIH, 7N1IE CO, 10%, @unan 5 3wy agar udniu¥euuanisennad

=

9 9

Y
niniunaaesluryues In@eauinasgiu ATCC 43504 Tasmsmnziaeuyouuaiizeriail

e

Y 9
WaI0INIU AATT tryptanthrin 1182 kaempferol WU Wywed Inidediine H.pylori anadoe1al)
4 v v Y 9
Aty 1ORAET tryptanthrin 1182 kaempferol UUUAAII A1TNITDIFHAT F1TOA YO
aa A Y a Y 1 a gy
nuafisenne ldinalsanossnluryueTnide 1
INUIVBVDY Penpun W. tazame [48] ladnyianuamnsalumsaiumsinag
a % 1 9 ] { 1 %
pondatuvesnu 1w (Caesalpinia sappan L.) lurrsergiuananu Tagnmsnelgued
ysq ¥ a A 2 o Y a A o Aad ' Yq Y o v
Tinlddszansamlumsiusidumsinasensasunangs unuldn s luanans 14
@ { o J L) { 9 § o
Ysuldsumudaaiudiviiazats CHOH:CHCL, uay olguouilo il oialSuimves
brazilin 1az ANUAINT0 IUMIAUMINABINFIATY FINU dad UMz auNgAroa
1A A y X 0o q Y ) a
CHOH:CH,CL, g 13 wuazteorgues limnau  azihldlsmmvesmsdumsing

a v al nm 1A 1 . v o J
DONBLIATUAVUU LlﬂuliJﬂJNaﬂ@ﬂgiﬂﬂl‘U@\i brazilin g OUNUTUD brazilin

91N91UIVYVDI Masud S. Huda tay Antg [49] insanyinionsnaveudulen

H
aA A 1

pnlfvlgememarontseaupiia  silane  NiAANLAAIVEITEHA  laminated
. . a 3 a a Y @ a ds! Y
biocomposites 31NNBAUANAN LOFA uaz tdulelonszin Tagdagaounadnazgnuugilaie
ax 4 a I ar d 1 y o [ .
253 compression molding teramiuAay Tasnun WievhnmslSuiliedae silane ludule
Aq ¥ g a ' @ a a 9 . 1 9 wa A
nydumsaiuuse  saunumaalarialeasazals  alkaline dzaIwaldauimyanags
winnudulen i ldriumsdsuljesialuiaaneuneda madlarne lddreasazate alkali
Y % k4 . 1 [ v A Y é’ 1 Aa
MM sUTulgeaie silane dzvdSulyguauaFinaliauinun Amgamrgilums
v 4
90UA (heat deflection temperature; HDT) U9d10AAONNOAA PLA laminated UAUNLUVU
| Ao o v A A o A £ A v 2 o o Aa A Y =
pgnisdAyioiiouny PLA Usgns o9ldniniu dnvazdugiuinei ldenmsane
Y 3 1A =< A Aa J Y a J a :fdné’ o ]
SEM uaed Iisuninsssamieinasennadule uag wodwesuninsavu unu PLA

a X I t(
resin - MINzanlumMINaaily  laminated  biocomposites i uYse Toailuarumedu

IAINTTY
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uni 3
A uiuIdY

9
Av A

< =2 ~ o o a a a 3 a
maseiilumsAnvulSeuisuaimiavesiagaounedadinmweauanan
a < a @ a 1
uoa (PLA) Iaeldms lifauiluasaiuuscluiagaouneda Taowa lifausziumsdoud
a a 9 L= A 1 . . = 1 9
55509A 3 ¥l lAun Traeeninunuvy (ackfruit tree) duaaninunu 113k (sappan wood)
a3 a . . Y a a J a 4 3}, = LN
uaz HNEUINATIN (indigo blue) udrAvaslunedwoswning Mnvunleuiisudia
1 9

aqnuidgaounedan@um ldaunaazatia  wasnniueziiueriagrouneda liiaeg

v A A

1 3 o o o
ﬂ1§ﬁ5ﬂﬂllﬁx‘lﬂ']fﬂuﬂaﬂﬁﬁﬁﬁﬂﬁlﬂuﬁgﬂgnaTUTH 3 !ﬁ@u TﬂfJVI']ﬂ']ﬁﬁﬂy']ﬁﬂﬂﬁsll@ﬂ'lﬁﬂﬂ@ﬂwa

QU

9
FATININNINOU LA ‘Hﬁ\?ﬂﬁﬁWﬂLLﬁ\iﬂluﬂa@Qi\‘laQ‘a ”lﬁ}uﬂ AUUALBING ’diﬂJﬁ]‘VINﬂ’JﬁJ%}@u

= ' 2

wn VS = = o Y dy = A 9
AUUANNWNMYNN LUAZ TUUANIUAN JINITUUANITATULYBDLUANL ﬂmmgcluﬁmmaau

3.1 IngAv
3.1.1  woauanfn uada (poly lactic acid, PLA)
I a 4 a d Aa 4 a = G I3 A A
PLA WuUWoRWos NI NSTHANOS INNAIAAN TUATINIIN NTALANAN 150
I J ' . . . . . . . o
uanIng TagrunszuIUMS direct polymerization W30 ring-opening polymerization #1481
= Y =% d’ d‘ a o dy 9 a o
Tagigas Inseanuniaaaadlumuin 3 luunn 2 Tasa3tsuls PLA 9101589
NatureWorks" 1n5AR@ 3051D Taglivianeayn1sHan (batch) VI 24288113
312 wal3au (pine wood)
< a Y Aa H
pa lifaulfiluasasunsdduizanounedadinm  Taews ldaunlylduin
U3HM Deqing Linpai Wood Flour Co. Uszimaiu eiivuiavesoyniame lilugieszning 200
Y o 1 a Y a 4 a o’d‘ %’ v
mesh (60-70 pm) TaglFdadiumsiauns ldaenedmwesmuningn 20:80 Tasimiin
3.1.3 3 - (Triethoxysilyl)-propanamide; 3-TEPA
o Y A A . Yy  a 2 A
3-TEPA Ml uasiondseaiu (coupling agent) 1¥wodwoswming PLA

[

o ) P P K A s Yy 1 Aad
Ny N\‘lh],ll’ﬁulelﬂﬂullﬂﬂiﬂﬂallu mm%miuamﬂsznaumm 3-TEPA ﬂi$ﬂ@ﬂﬂ’)ﬂﬁ’3u‘ﬂlﬂn

g’/ = 1

[ A 1 A =< A 9 o Y 1 a J Y
Iag ﬁau%llumn WFIYLNULIIYAN LY LA mmmnﬂu"lmzwmmﬂamai PLA uag FN]‘]JJ

{q 9 ao L4 Aa o . H A £
au Tag 3-TEPA #i191u9113981%031910UTHN Merck 1059 analytical NUANUTANT 98.7%
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3.1.4  AHONFIINIIA

S 9 A A Y 3‘; = 9 1A A 1 = 1
ﬁﬂ@uﬁiiu%iﬁﬂm@ﬂi%uﬂﬂ‘ﬁuﬂ 3d ulﬂl!ﬂ THADINNUNUVUY TLUANINUNU
v

9 a5 a o a dq ok ' ] ] v o
111!9]’]\1 AT HUIUIUIINAT IV IﬂEI'JGITJﬂ‘1_]1/]616]5‘3]5@“1501ﬂﬂQ3J‘]q53JG]5u‘U1u1’Tu@\1@'IU‘If'N IWHIA

A ] = A = 9/%’ . . 9y o A a =
woalvd Tasdmasaarauaiaz 1y deionized Tumsananangarigil 100 sarsaiFea
I o S o {1 @ a

e 2 s Tusnniuhee Idaunrmiumsdsulysiidieasazats NaOH doudneld

a = ) v a ¥ a Y = J
gauugil 100 evrnaod dwsumihtunnaswezldasazatoIndenlaasonled way
¢ o {y 1 1 { &

Twdoulalslolud  (NaOH/Na,S,0,) inaas i luazaorinldowiluasazaemiien

A & o v Y A Ay & Y A Y A Y a
!l,ﬂlllﬁaf]\islﬁ mﬂummmiﬂ’émm"lnﬂuﬂqmmmwm PNw\‘iUlmﬁuﬂmum‘iﬁlanﬁﬂﬂﬂmﬂﬂ

£

9
o A

a o = I A
aaﬂmwuslum‘immﬁhmmﬂaaugﬂuaumu

3.1.5  asainly

- sodium hydroxide, NaOH grade COM. Vidhyasom Co.,Ltd.

- ethanol, C,H,OH (95%) grade L.R. Union Intraco Co.,Ltd

- acetic acid, CH,COOH (99.7%) grade A.R. Labscan Asia Co.,Ltd.

- aluminium sulphate, Al,(SO,),.18H,0 grade A.R. Ajax Finechem Pty Ltd.

[AL(SO,), = 51-59%]
- sodium dithionite, Na,S,0,+ H,O grade A.R. Ajax Finechem Pty Ltd.
[Na,S,0, = 80%]

*COM = commercial grade, L.R. = laboratory grade, A.R. = analytical grade

3.2 !ﬂ%@ﬂﬁ@mmuﬂ"ﬁ%!ﬂi"ﬂﬁ

321 1A3093RT WA BAEMIaTUYeses  Fourier transform infrared
spectrophotometer (FTIR) USHM Bruker §' " Vertex 70

322 iATeenaeUaNtATinavesiagAeuneda Universal testing machine
UTHN Instron instrument giu 4204 o ﬁ%ﬁ DUNTN

323 ﬂgﬂﬂﬂaﬂi’iﬁﬁ%!ﬁﬂ@li@u Scanning electron microscope (SEM) U3HN
Jeol 31 JSM 5410LV Tagls Inuadeaniia

3.24 Lﬂd'al@Q%Lﬂi']%ﬁﬁﬂﬂwaWTQﬂ']ﬂﬂTWIﬂEJGlGIE)'}'SJﬂﬂ'J']MLLﬂﬂﬁ"N"U@Qﬂ'J']iJ%}'ﬂu‘ﬁ
Glﬁﬁﬂﬁ 13 gNEQN 1aY a15920814 Differential scanning calorimeter (DSC) 1IHN Mettler Toledo

JU DSC 1
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3.2.5 Lﬂ%’ﬁ)\ﬁmi1$ﬁﬂ1iﬁﬂiﬂﬁ3ﬂ1ﬂﬂ31h%@u Thermo gravimetric analysis
(TGA) 138N Mettler Toledo ju TGA/DSC 1

3.2.6 Lﬂ%ﬁmm% Color reader USHN Konica Minolta Sensing ju CR-10

3.2.7 ETLLE‘N Daylight UTEN GretagMacbeth g'u The Judge 11

328 Asensnsalinannudutuvesdnen tay wdwinmsdon drons
ldimatian1sganauuas UV-VIS Spectroscopy 1367 PG Instruments 1 T8O+

329  IAT09SAIAULLANSE co-rotating twin screw extruder USHN ju SHI-25
Uszimeu

3.2.10 Lﬂd'alﬁ)\‘mﬂl,ﬁﬂwmﬁaﬂ (grinder) U3HN Bosco Engineering Co.Ltd. U3zine
Tne

32.11 1A309 Injection molding 138N Battenfeld ?"L! PLUS 350/75

3.3 35MInAaed
331 msiSudyeRawmaldiaudae3Izmsii alkaline treatment
o a 4 4
33.1.1 awelfau wuasazarelafeulaasonlea (NaOH) nanududy
¥ 1 =Y [ 1 a a’l
5 9% TagrhmiinaedSuias Taeldraldau 100 NSy @doa1sazals NaOH 2 803 91nNHUNIU
4 o [ < < &)
@18 mechanical stirrer tWo 1909 1 nsz1ed2 luasazarsoganiduilumal 2 274
Y
33.12 nniuimsaziuaeneansaesdan  (CH,COOH) 1wwdu 1
o . Y, ¥y Y2
mol/dm’ (1 M) auansazaedl pH tm1iy 7 naanniuii ldradieninnau 1 5o uazuaniing
Yy A & o e A H v v Y e A o o A A a
Tuauwiduna 2 1 amiualasuii uduenavua 5 ase memdamasNinaINg
AU 1A WAL NTIUNNE 00PN IUNA
) 9/4' Y o 1%’ ~ a = I
33.1.3 e ldnlavasnmsumin evfigungil 100 ossusaidea 11
[ d‘ %’ Y
87 1 U N0 TLVEUN1INK 1]
332 MIanAanIINYIA
= A ! = ' 9
332.1 fmaesninunuyy uaz duasainunu lirhg
A o ' Y q Y < g . = v & 9
vanToduunu'll MvwaEn anduiimsiiawe lihilunar 1 92709 uda
¥ 1 1 90' H 1] Eol %] 1
MMTanaadienil deionized lusaiiaiulyd do 1 1 do 10 TasmimiinaedSuing
1 A ° ' { A < o
anniu i liduliideoasoun Nguugiidszum 100 essmsaFemilung 4 ¥21ue Tag

9 ! 9
NIUAADALIA ﬁa\‘]fﬂ"lﬂuuﬂiﬂﬂllﬂﬂﬂTﬂqﬁ}LﬁﬂLGWM”Ig@M@’f)ﬂ%”lﬂ?@l’@ﬂﬂ
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E a
3322 TNEUINATIY
Ay v = ' = 9 ' a =
paste N 1aAnIndnT ez lazmenh edesnosAvasazato ladon lanson
4 %’ v 1 4 1
laye (NaOH) iy 5 % Tamimminaelsnas uay Tmdenlalslolud (Na,8,0,) aud pH

A 1 v ] < I a A A
uaAUNMNUY 11.5 LGUEJ"Ii]‘Llmulﬂuﬁﬁ%ﬁmﬁﬂ]ﬂﬁuﬂmmai’]ﬂﬁ

A o a ady y o Y 1] a A '
MNN 35 aﬂﬂmgﬁ‘ﬁ‘iﬁlﬂﬂﬁﬂqﬂﬂ1ﬂﬂ1iﬁﬂﬂﬂ®uﬂ1iElﬂiJa\?GluW\?ulllﬁu ﬂ) ALY INUNU

= ' 9 a Y a
wyu ) duasainunu ldshs ) ThEunnasw

333 MSHONATITNYIAAIVUHI 1T a
Y A o a 9 v Y Y
e IderunmumsliulgeRadieansazats NaOH tagrumsouniad) azgn
Yy a a o ' . . "o 5 v oa A = A
donasITUMALARzFUA TUBATIEIU liquor ratio NNV 1:10 TAed 1S UFMADY uasauAIh
v Yy A A ~ < & =~ vy A A A
18 vzgndoungungil 100 esswaded 1Hunat 1 9T Taedudissiedon o ogiifion
@ %’ @ Y o [ = 3;' a 9 d' a9y
Fara [AL(SO,),. 18H,0] 1.5 % Tagiiinvens 1 dmiumihtuezgndouigumgiivios
& o v v ) Y & Yy v A Y v a A o & oY
Fandannmsdonuand ldaudesnsanliuds s Ivaveans lilinamseondasuiluzmi

a 1 [} %’ . . [ 1
Aulugiiluazanei (leucoindigo) Atuaaslunini 36

Co<0E @zs«;@

& Indigo
[QI

$0e o0

LTy

Leuca !I.'llllgd'

-pH 1
OMa
M
<0
H %
LA™Y

2 36 URATee0nHTY taz Sanduvedlnsaad 19 indigo [50]
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334 M3t % dye absorption Taal¥matia UV-VIS spectroscopy
v 9
#sssuananlannmsanans 3 yiasggniaminmsganauuaslurieniuen
d‘ Y o 1 = d‘ a 1
AaU 380-800 W1 luwAs 1aal¥ens1ns scan 200 W1 THIWATADUIN WONIITAUIAIAINGTD
1 H v 1] v
ATUMIAANAULAIGIFANAINTNY 10118519 calibration curve 3101UTINMTAIUIUAIY

iyt unoULaEHaIgeN LilON % dye absorption MUEUATT 2

[a]-[b]

[a]

% Dye absorption = 100 AUMTN 2

{ < ' 3 o
Taed [a] Quanududunoumsdonlumelsl uag [b] Wuanududuraanisdoulumals

335 msdSudyedweliagliasiwean)szanu 3-TEPA

1 1Y a 9 g’/ Y d' a = d’

AouMslsuilyeRs weldaunanuaazgneunisigagil 80 oarusaiFed tive

v kS ! Y
mamhwen NnduIsarmsFoulszamlulima 5 % Tanihminvesws il (5 ph) Tag
AowaNasFoNsyau 3-TEPA szgnmsenludinan Ae asazarseniuea Tusasdiu
1 1w @ J a o L]
Muea N 40:60 Taeldainantlsunas 300 gnunARruAAT KA INTURDEY YA
A J < . . o a A Y

asazarenaylunTeafunaunINEIgY (internal mixer) HAINANATIFONITTAUUAD

a

DR A a < o A oqv w
m"lwwmﬂzaumqmmu 100 mmwamamﬂunm 37U LW@TIﬂ?HL‘Viﬂ

U

V)

A 37 wa liuaazatianaimsUSulzedae 3-TEPA n) we ey @) weldaunniunms

=

U5u1l5aAidedrsazats NaOH a) me lifaundondmassainunuayu o) walifaundond

Y
A o

uaannuau 1 9) s ldaundondintuainasu
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33.6  NIZUIUMSHAN PLA sazwe Iauriianigg
1 < [ a A a 14 a o 9 1 a
noumsnauiluiagaounodadinin wodweswning PLA, M ldaunaazatia

a

{ < @ g o @ a
2QNOUNYUNYN 80 parIsaeaiilunal 1 U MNUUMMIHTUIAAADNNBTATFININAY
gasaaaaslumsnei 2 A1en5090AIANDUANTS (co-rotating twin screw extruder) Wag 19
< a 1 1
ANUITITEUIUMIHYUANT 90 rpm TALQUNNNVDINTZUBNYIAONDY IUFII 155-180 DA
1 1 1 g v
e Taodadiumsnauszynawe 1l uag PLA Tuuagas fie 20:80 Tasthwmiinlunngas
LA v A S o Y K 1 < a Y
NNUUHIUNTEUIUMIOAI ALAITUA TUVITOMA 1AIVIUNIZUIUMIVAANAIaAn 14
~ < Y A a . Y3 o a o A
Hvaanas Taeldasosuanarddn (grinder) v ldliniaanounodaaaaslunmi 38
¥ =2 o 2 o A A g o 1 o ] "
nniuiniudaiagaeuneda lleun 80 esruwademilunat 1 Ju nowthldyugilaeidu

v i1 ]
Fuam 1131l dog bone A81ATDY injection molding AduaAd NG 39

M15190 3 gaIMIHANYEIIAgRDNNEAATINMIZH M lifa g PLA

Sample Compositions Ratio (phr)
PLA PLA 100
W-WPC PLA : pure wood : 3-TEPA 80:20: (5)
AL-WPC PLA : alkali treated wood : 3-TEPA 80:20: (5)
R-WPC PLA : red (sappan wood) : 3-TEPA 80:20: (5)
Y-WPC PLA : yellow (jackfruit wood) : 3-TEPA 80:20: (5)
B-WPC PLA : blue (indigo) : 3-TEPA 80:20: (5)
PLA \\"-VV P(.' AL-WPC

LR PULE

\ —
MR PINE ne e V:\E
SRPPAN

i —

Y-WPC R-WPC B-WpPC

AN 38 TaaneuNaAATINIMNMIUM TN TUATEIOATALLUANGE
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PLA W-wpC AL-WPC

Y-WPC R-WPC B-WPC

A o a v é! 9 axy = .. . .
NN 39 ’Jﬁﬁ]ﬂ’é)ll‘l/\lﬂ’dﬁWﬁﬁmﬂ%ugﬂﬂ’m’mmiﬂﬂ (injection molding)

337 MSNAARUANMAYIADITINAR

nQy a dl 9 = é] [ d' o
‘D"LlﬁuﬂﬂllW’f)ﬁﬂVIllﬂ‘ﬂ"lﬂﬂTiﬂﬂ‘llug‘]J aauaadlunIng 39 99ni1a0Ian1IzMg

1)

v A A

anuaslunanesedey Tasnissnaosanneamelunasanads

U LTl

=)

d'd a 1
Nlgungiluag 23-30 aaem
= dy v o J I A a 1w
FATOE ANNFUTUNNT 50+5 %RH 1Tunan 3 neufaneny
a J (Y] d Y a 1 v a A
338  myfigoisenanuavedllaustiameg uaz  JagreuwedntInw
PLA wWaund ldiaupiinnigg
1 J o § 1 [ a
33.8.1 Anymyilanduvoans lifau, e IdauiruliulgeRadae
] o Y a = o a v A
@13aga10 NaOH wagrs iaunasnnmsdondsssuna soudemsiSulysmdeasison
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—mm————
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(Absorption)

A

amIganau

0 0.01 0.02 0.03 0.04 0.05 0.06

v 1 9: Y ‘cf
AAaINUBIHIYDN: U

~ . . =y A 1 311 1 v 9 = Y
NINN 86 calibration curve VDTN ADINNUNUVYYUINNDU LAY wmﬂamaﬂuwﬂu
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Y3 [=) L 2
annduduvesauainnuaulieha

/

/ —neuinsfion

Y o v
/ -—- HAIMM 36

0

0.01 0.02 0.03 0.04 0.05 0.06

daaIuveTnden:in

A . . =y 1 9 ?.’, 1 v 9 = 9
NINN 87 calibration curve 61]E]\iﬁllﬂ\iiﬂﬂl!,ﬂuhluﬂhﬁ‘ﬂﬁﬂﬂu Iag ﬁmaauﬁmr’lum"lu

&
'S

=
»

(Absorption)
S
(8]

=

amIganau
=

AN TUUD 1T INA T3

/

—NRUMIN5E183

-—- Finamsfon

0.02 0.04 0.06 0.8 0.1 0.12
dndIuveINieN:In

Y a Y

NINA 88 calibration curve YBITLRIUIINATINNINDU LAz vaadoudaalumalsl
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° < {
n2 MM misgazmsgada iluliawansei 4-6

MINN 8 AIMIPANAUSIE UV-VIS neutaznaimsdoudimassninunuuyy o iuim

Soonzn1InATY
faduveanden:i | A1 Abs Aeunsdou | M Abs ndamsden | % Dye absorption

0.0526 0.29 0.04 84.77
0.0345 0.21 0.03 85.68
0.0256 0.16 0.02 88.82
0.0204 0.14 0.01 92.59
0.0169 0.10 0.01 93.18

AuRaeHaINII o 89.01

~ ' A v oA 1 o Y A 1 LY} Ao ¥
A1TINN 9 ﬂ']ﬂ’ﬁ@,ﬂﬂaui\clﬁ UV-VIS ﬂ’ammzwax‘lmﬁEJ?J?JETLmeﬂLmuUliJNN INDATHIUIDY

azMIgATN
Fagmvenhdouai | m Abs Aoumsfon | A1 Abs HaINSEON | % Dye absorption

0.0526 0.761 0.052 93.113
0.0345 0.570 0.030 94.755
0.0256 0.444 0.022 95.042
0.0204 0.338 0.020 94.226
0.0169 0.276 0.011 96.007

Aunasndamsdou 94.628

9 1

A15199 10 MMRANAUSIF UV-VIS nounazraimsdondihtuanasm iemuiniosas

MIYATY
faguveahdeu:aih | A1 Abs neun1sdon | M Abs naansdeu | % Dye absorption

0.1111 0.37 0.02 93.78
0.0526 0.18 0.01 93.24
0.0345 0.13 0.01 92.77
0.0256 0.10 0.01 91.45
0.0169 0.06 0.01 87.22

AuRaenaINs oy 91.69
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o ' o 9 =R A 1 9 = A 1 Ao ¥ 9 3
AIDYNNMIAUIUIVYASNITAATNE LFUNTIDNTHADINNUNUVYU NAATIUVDIUIIDN U

mmsganauuainoudond = 0.29

1 = (4 Y =
AIMTYANAULTINAINITYDN T

Y =S =
IvYATNMIRATN

A-3  MIMUIUANUUY peak AMKUS T

Meuduwusziua-Inagan dulauaisien 10

0.04

1436

/1

900

(0.29-0.04)/0.29 = 84.77

A Yy 9 o v a A v 9 a
ATNN 11 mmmmuﬁummgmuwmﬂuuiuimmﬂwmwﬂmmawu@

x 100 (WoNWTAAIMLIYDINGANTIY

_ y ANMAdNvR IR | ANMdNveaNind v | Fouaz
PATU LRIy b ’ )
1430 cm 900 cm %

pine wood 0.587413 0.824485 71.24605
alkali-treated pine wood 0.376993 0.855103 44.08744
yellow color from jackfruit tree 0.280045 0.795203 35.21679
red color from sappan wood 0.436891 0.871439 50.13443
blue color from indigo blue 0.359068 0.579846 61.92472

fpgamamuiadesazaNuuveIantiy sy Tuwliiau

o [}

ANV UNAG UYL 1430 cm”

ANUAUNAGUYLL 900 cm '

Fouaz %

0.587413

0.824485

(0.587413/0.824485) x 100 = 71.24605 %

N4 MIAIUIY % crystallinity VBIIaaANNDEANNZYHA

Tagii AH, -
AH'’

m

A\ =

% crystallinity = AH®
m

heat of melting (J/g)

heat of melting for 100% crystalline PLA sample (AHOm =93J/g)

AH_ 100

weight fraction of PLA in the sample

v Y H 9 H
‘gﬁﬂ1iﬁ1u’lmnﬂﬂ5\‘l %zumimimﬂ‘izmmﬁmm%'au I@]fﬂ/]llfﬂi heat AN 1

[ g’; 1 1 g’/ { Y a o 1 Y [
HANINUUNIUNT cool LAY WIUNTT heat ﬂi\“lﬁ 2 UAIWITUINHUN peak lansl auaag

11010 89
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Integal C7.19 )
rettnalized 5,72 1g™-1
et 9936 T
Peak 123,96 "2
Erdset 141,12 7

Inteqgrd -IE.13ml]
notnaized -151 Jg™-1
onset 141,35 *Z
Ped: 146,08 *C
Ends et 15016 *C

a

H 9 v '
2NN 89 WDY1NNIT heat A399 2 Y99 PLA ‘]Jiﬁﬂﬁ@i'lllﬂux‘]ﬂ'ﬁlﬂﬂwﬁﬂ

Q

' v
INNIN 131ENWUI PLA Uiq‘ﬂ‘ﬁ NANANITINA cold crystallization G’]iﬁllﬂ'l AHC
1w 1 a 1w o & o U A g ~
NY 5.72 J/g uaf AHm UAUNINY -1.51 J/g ANUU ﬂ’lﬁﬂ'lu'Jm%ZLE]HﬂW'IZﬁ'JuﬂLﬂHWﬂ AHm
v
mmuclumiﬁm’sm

1218 % crystallinity Y89 PLA U3g03 (w =1) Haumn (1.51/93) x (1/1) = 1.62%

05 malasusasmvesalassinluiag (AE)

AE = VL~ L) +(a; —ay)* + (b b, )

{ (% ] ° ' J @ <
Q‘nﬁ’]\i“ﬁ 12 AIDYNNITATUIUAT L*, a* 1ay * 493 PLA NOU LA WaImsanuauduna 5

@

U
szeza L* a* b*
AOUNITANLLES 74.45238095 1995238095 1.60952381
59U 74.44761905 1976190476 1.50952381
WA 0.0047619 0.019047619 0.1
(Wan3)’ 2.2675x 10° 3.628x 10" 0.01

unua lugasez1d

172

AE =[(2.2675 x 107) + (3.628 x 10™) + (0.01)]* = 0.10928
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YoyanazHansnadeL TagRINN A IUINATAAIY

1 A Ao v a A 4
V-1 mmmﬂnﬂaugaqﬂ‘nmma:Wﬂmm‘mgﬂnau”lﬂ

Wi
/
: ol
1.5 | / ‘\
F ]
b
\
\
\
= \
Abg = ".1
Y
I".
\
i \
\
R Ay
0 | ) | 1 e
280 400 500 &00
Wawvelangth [nm]
Date 38/111 16:13
File name ABSCUN jws
Maodel V-530
Serial Mo. BO2260512
Band width 2.0nm
Response Fast
Measurement range 600 - 380 nm
Data pitch 1nm
Scanning speed 100nmdmin
Sample ID 1
No. of cycla 1
Sample name
Operator
Comment
1: 42000, 1.5401 2 399.00, 1.9257

AN 90 AANWEIAAUFIZAVOITIHABINNLAUV YU



Abs

.55

("]

400

i e r—
AGOD

Date
File name
Maodel
Serial No.
Band width
Response
Measurement range
Data pitch
Scanning speed
Sample ID
Mao. of cycle

Sample name
Operator
Comment

1: 741.00, 0.0184
4 499.00, 0.5167

~ 1 A = Y
NN 91 ﬂWﬂ’NiJEJ]’Jﬂauq\iQfﬂﬂlﬂQﬁllﬂ\i%TﬂllﬁJPJN

38111 15:48
ABSCUN02 jws
V-530
BO92260512

2.0nm
Fast

BOO - 400 nm

Anm

1 00nmydmin

2

1

2: 73000, 0.0187

Wavelength [nm]

3: 505.00, 0.5027
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L
|
\
1
1
\
1
L1E
III
1
!
II
|
e
II|
A ",
0. \
\ /‘
| i
1\ f,r
0.0s8
- -\"'\-\.\_\_\__\_\-
0.032 | L 1 L 1 1
3B0 400 LS00 600 TOO EOOD
Wawvelength [om]
Date 248111 1714
File name ABSCUN jws
Model WV-530
Serlal No. B9Z0512
Band width 2.0nm
Response Fast
Measurement range 800 - 380 nm
Data pitch 1nm
Scanning spead 200nmdmin
Sample 1D
No. of cycle 1
Sample name
Operator
Comment

1: 741.00, 0.0374

AN 92 AANWEIAAUGIFAVDIT

2: 663.00, 0.1928

v

WIRUINATIY
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V-2 WNadInNMINaasy DSC

Samplet PLA pure, 10,0000 mg
Wethad  Kirn 0-200C, ¢ 10 Cimin M2 50 mijmin

db 100 5
JE[ePLA pue 00-200,0°C 10,00 °C/in, N2 50.0 mlfmin
PLA pure, 10,0000 mg 20 0% -10,00*Cjmin M2 50.0 mlimin
0-200,0°C 10,00 °C vin Mz 500 mliin
Sy hranization en shled

s Transition
e

Onset 4,14

13 m]
Midpeint 5151 °C 57.13 m.

Il
rotrnalized

Trteqrd -15.13m]

nomabzed - 151 1g°-1
nzet 14135 "C
Pede 146,06 “C
Endset 150,16 °C

Glass Transition
&7

J2[E:PLA pure

nse
PLA pure, 10,0000 rag Midpoint 49,13 *C

[BPLA pure -
Ll 7 Glass Transition

Pl 2 ™ Onzet 5568 °C ?Phtegd 747 Ml

i AzC romatzed 7443071
v 12 Onset 115‘21920 FInteqral  -9E13m)
Pesk 117,82 °C nomnalized 331 Ja*-1
121,05 °C Onset 10,2 °C
Pesk 147.64 °C
Endset 2.0 °C

T T T T T T T T T T
n n 2n an 4n n & w0 an an 100 10 120 10 140 180 160 170 180 190 o
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d
H < ° 1 @
ANWA 93 WaNIINAADY DSC Y03 PLA 13gNT NoumMsaIniiasdamninuadlunaessadme)

Sample: PLA-+RINE WOSD (M2), 37000 mg
tethod: Kim 0-200C,r 10 Cirain, N2 50 aliivin
41005

JB{BRLA+PINE WOOD (42 0.0200.0°C 10.00°Clwin, M2 0.0l fmin
PLA+PINE WOOD (N2, 9.7000 mg 20.00.0°C - 10 00°Cirnin M2 S8.0mljmin
00 200.0°C 10,00 Cimin 12 &0.0 mlirin

Inegrsl 17155 m) Synclrntation o sbel

Glass Transition nomnalized 17,63 Jg -1

onset 417 TC Onset 106,14 °C

Midpoint 55,89 *C Peak 120,86 °C
Ends e 136,46 °C

Tegd 13932 mI
nemaiad 195 Jgt1
JZ{BPLA+PINE WOOD N2 Oneet L9043 70
Glass Transition Pedc 146,58 "C
PLA4PINE WOGD (12), 3.7000 mg Onset  F33°C Endset 15267 °C

Midpont E2 .43 °C

J1[18PLA +PIME W OO (M2) 7 lass Trnsition
PLA+PINE WOOD (N2), 37000 mg Cnset  S331°C

Midpoint 53.49°C noralized 20 27 Jg©-1
| Onset 9.16°C
Pask 0407 °C

Flntegral 19661 m)

Endset
ZIntegral 23814 m]

nomnalized 2455 Jg°-1
3484 T

Peak 14554 C
Endset 5100

T T T T T T T T T T
o 10 20 30 40 50 &0 70 ) a0 100 110 120 130 140 150 160 170 180 190 K

NN 94 WaNINAAY DSC Y09 W-WPC AoUNITAINIIA09NITANNLAY IUNA0959Te)

U



Samiple; PLA+PIME WOOD+ MaCH (MZ), 8.5000 mg
Methed: Kir 02000, 10 ClminM250 mifmin
JHBPLA+PINE WO OD+ MaoH (14Z) 100
PLAPINE W0 00+ NaOH (M2), 85000 mg 0.0-200.0°C 10,00° Cin, M2 50.0 mljin
00 1000 in hE 50.0 mlfin
0.0-200.0°C 10.00°C/min N2 50.0 mifmin
Synchranization enabled
Glass Transiton
Onset 87
Midpeint 50.23 °C

Integral 3
remmnalized 27,99 Jg=-1
w.73°C
Peak 10680 °C
7 Endset 1E.L2 °C Integsl 24859 ml
romalized -29.28 Jg*-1

13452 °C

Pak 12927 °C

Endset 143.20°°C

Glass Transition
J2IBPLA+PINE WOCE + NaOH (M) Onget 5250°C
PLA+PINE WOOD+ MNaOH(NZ), 85000 g Midpoint 4661 "C

Wg™-1
189,74 ml
mmaieed 22,32 Jg~-1
- Glass Transition Onzet 5,80 °C
Onszet F.147C Peak 109,60 °C
Midpoint 57 42 *C 12167 °C
JHIBPLA+PINE WOOD+ NaOH (N2
PLA+PINE WO QD+ MaDH (M2), 5000 mg
Integal 20264 3
ramalzed 23 .84 Jg°-1
136,12 *C
Pask 144,15 °C
Endsat 150,34 °C
T T T T T T T T T T T T T T T T T T T T
0 10 20 30 a0 &0 B0 7o 20 a0 1000 110 1200 130 140 150 1600 170 180 190 -

U

Sample; PLA+PINE WEGD-+ JATKFRUIT (M2), 9.0000 mg
Method: Kim 0-200C,r 10 Cfmin,M2 50 mlimin
41005

0.0:200.0°C 10,00 *Crnin, M2 50.0mwl frmin

200 0-00°C 10 00* Clrviin M2 500 mlfrin

Integrsl 236,69 m) 0.0:200.0°C 10,00°Cmin Nz 50.0 mlfrin
J3I8PLA+PINE WOODD + JACKFRUIT (HZ) nommalized 2% 30 )31 Synichronzation ented
PLA+PINE WOCD+ JACKFRULT (N3, 9.000 g gns‘jl ﬁgg g
" el !
gf::f'“‘;ﬂ, - Endsst 2524 °C

Mdpont 52.41°C

Tnegrd -1 m
nomalzed -%.82 171
Cnset 308 T
Pe 14222 °C
Endset 14758 °C

JEIE:PLA +PINE WOD+ JACK FRUIT (NZ)
PLA+PINE WOOD + JACKFRUIT (M2), 9.0000 rmg

2
a1 Glass Trarsitan
Onzet 5452 °C
Midpoht 43 .68 °C

J1BPLA+PINE WO 0D+ JACKFRUIT (M2)

Tntegal 184,51 md
PLA+PINE WOCD + JACK FRUTT (N2), 9.0000 ma tegd s
lass Transition onze 10206 g
P o ; Integrsl J
“ e nteqrs 21181
Midpeint 53,39 °C Endsat 127 72 e ed 222y
138,19 °

nset
Paak 196,44 °C
Endset 15269 °C

T T T T T T T T T T
o 10 20 0 a0 0 &0 70 &0 a0 100 110 120 120 140 150 160 170 180 190

NN 96 WaNIINATDY DSC Y94 Y-WPC AUMTAININa0dImsanuadlunansseade?

U
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Sample: PLA+PINE WO OD+ SAFRAN (M3, 9,800 mg
Wethod: Kim -200C.r 10 CininNz 50 rol fmin

Tnwegrsl &35 d 1005
nomalized = 33 J9”-1 0L.0-200,0°C 10,00 Cjin, M2 50.0 mifmin
ganl ﬁg% g 0.0-0,0°C - 10.00°Crvin M2 50.0 raljmin
=2 § 0L0-200,0°C 10.00%C) 142 50.0 ol
Endset 23E G A i

Glass Trangtion
Omser 6L72°C
Pidpont 538 °C

Synchranizstion anabled

J3[iBPLA+PINE WO QD+ SARPANM (MZ)
PLA+PINE WOOD + SARRAN (M2), 9.8000 g

Tegd 26774 ml

272 Jgt-l
Onzat 127,39 °C
Paak 192,37 *C
Endset 148,13 °C

JABPLA+PINE WO ODH+ SAPPAN (N2) (Glass Trreition
PLA+PINE WOOD+ SAFPAN (M), 9.8000mg  Onsst 55,02 °C
Mdpnt 5067 °C

Integral 180,31 md
namalized 19,47 g1
52t 9174 °C

Peak HEET G

- gx?:;m e Endser 11313 °C
X : Ivegrd 24331 m)

.
Midboint §0.14 nomalzed -24.83 19" -1

Onset 13579 °C
JUIBPLA +PINE WO QD+ SAPPAN (N2 r-ve;kE 148,44 °C

PLA+PINE WO 0D+ SAPPAN (N2, 9.8000 g 15287 °C

T T T T T T T T T T T
o 10 20 20 40 0 &0 70 a0 a0 100 10 120 120 140 150 160 170 180 190 *

NN 97 WansNAaeY DSC Y99 R-WPC NoUNTAINIaINITanuad lunandsaae)

U

Sample: PLA+PINE WO OD+ INGIGO (N2, 5.3000 mg
Methed : Kim 0-200,r 10 Clmin Nz 50 mlimin

de 100 s
JBPLA+PINE W0 0D+ INOIGO (H2) " i, N2 5 0.0 mifri
Integrd zzz.14 ml 0.0-200.0°C 10,00 “Cfmin, 0 il frin
PLAPINE MOCE FTNOISO (12,230 g nemalizd 22 1371 00, 0-0.0°C -10.0°Chinin M2 50.0 mlimin
Cnset 1WE21 " 0.0-200.0°C 10,00 *Clmin M2 50.0 rlirin
Ghss Trrsiten Pesk 11840 * Syncheoniation enabled

Cnzset  54.13°C 13243 °C
Fidpoint E5 5 °C

_ Integal 236,86 ™)
mormnalized 23,9 19" -1
Cnsa 140,11 *
Pesk 145,73 °C
Emdza 153,06 °C

Slass Trandtion
J2[E:PLA+PINE WOOD + INOIGO (M2) Onzet 47T
PLASPINE WOOD+ INCIGO (N2, 9.000mg  Mdpont 51.33°C

g™
Tntegral 167 )
nommalized 20,37 Jg™-1
Gl 33 Transition Cnser 0.5
Onzet & .97 °C Da;k 1z g
d Endzet 2664
Hidpont 5.1 Integrd 241,51 ml
nomakzed -24.40 J3”-1
Cmset 13773 °C
JA[IPLA +P INE WO OD+ INOTGO (N2 Pedk igg:g'ﬁl‘ g
PLA+RINE WO 0D+ INOIGS (N2, 9.3000 g
A
r T T T T T T T T T T T T T T T T T T T
[ 1w 0 L) a 50 &0 Ll 20 %0 100 110 120 130 140 150 160 170 180 1% i

NN 98 WaNIINAaeY DSC U091 B-WPC nouUmMIsandasimsanuadlunasasaae?

u
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¥-3  WamInaaey DSC Haimsdassmsmnuadlunasassagiiuna 3 e

[

A3 13 wavod DSC Tuiag PLA noutaznainisiaesmsminuaelunaedsamgd

ApUMIMNUAA | 51.51 | 123.96 | 146.06 1.51 1.623655914
1 fou 52 124.74 | 146.38 1.56 1.677419355
2 1fou 51.79 | 124.85 | 145.97 1.95 2.096774194
3 1AOU 51.4 122.63 | 145.22 1.83 1.967741935

M350 14 Waved DSC Tuiag W-WPC AputazraInIssasamsanuadlunaess

(2

J

a A
ay

u

ABUMIANUAA | 55.89 | 120.86 | 146.58 | 19.52 26.23655914
1 fou 53.7 11435 | 144.76 | 26.17 35.17473118
2 1fou 543 117.18 | 143.76 | 21.83 29.34139785
3 1AoU 55.11 | 115.05 | 143.78 | 20.81 27.97043011

M350 15 Waved DSC Tudag AL-WPC nputazriainssiasamsanuadlunaess

(2

J

S A
ay

G

APUMIANUAA | 50.29 106.8 139.27 | 29.29 39.36827957
1 fou 48.95 103.7 145.84 | 30.58 41.10215054
2 1fou 53.57 | 112.08 | 142.18 | 25.61 34.42204301
3 1A 53.79 | 11243 | 141.93 | 25.67 34.50268817
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M3 1N 16 Wav0d DSC T Y-WPC AouiagHaIn1stasansnnuadlunass

APUMIMNUAA | 53.37 | 111.87 | 142.57 | 25.59 34.39516129
1 fou 5241 | 113.08 | 142.22 | 26.82 36.0483871
2 1fou 52.1 106.59 | 139.63 | 21.59 29.0188172
3 1AU 53.63 | 111.65 | 141.76 | 22.06 29.65053763

M50 17 Haved DSC ludag R-WPC noutaznainisdiasanismnuadlunaes

APUMIMNUAA | 53.48 | 112.76 | 148.13 | 27.32 36.72043011
1 1fou 52.53 | 109.21 | 148.87 | 29.16 39.19354839
2 1fou 55.77 | 121.31 | 146.43 | 19.07 25.63172043
3 1AoU 54.1 118.21 | 144.07 | 22.09 29.69086022

M13197 18 Haved DSC 1uTag B-WPC nouuasnainssiaeansninuadlunaess

APUMIMNLAA | 55.86 118.4 145.73 | 23.93 32.16397849
1 fou 51.43 | 10543 147.2 | 29.27 39.34139785
2 1fou 50.73 | 101.66 145.5 | 23.88 32.09677419
3 1AU 53.88 | 112.77 | 141.99 | 25.06 33.6827957
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¥-4 EansnagavaNLABInNa

M13197 19 AUNAY 1A SD Y03 modulus 1uIA9 PLA tiag Ta9naunode

132

Modulus (MPa) foumsmnues | 11Aeu 2 1fou 3 1heu
PLA 2064.343474 | 1990.63405 | 2043.1989 | 2149.926494
SD 41.28370206 | 12.3399445 | 34.126557 | 30.965489
W-WPC 2592.657074 | 2229.46908 | 2512.9724 | 2632.836496
SD 5292922934 | 42.345678 | 51.53464 | 173.7355233
AL-WPC 2664.146268 | 2220.46069 | 23452732 | 2511.134826
SD 60.01405546 | 93.1753489 | 87.120603 | 84.87555736
Y-WPC 2677755534 | 2340.01288 | 2423.4334 | 2737.335256
SD 514476006 | 63.7437603 | 120.025478 | 155.9120653
R-WPC 2461.887428 | 2188.42314 | 2338.8349 | 2541.38962
SD 22.65161467 | 40.5092664 | 44.940866 | 98.12529843
B-WPC 2501.595964 | 2258.87973 | 2430.0533 | 2483.206568
SD 29.16643887 48.3049828 29.2484 71.92149951

A13199 20 AUNAY 1AL SD U

{ tensile strength Tu

v

709 PLA 119z JaaAUNDaA

[

a

Tensile strength (MPa) UM IMNIAS 110U 2 10U 3 10U
PLA 49.76 46.26 44.78 44.02

SD 0.67 1.1148991 | 0.6870226 | 0.736206493
W-WPC 51.96 50.92 50.6 49.74

SD 0.650384502 0.16431677 | 0.6964194 | 0.427784993
AL-WPC 50.58 49.06 49.02 48

SD 0.554075807 | 0.23021729 | 0.1923538 | 0.583095189
Y-WPC 49.48 48.96 48.76 47.6

SD 0.580517011 | 0.29664794 | 0.7021396 | 0.913783344
R-WPC 50.24 48.48 49 47.54

SD 0.240831892 | 0.54037024 | 0.5567764 | 0.531977443
B-WPC 51.26 4878 49.26 47.6

SD 0.250998008 | 0.53572381 | 0.4560702 | 0.768114575




M139% 21 AUNDE 1Az SD V89 % elongation 11709 PLA 1z Jagnaunede

133

% Elongation poumsmnuas | 11Aeu 2 10U 3 1heu
PLA 4.02 6.198 6.566 5.404

SD 0.932791509 | 0.78906274 | 1.1896344 | 0.549890898
W-WPC 2.486 3.106 2.844 2722

SD 0.11326959 | 0.08677557 | 0.1073778 | 0.092303846
AL-WPC 2.422 2.878 2.49 2.584

SD 0.206082508 | 0.06685806 | 0.1124722 | 0.166222742
Y-WPC 2.222 2.882 2.762 2.562

SD 0.131415372 | 0.06760178 | 0.0363318 | 0.134610549
R-WPC 2.492 3.196 2.83 2.532

SD 0.069065187 | 0.14741099 | 0.1072381 | 0.061400326
B-WPC 2.872 3.246 2.83 2.64

SD 0.072594766 | 0.09633276 | 0.1202082 | 0.356580987
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V-6 WAVBIA1 L*, b* uaz delta E ¥033aq PLA uaz Jagaauweaaiikiumsainuadly
\l v A A g A
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@1319% 22 A1 L*, b* taga delta E Y09 PLA

szgznalumsmnnaaanay Ou) L* b* delta E
5 74.45238 1.609524 1.651847
10 74.44762 1.509524 1.712967
15 74.83333 1.833333 1.713786
20 74.35714 1.766667 1.715756
25 74.64762 1.766667 1.720745
30 74.52381 1.680952 1.729163
35 74.72381 1.938095 1.754333
40 74.91429 1.633333 1.825418
45 74.8381 1.77619 1.848988
50 74.91429 1.638095 2.018548
55 74.2619 2.680952 2.083302
60 75.07143 1.728571 2.140621
65 74.92381 2.033333 2.160384
70 74.9619 1.809524 2.175856
75 74.9 2.12381 2.324152
80 74.49048 2.519048 2.402007
85 74.5381 2.504762 2.453885
90 74.69524 2.633333 2.489415
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szgznalumsmnnaaanay Ou) L* b* delta E
5 41.20952 8.957143 0.969135
10 41.96667 9.57619 0.978184
15 42.00952 9.904762 1.199413
20 42.36667 10.05238 1.430825
25 42.58571 10.49048 1.773393
30 43.01905 10.85238 2.263026
35 43.19048 11.1619 2.610489
40 43.38095 11.34286 2.835471
45 43.28571 11.49048 2.897322
50 43.4381 11.59524 3.044437
55 43.48095 11.69048 3.187753
60 43.65238 11.84762 3.434242
65 43.74762 11.89524 3.575568
70 43.81429 11.97619 3.65913
75 43.89524 12.01429 3.77343
80 44.04762 11.98571 3.884628
85 44.12857 12.15238 4.034671
90 44.27143 12.28095 4.284001
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szgznalumsmnnaaanay Ou) L* b* delta E
5 38.83333 6.128571 0.831224
10 39.14286 6.595238 1.012972
15 39.17143 6.904762 1.295183
20 39.43333 7.014286 1.170928
25 39.51905 7.314286 1.450246
30 39.86667 7.585714 1.609466
35 39.95238 7.952381 2.020076
40 40.1 8.061905 2.178422
45 40.16667 8.17619 2.293625
50 40.06667 8.095238 2.263769
55 40.21905 8.285714 2.479527
60 40.32857 8.504762 2.833043
65 40.52381 8.457143 2.80853
70 40.61905 8.595238 2.99567
75 40.75238 8.604762 3.076191
80 40.92857 8.609524 3.215908
85 41.01429 8.747619 3.428058
90 41.08571 8.847619 3.555489
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szgznalumsmnnaaanay Ou) L* b* delta E
5 33.64762 5 0.309946
10 33.9381 5.514286 1.058108
15 34.04762 5.885714 1.519956
20 34.22381 5.914286 1.542416
25 34.31905 6.214286 1.86562
30 34.72381 6.528571 2.209458
35 34.91905 6.72381 2.460943
40 35.06667 6.890476 2.698644
45 35.15238 7.057143 2.900194
50 35.0619 7.033333 2.903914
55 35.27619 7.138095 3.106725
60 35.41429 7.27619 3.333134
65 35.53333 7.309524 3.403817
70 35.68095 7.409524 3.59535
75 35.80476 7.371429 3.631255
80 36.00476 7.385714 3.809101
85 36.11429 7.485714 3.951103
90 36.2381 7.595238 4.146904




A1519% 26 A1 L*, b* 1aga delta E Y99 R-WPC
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szgznalumsmnnaaanay Ou) L* b* delta E
5 32.61905 2.295238 0.295983
10 32.74762 2.514286 0.266329
15 32.89048 2.766667 0.472571
20 32.74286 2.842857 0.739688
25 33.07143 2.971429 0.717064
30 33.30476 3.309524 1.112372
35 33.48095 3.395238 1.248254
40 33.49524 3.457143 1.308401
45 33.63333 3.666667 1.588848
50 33.58571 3.538095 1.459906
55 33.7381 3.7 1.687619
60 33.81905 3.861905 1.928764
65 34 3.857143 1.989042
70 34.02857 3.928571 2.083752
75 34.21429 3.957143 2.221209
80 34.39524 3.990476 2.407432
85 34.5 4.071429 2.537045
90 34.5619 4.080952 2.589089




A1519% 27 A1 L*, b* uaga delta E Y99 B-WPC
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szgznalumsmnnaaanay Ou) L* b* delta E
5 33.00476 2.171429 0.481545
10 32.60952 1.861905 0.524528
15 33.1 2.404762 0.536712
20 32.82857 2.033333 0.562392
25 32.85714 2.304762 0.712438
30 33.32381 2.67619 0.798682
35 33.49524 2.895238 1.021066
40 33.52381 2.92381 1.064573
45 33.6381 3.104762 1.267549
50 33.56667 3.047619 1.195455
55 33.73333 3.185714 1.418621
60 33.85714 3.333333 1.642724
65 33.93333 3.333333 1.665097
70 34.05238 3.447619 1.838616
75 3423333 3.466667 1.98128
80 34.41905 3.495238 2.189455
85 34.48571 3.62381 2.29816
90 34.68095 3.604762 2.425494
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Abstract: Three types of natural dyes typically used in
traditional Thai textiles; vellow color from jackfruit tree,
red color from sappan wood and blue color from indigo,
were selected to dye alkali-treated pinewood fibers that
would be alternative reinforced fibers for preparing
wood-filled biocomposites. In this study, thermal stability
of natural dyed alkali-treated wood fibers was
investigated by thermogravimetric analysis (TGA) in
both inert and oxidative atmosphere conditions. FTIR
and UV-VIS  spectrophotometer were used to
characterize functional groups of natural dyes and the
percentage of dve absorption in wood [ibers, respectively.
It is found that alkali-treated wood fibers started to
decompose at lower temperature than original wood
fibers, and there were fewer residues after thermal
degradation due to lignin removal. In inert atmosphere,
jackfruit-dyved (vellow) and sappan-dved (red) wood
fibers showed the same thermal degradation profiles with
higher degradation temperature due to thermal stability
from metal mordanting. Moreover, in oxidative
atmosphere, indigo (blue) enhanced alkali-treated wood
fibers to withstand thermo-oxidative degradation.

1. Introduction

The environmental conservation becomes one of
the considerable factors for selection of materials used
in the present applications [1]. Natural cellulose fibers
can be combined with various commercial polymers to
produce ecologically friendly composites. Natural
fibers have many advantages compared to inorganic
fibers (such as glass, aramid, carbon fibers) due to their
low weight, low density, low cost, recyclability and
biodegradability. Besides, incorporating them into
thermoplastics or thermosets. produces composites.
having relatively high strength, and stiffness [1-3].
These renewable and biodegradable natural fibers can
be disposed by composting or incineration. Several
studies have been conducted to generate reinforced
composites based on the potential of cellulose based
fibers [1].

Dyeing with synthetic dves has negative impact on
the environments. The use of natural dyes to color
materials increased because of low toxicity, high
compatibility with the environments as well as
availability of many natural color resources such as
plants, insects etc [4]. However, natural dyes have
disadvantage preference in industrial applications due
to low color yields, low stability. and low light-
fastness. The development of stable and consistent

natural dyes is currently investigated by
researchers.

Thermal analysis is an analytical experimental
technique that measures thermal behavior of materials
as a function of temperature. It is a useful technique to
evaluate the thermal stability of materials. In addition,
it is possible to quantify the amount of moisture and
volatile substances. Thermogravimetric data can
describe a number of stages of thermal breakdown,
weight loss of materials in each stage, onset and end
temperature of degradation ete [5]. Generally, thermal
decomposition of cellulose based fibers has three
stages, the heat of vaporization of the water from
fibers (stage 1), the thermal depolymerization of
hemicelluloses and 1.3-glucosidic bond of cellulose
(stage 2) and the degradation of cellulose (stage 3) [6].

The aim of this study is to investigate the relative
thermal degradation behavior of natural dyed wood
fibers by thermogravimetric analysis (TGA). Three
types of natural dves used in traditional Thai textile:
yellow color from jackfruit tree, red color from sappan
wood and blue color from indigo paste, were used o
dye alkali-treated pinewood fibers. The percentage of
dye absorption was determined using ultraviolet-
visible spectroscopy (UV-VIS). Fourier transforms
infrared spectroscopy (FTIR) was used to study the
functional groups of non-dyed and dyed wood fibers.
The understanding of thermal degradation behavior of
natural dved wood fibers, will provide an alternative
method for their use in wood-filled biocomposites. It
could not only provide desired appearance to the
biocomposites but also preserve the environments by
using all-natural resources to produce the “green
biocomposites”.

many

2. Materials and Methods

2.1 Materials

Pinewood flour (200-500 mesh, 60-70 um) was
purchased from Deqing Linpai Wood Flour Co, China.
Natural dyes were extracted from natural resources as:
vellow color from heartwood of jackfruit tree. red
color from heartwood of sappan wood, and blue color
from indigo paste (/ndigofera rinctoria ferment). All
natural dyes were supplied by Bannongkabchang
textile  group, Chiang Mai. Thailand. NaOH
(laboratory grade, purchased from Vidhyasom Co,
Nakhonprathom. Thailand) was dissolved in delonized
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water to obtain 5%wt'v aqueous NaOH solution.
Aluminium  sulphate  (Al(SO,); 18H:0) (purchased
from Ajax finechem company) was used as a mordant
to improve dye aflinity between wood fibers and
natural dyes,

2.2 Extraction of natural dyes

Dried heart wood of jackfruit tree and sappan wood
were ground into small pieces. and then boiled in
distilled water (1:10 weight ratio) at 100°C for 4 hrs to
extract natural dyes. Then, the dye solution was
filtrated to remove insoluble residues. As indigo was
insoluble in water., 5%wt'v aqueous NaOH solution
and a small amount of Na;S;0; were gradually added
into the indigo paste and shaken until indigo became
soluble and was clear yellow-green solution.

2.3 Alkali treatment of pinewood {lour

Dried pinewood flour was soaked in 5%wt/v
aqueous NaOH solution for 2 hrs at room temperature.
The pH of the mixture was adjusted to 7 by 1 M acetic
acid. Alkali-treated wood flour was washed with
distilled water several times, and then was dried in an
oven at 100°C for 24 hrs.

2.4 Dyeing of pmewood flour

Alkali-treated pinewood flour was dyed with the
dve solution using a dye liquor ratio of 1:15. For
dyeing with jackfruit (yellow) and sappan (red) dyes,
the alkali-treated wood flour was dyed at 100°C with
1.5 wt% of aluminium sulphate as a mordant. For
dyeing with indigo (blue), the alkali-treated wood flour
was dyed at room temperature, and then dried in air to
allow oxidation of the dye (the dye changed from
vellow-green soluble dye to blue insoluble dye) as
shown in scheme 1.

e O
0”“Imli_=o’ -

“H.T[m

H o
Leuco indigo
fyon

M oA
N kil
J g [

Scheme 1. Indigo reduction and oxidation reaction [9].

2.5 % Dye absorption by UV-VIS spectroscopy
Extracted natural dye solutions were measured to
determine the maximum absorbance for each type of
natural dyes in the wavelength range of 380-800 nm
with scanning rate of 200 nm/min. A calibration curve
for each natural dye was produced using different dye
solution concentration. Before and after dyeing of
wood flour with natural dye solution, the concentration
of dye solution was measured by means of absorbance

at the maximum wavelength. The % Dye absorption
was calculated using the following equation.
% Dye absorption = [a]=[b]
[a]

x100

Where [a] and [b] were natural dye concentrations
before and after wood dyeing.

2.6 Fourier transform infrared spectroscopy (FTIR)
Fourter transform infrared (FT-IR) spectra of all
samples were recorded on a Vertex 70, BRUKER in
range 4000-400 ¢m’ using KBr disc. Spectra were
obtained using 16 scanning, and a resolution of 4 em’™.

2.7 Thermogravimetric analysis (TGA)
Thermogravimetric analyzer (TGA/DSC1 Mettler
Toledo Stare system) was used to investigate the mass
loss  stage, threshold temperature and rate of
decomposition. In the TGA experiment, the natural
dved woods were heated from 50 to 500°C at heating
rate of 10°C/min. The weight of all TGA samples were
approximately 10 mg. During the experiment the cell
of TGA was flushed with 50 ml/min of nitrogen (N)
in inert atmosphere condition and 30 ml/min of oxygen
(0,) in oxidative atmosphere condition to investigate
thermal and oxidative decomposition of the samples.

3. Results and Discussion

3.1 Dye absorption in pinewood flour

Using UV-VIS spectrophotometer, it is found that
alkah-treated pinewood fibers could be dyed with
natural dyes with more than 80% dye absorption: the
percentage of dye absorption was 87.65, 94.537, and
92.34 for jackfruit (vellow) wood, sappan (red) wood.
and indigo (blue). respectively. After alkali treatment.
some hemicelluloses and lignin in the fibers were
hydrolyzed and removed from wood fibers, leaving
fiber surfaces to be rougher and having voids on fiber
surface. This increased hydrophilicity of wood fiber
surface is due to higher amount of hydroxyl groups on
the surface. In the case of dyeing with jackfruit and
sappan wood which were dyed in hot water with
aluminium  sulphate, the mordant would help in
binding natural dy¢ molecules onto hydroxyl groups of
celluloses. However. in the case of dyeing with indigo
at room temperature. the high dye absorption is a result
of vat dyeing condition that was higher alkaline so that
lignin and hemicelluloses can be further hydrolyzed.

3.2 FTIR analysis

Figure 1 presents FTIR spectra of pinewood. alkali-
treated wood and natural dved wood fibers. Pinewood
shows a medium peak at 1,739 em’ which represents
vibration of carbonyl and ketone groups in
hemicelluloses and aromatic groups in lignin. This
peak was absent in alkali-treated and natural dyed
pinewood fibers. Also, the strong peak due to vibration
of methoxy group (-O-CH;) in lignin structure of
pinewood appears
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Figure 1. FTIR spectra of pinewood. alkali-treated pinewood, jackiruit-dyed (yellow) wood, sappan-dyed (red)

wood and indigo-dyed (blue) wood fibers.

at 1436 em’'[7). while this peak’s intensity was
reduced in alkali-treated and natural dyed wood fibers.
This confirms that hemicelluloses and lignin were
removed from pinewood after alkali treatment,
prompting pinewood to absorb natural dyes easier as
previously discussed. However. there is no significant
difference between FTIR spectra of natural dyed wood
and alkali-treated wood fibers, showing that all natural
dyes in this study did not alter chemical properties of
cellulose fibers.

3.3 Thermogravimetric analysis (TGA)

Figure 2 shows TGA thermograms in inert (N,)
atmosphere of pinewood, alkali-treated pinewood, and
natural dyed wood fibers. Although the wood samples
were dried thoroughly before the TGA tests. the
vaporization of moisture was presented at 100°C in all
samples indicating there was bound water left inside
the wood fibers.

In inert atmosphere, it is found that original
pinewood fibers started to decompose at 220°C of
which the lower thermal stable hemicelluloses
decomposed  vielding non-combustion gas, then
cellulose structure had absorbed enough energy to
activate the cleavage of the 1.3-glycosidic linkage of
them vielding combustion gases (i.¢. CH;) and volatile
gas (CO,; CO) causing continuously decreased in
sample weight. As temperature increased to around
450°C. the production of volatile compounds was
completed, the remaining char from carbonization was
about 25%wt of the fibers. However, alkali-treated
wood started to decompose at lower temperature than
original pinewood did. This was due to the removal of
lignin by alkali treatment. Lignin is the most thermally
stable of all compositions in the fibers and thermal
stability of the fibers increased with increasing of
lignin content [6]. It is found that alkali treatment
would weaken celluloses in the wood fibers causing

them to decompose at lower degradation temperature
and the char residue left was lower due to lower
content of lignin in the alkali-treated wood fibers.
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Figure 2. (a) TGA thermograms (b) DTA thermograms of
pinewood. alkali-treated  pinewood.  jackfruit-dyed
(yellow) wood, sappan-dyed (red) wood and indigo-dyed
(blue) wood fibers in inert (N,) atmosphere.
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Compared to non-dyed alkali-treated pinewood fibers,
jackfruit-dyed (vellow) and sappan-dved (red) wood
fibers showed the same degradation profiles with higher
degradation temperature and left the same amount of char
residues, while there was no change in degradation
temperature profile for indigo-dyed (blue) wood fibers but
left the higher amount of char residues.

This indicated that dveing wood fibers with natural
dyes from jackfruit and sappan wood could reduce
thermal degradation rate of celluloses during pyrolysis
process. This 1s due to higher energy is required to break
binding between the complex structure of natural dye
molecules with metal mordant and hydroxyl groups of
celluloses. Meanwhile, dyeing wood fibers with indigo
without mordant, could alter carbonization reaction of
celluloses to be more favor resulting on higher char
residues.

Figure 3, shows TGA thermograms in oxidative (Os)
atmosphere of pinewood, alkali-treated pinewood, and
natural dved wood fibers. Both original pinewood and
alkali-treated wood fibers decomposed with faster thermal
degradation rate and left a few or almost no char residues,
Similarly to inert atmosphere. jackfruit-dyed (vellow) and
sappan-dyed (red) wood fibers showed better thermal
stability than alkali-treated wood fibers. However, their
onset thermal degradation temperature was lower than
original pinewood fibers. Interestingly, indigo-dyed (blue)
wood fibers had gradually thermo-oxidative degradation
with the slowest degradation rate compared to other wood
samples. The DTA thermogram of indigo-dyed wood
fibers in oxidative (0O5) atmosphere had a shoulder on the
right. The possible hypothetical explanation is based on
chemical structure of oxidized indigo (as shown in
scheme 1) which has strong hydrogen bonding, caused
indigo molecules to aggregate, and giving higher stability.
Moreover, indigo was reported to possess sufficient
antioxidant activity [8], thus indigo would act as
antioxidants and then reduce thermo-oxidative reaction of
alkali-treated wood fibers.

4. Conclusions

It is found that alkali-treated pinewood fibers started
to decompose at lower temperature than original
pinewood fibers did, and there were fewer residues after
thermal degradation due to lignin removal, In inert
atmosphere, jackfruit-dyed (vellow) and sappan-dyed
(red) wood fibers showed the same thermal degradation
profiles with higher degradation temperature due to higher
thermal stability from metal mordanting. Moreover, in
oxidative atmosphere, indigo (blue) enhanced alkali-
treated wood fibers to withstand thermo-oxidative
degradation due to higher thermal stability of oxidized
mdigo molecules. Not only coloring cellulose based
fibers. natural dyes have promising potential to enhance
thermal properties of biocomposites.
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Abstract. In this study, the mechanical and thermal properties of green biocomposites adding
natural dye were investigated by tensile test and Differential Scanning Calorimetry (DSC).
Poly(lactic acid), one of biodegradable polymers recently been interested for replacing petroleum-
based polymers, was compounded with wood fibers to produce biocomposite, and natural dyes were
introduced to improve appearance of biocomposite. Pine wood fibers were dyed with three types of
natural dyes; yellow color from heartwood of Jackfruit tree, red color from Sappan wood, and blue
color from Indigo blue. Prior compounding, original and dyed wood fibers were treated with silane
to improve compatibility between wood fiber and polymer matrix. It is found that %crystallinity of
alkali-treated and natural dyed wood/PLA biocomposites were significantly higher than original
wood/PLA biocomposites. The modulus and tensile strength of natural dyed wood poly (lactic acid)
composites were in the same level of alkali-treated wood composites; however, elongation at break
was improved by natural dye.

Introduction

In the present, petroleum-based polymers and natural fiber reinforced composites are widely used in
different fields due to their low density and high mechanical and physical properties [1]. However,
these natural fiber composites are not fully environmentally friendly because matrix resins are non-
biodegradable [2]. There is considered a serious challenge to natural ecosystems and has caused
various forms of environmental pollution. Therefore, biodegradable composites based on natural
fibers and biodegradable polymeric matrix made from cellulose, starch, and other natural resources
are called green composites and have been developed because of their environmentally beneficial
properties including low cost, low density, acceptable specific properties, less health risk, reduced
energy consumption, renewability, recyclability and complete bio-degradability [1, 2, 3].

Generally, these composites are used in the outside that change properties and color after
outdoor exposure. There are many ways to improve properties and appearance such as adding
coupling agent, natural dyes, pigment or light stabilizer. With the rising concern for environmental
protection so this study concerning about natural dyes to improve properties because source of raw
material are more than enough and eco-friendly as well as this is a new research.

The objective of this study is to prepare green biocomposites from PLA and natural fibers.
Natural dyes were introduced to improve appearance of biocomposite. Mechanical and thermal
properties of natural dyed wood-PLA composites were investigated using tensile test and
differential scanning calorimetry (DSC).

Experimental

Material

Biopolymer used was poly (lactic acid) (PLA, Ingcoﬂ\I biopolymer 3051D) with MFT of 15 g/10
min (190 °C, 2.16 kg) purchased from Nature Work LLC, USA. Bio-reinforcing filler was Pine
wood flour (200-500 mesh, 60-70 pum) supplied by Deqing Lin Pai Wood Flour Co, China. The

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 202.44.135.34-22/03/12,13:07:55)
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natural dyes used were yellow color from heartwood of Jackfruit tree, red color from Sappan wood,
and blue color from Indigo blue (supplied from Bannongkabchang textile group, Chiang Mai,
Thailand). Silane coupling treatment was 3-(Triethoxysilyl)-propylamine,(3-TEPA) purchased from
Merck, Germany. NaOH was purchased from Vidhyasom Co, Nakhonprathom, Thailand, NaOH
was dissolved into distilled and delonized water to obtain a 5%wt/v.

Extraction of natural dyes

Heart wood of Jackfruit and Sappan wood were dried, ground to small pieces, and boiled in
water (1:10 weight ratio) for 4 hr at 100 °C to extract color, Then, the extraction was filtrated to
remove the msoluble residues. In case of Indigo blue which 1s insoluble in water, NaOI solution
and Na»S>03 were gradually added into the extraction and shake until it was colorless.

Alkali treatment of the Pine wood flour

Dried Pine wood flour was soaked in aqueous NaOH solution (5%wt/v) for 2 hr at room
temperature. The pH of the mixture was adjust to 7 with 1 M acetic acid and washed with distilled
water several times. Alkali-treated wood flour was then dried in an oven at 100 °C for 24 hr.

Dyeing of wood flour

Alkali-treated Pine wood flour was dyed with dye solution using the dye liquor ratio (1:15). For
hot dyeing (100 °C) of Jackfruit and Sappan, aluminium sulphate (Al,(SQy)s) of 1.5 wt% was added
in order to increase dye affinity. For Indigo blue, alkali treated wood flour was dyed with dye
solution at room temperature and then dried in air for oxidation ot dye showing Indigo blue color.

Silane treatment

Before compounding with PLA, original, alkali-treated and natural dyed wood flour were treated
with 5 wt% of 3-TEPA (weight percentage compared to the wood tlour) in water—ethanol (40:60
w/w) for 1 hr. Silane treated wood flour was dried in an air-circulating oven at 100 °C for 72 hr.

Compounding and sample preparation

Prior compounding, PLA, original wood flour, alkali-treated wood flour , and natural dyed wood
flours were dried an air-circulating oven at 80 °C for 24 hr. Biocomposites were prepared by
compounding PLA 80 wt% and wood flour 20 wt%. PLA and wood flour were melt compounded
using a co-rotating twin-screw extruder (SHI-25, Nanjing Yongteng Chemical Equipment Co., Ltd.,
China) with a screw diameter of 25 mm. The barrel temperatures profiles were 155 and 180 °C
keeping the screw speed of 90 rpm. The extrudate was cooled in the air and grinded using a grinder.
The extruded pellets were injection molded into dogbone specimens using an injection molding
machine (Battenfeld, BA250, Germany) at 180 °C. After injection molding, the dogbone specimens
were conditioned in a desiccator before mechanical testing. The codenames for samples presented
turther in the discussion was as following in table 1.

Table 1. Codename of neat PLA and dyed wood-PLA composites.

Codename Samples
PLA MNeat PLA
W-WPC Original Pine wood-PLA composite
AL-WPC Alkali-treated Pine wood-PLA composite
Y-WPC Jack fruit dyed wood-PLA composite
R-WPC Sappan dyed wood-PLA compaosite
B-WPC Indigo blue dyed wood —PLA composite

Differential scanning calorimetry (DSC)

DSC was carried out using a Differential scanning calorimeter (Mettler Toledo Stare system
model DSCI) in nitrogen condition with a heating rate of 10 °C/min. The temperature range
scanned was from 0 to 200 °C. The weights of all specimens were approximately between 3-10 mg
and aluminum sample pans were used. The glass transition temperature (1), melt temperature (Ty).
cold crystallization temperature (1.), and heat of melting (AH,,,) were determined for neat PLA and
PLA-biocomposites. The percentage crystallinity of each sample was calculated using the following
eq.l.

156



Advanced Materials Research Vols. 488-489 513
Xe (%o crystallinity) = ﬂ:'x@ (1)
w

where AH,, 1s the heat of melting, AH;, is the heat of melting for 100% crystalline PLA sample
(AH",, =93 J/g) and w is the weight fraction of PLA in the sample [4].

Tensile property tests

Tensile testing was carried out according to the ASTM 638-08: Standard Test Method for
Tensile Properties of Plastics. The specimens were then tested using an Instron-4204 tensile testing
machine fitted with a 5 kN load cell The cross head speed of 5.0 mm/min was used. An Instron
2630-112 extensometer was used to measure the strain. Eight specimens were tested with a gauge
length of 50 mm and the average and its standard deviation of tensile strength at break, %eclongation
at break, and secant modulus, were calculated.

Result and discussion

Dye absorption in Pine wood flour

Using UV-VIS spectrophotometer, 1t 1s found that alkali-treated wood fiber was dyed with
natural dyes i more than 80% absorption of the origin natural dye solution. The percentage of dye
absorption was 87.65, 94.57, and 92.34 for Jackfruit, Sappan, and Indigo dyeing, respectively. Alter

alkali treatment, lignin was removed from wood fibers resulting in higher concentration of

celluloses 1n wood fibers. Increasing of hydrophilicity of wood fibers, along with adding mordant,
permits these natural dyes to be absorbed by wood fibers via chemical affinity.

Thermal properties of neat PLA and natural dyed-wood PLA composites

Thermal propertics of neat PLA and dyed wood PLA composites were summarized in Table 2.
Adding wood fibers increases T, of PLA indicating wood fibers inhibited mobility of PLA from
mterfacial interaction between them even though there was no treatment was introduced to wood
fibers. The interfacial interaction between them also prompted PLA to have lower cold
crystallization (T.) [5]. This indicates wood fibers became nucleating sites for PLA to re-crystallize
during the heating in DSC test, which resulted in higher % erystallinity.

Table 2. Thermal properties of neat PLA and natural dye-wood/PLA composites.

Sample T.(®) T (CC) T (CC) AH,, (J/g) X (Y0)
PLA 51.51 123.96 146.06 1.51 1.62
W-WPC 55.89 120.86 146.58 [ 19.52 26.24
AL-WPC 50.29 106.80 139.27 29.29 39.37
Y-WPC 5241 113.08 142.22 26.82 36.05
R-WPC 53.48 112.76 148.13 | 27.32 36.72
B-WPC 5586 118.40 145.73 2393 32.16

As a result of the modification of wood surfaces by alkali treatment, bonding between the wood
and PLA matnx was improved due to the increased interaction through hydrogen bonding between
PLA matrix and wood fibers. This decreased T. of PLA significantly and increased % crystallinity
dramatically [5]. After alkali-treated wood fibers were dyed with natural dyes, T, and T, of
composites were higher implying that interfacial interaction between phases was diminish since
natural dyes were fixed on wood surfaces decreasing nucleating sites for PLA to re-crysallize.

Mechanical properties of neat PLA and natural dyed-wood PLA composites

Figure | presents the secant modulus, tensile strength, and elongation at break of neat PLA and
natural dyed wood-PLA composites. Adding wood flour into PLA increased modulus due to the
reinforcing effect. In this study, silane treatment on wood fibers was performed in order to improve
compatibility between polymer matrix and wood fibers. There was no change in mechanical
strength of alkali-treated wood-PLA composites implying that wood fibers did not weaken by alkali
treatment.
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After dyeing with natural dyes, modulus and tensile strength of wood composites did not change;
however, there was significantly increase in clongation at break. Typically, good interfacial
adhesion between polymer matrix and fibers would result in higher percentage of clongation at
break. Although the silane treatment in every wood composite in this work was done at the same
weight ratio, the condensation of siloxane on hydroxyl groups would occur at the different fashion.
In natural dye wood fibers, the condensation of siloxane on wood surfaces tixed with hydrophilic
dye substance might happen in the higher degree, because these dye substance and mordant would
act as the active site for the condensation to occur during the compounding.

Conclusion

This study demonstrated that natural dyed biocomposites with good thermal property. This is
believed to be cause by natural dye fixed on wood surface increasing, resulting m higher T, and T..
However, modulus and tensile strength of natural dyed wood poly(lactic acid) composites were in
the same level of alkali-treated wood composites, however, elongation at break was improved by
natural dye.
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