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61910066: MAJOR: POLYMER SCIENCE; M.Sc. (POLYMER SCIENCE)

KEYWORDS: green composite, rice husk, durian bark, pineapple leaf, plastic injection

ANAN SIRICHALARMKUL : BIODEGRADABLE COMPOSITES FROM
POLY(LACTIC ACID) AND AGRICULTURAL WASTE : RICE HUSK, DURIAN BARK AND

PINEAPPLE LEAVES. ADVISORY COMMITTEE: SUPRANEE KAEWPIROM, 2021.

This research focuses on the mechanical properties, biodegradability, morphology and
possibility to process PLA/PBS/agricultural waste green composites into plant-pots using an injection
molding. Green composites based on poly(lactic acid) (PLA), poly(butylene succinate) (PBS), and
agricultural waste: rice husk (RH), durian bark (DB) and pineapple leaf (PL) with various agricultural
waste contents (10-30% wt.) were produced using a twin-screw extruder. The compatibility of
agricultural waste and the polymer matrix was improved by chemical surface modifications using
maleic anhydride coupling agent. With filled agricultural waste into PLA matrix, mechanical properties
and melt temperature decreased. The addition of PBS with the PLA/PBS ratio of 60/40 improved the
elongation at break and impact strength of the green composite. The suitable processing temperatures
for PLA decreased from 220-230 °C to 170-180 °C when 30% wt. of agricultural waste was filled.
After biodegradation via either enzymatic degradation or hydrolysis in soil, surface erosion with many
voids, mass loss and the decrease in tensile strength of all the composites were observed. Like
bioplastics, green composites showed their capability to be molded into plant-pots using conventional
injection molding machine in mold trial process. In addition, 20% wt. of the agricultural waste materials
mixed with bioplastics could significantly reduce the cost of the production process. RH, DB and PL
were analyzed as an effective fillers for PLA to develop green composites with low cost, high

biodegradability, improved processability, and comparable mechanical properties as neat PLA.
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N1INHYAT

1.4 YOUIVAUDINITIY
1. uaazdeaa1sFIuia laun unau, lasnnisou waz luduilzsaldiianyazadie

wanila

=

2. 05ou luToaeuInda Inemsnaunaradnnevsaals IasHaNDaLAAANIDTA
F
HAZWOADINAUTATIUA TUAITFINIANT 3 FUA A10NTZUIUNTHADUDATA (Extrusion
process)
= wvAa A a qaj a 9 d‘ = Q'
3. Anmautiasanaved luTonou TNGA1e 3 ¥iA A281AT0INATDULTIAY Ta81T 1
Y
VM SATOUFUNUTIHTUNMINATOUNTIAT (Dumbbell) YUIANTNINATIIU ASTM D638 —
2 . . ‘?J o 9 [ <
02a 91NNTLUIUNTAANAEAN (Injection process) INNUUININITNATOLUTIAIAIBOAT15 11
MIAIN 5 Taawasae 117 dau3Iauss (Load cell) 100 A Taaau muITuInsgIu ASTM
D638 02a
=2 [ a a o A A A Y a a a
4. AnuduguInevoINansamnININNaIaanndosaane lartianoaLana nie

%9

a aa aA v A A A Y = gx} a 9 Y
B WDAUINAUEAGIUA Llagll’lli@ﬂﬂlliwa@ﬂWﬁllﬂ')flﬁ’lﬁ"]f'llljaﬂ\i 3UUA AVYNADY

v Y
a =2

Ja o [ ]
YANIIAUDLANATOULUUTDINT A IﬂElfﬂiﬂ']EJﬂ']W“I?IWduW’Ji’E]fJLL@lﬂfﬂ'lﬂﬂﬁ“VIﬂﬁE]‘LILLiQYFN VDN
a o 4
AANNUN
= d%l a 9 = a
5. f”fﬂ']eﬂﬂizU’JuﬂWiﬂlugﬂhl‘]JI@ﬂﬂllIWﬁﬂﬂ’JfJﬂig‘l_l’Juﬂ”ﬁﬂ@WfNﬁ@ﬂ

6. AN¥INTZUIUMITDIAaNe TaesmIdaay
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a Av Aa  y
ﬂqﬂ{]!!azx‘]‘]u? SNINYIVDI

2.1 NANa@@ANT 1M (Bioplastic)

2.1.1 ANNUHNGVOINAGANT 1NN

WAFANTININ AD NAIFANTINAANNTAANIIEITUTIA AIULINUNUIVINATHAN

= @ o

Y
ASINYAT H30 Wﬁﬁ"f@]ﬂ‘VIﬂﬂﬁ'ﬂmi”lg‘Viclﬁ}ﬁWNWiﬂEJ@EJE‘Tﬂ"IEJ]léj‘I/IN%’JﬂWWﬂ"IEJGlé]}ﬁﬂn8?1’31“%1!

U

a a [ 4 a =4 A A ~ J
QUNHU LASDINHIIU Tﬂﬂmﬁmauvl@nmquaumﬂ UUANLTY 31 LIS e

2.1.2 Usznnvesnarainy 10w

a [ I [ a { 1
Tagnaraanadinmdalailu 2 Uszinnvdn o Ae naraandininh ldeuise
o Y A . . A A A v Y
d01062 1AN19FI9 1N (Non-biodegradable plastic) LALWAIFANTINNNTWNTOFNEA IANa

FIMN (Compostable plastic)

Bioplastic
Biodegradable . .
g . Bio-base plastic
plastics

Blends of Blends of

. Renewable
Fossil resources renewable AO renewable AO

resources

resources resources

~_ L — ~_

Biodegradable
plastics

4 A~ .
MU 1 Yszanveanaaan®Inn (Kirwan, 2011)

Biodegradable
plastics
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a A A [] Y] Y = 1 I~ o
warganFmni lawnsaaaredrlanniiamgniisesniu 2 S1wan Tae
o I Aa o ~ o (dal a =Y a [ A Y a
swanusnitunaiaann llignduaszidunnTasiden uaznanars@uuaaie 11 na
I 2 3 = A a S o 1 Y % = 1
msuaniurwan q Fannweyaunidaunsodesaats lduamsaalsainieadinineg b
d = o 2 J a A A 9 A A [
awysal davdndranniludunarg@ndinmi I niisnanamsinuas wie iagaiu
535uau 1ulowedaeniau (Bio-PE), lulewed Insiiay (Bio-PP) uaz luTenedtonay
I
misHmae (Bio-PET) 1ludu
A a A ' 9 A 3 A Ayy Y
wargAnIImmnandesaats lAnediam wziflunanaan ldanTaaniu
a a I~ 4 o 1 [
5350317 30 Ulasaeun 1d Taaisii I unszurumsdinau v dosaaten1adinine e
' ' A A ] A A ] ' A
gosaarsan luvauraemsnyanal vise dauilanilasula g Bluaawunedon 19w wea

v A

a a a A o aa aa [ .
UAanANLOYA, waa"lamaﬂcuaaﬂﬂmam HagNaaUINAUENELUN (PBS) L‘lJLle])‘Ll (Kirwan,

2011)
O O
%/ O\/\ %/
O /n 0" /n
CHa 0
PLA PBS

~ Y ~ a a a 9 aa aa v A
NN 2 Tﬂi\iﬁi%ﬁﬂ%‘llﬂﬂﬂlﬂ\ﬂ/‘lﬂﬁlmﬂﬁﬂll@“ﬁﬂ (B BAZNOAUINAUENAGLUA (VD)

(Mark, 1999)

a o dy 9vq ¥ a A a A a a a aa Aad v A
T3 detl 1a 1dna1aanyIn1n 2 wiia Ao WO ALAAANLBFA LA WO ALUINAUS A S
v ) 9
A SN 2 Faaad TnTaad 1 amauaiusana1adn I 2 ¥ia Wa1aanIIMNFIA
a a a I~ a 4 a a [] a A d' Y g}
woauanAnuegallunedamesozavandumanaanniyigan lidends uaziiimia
Y
uaansonanntl las@ey ldaeruiu woauaannuadanuae lusiu uaztiniu Janyay
1 a Y] 1 a a aa a v a I~ a Y] P
TUsalai21u17 drunaradnFimnsianoatInausngiua it unaadaunnla
a = = ] = = A 1 1 9 1 =
10l Tasialanyae TV 1YUNVIET IANNBAK U NUADAINTOU LA HoEAA 1IN INTINTN
) 9
@A MU UNA AR NTININFHANDAUAAANLUDTA UBNIINUNAITANTININ 2 B

& g 2 Ax 1 o oy v Y v &
ﬁ']LJJ’IiﬂengﬂlﬂuclfU\‘nuﬂNEﬂ31Q%U%@u@'ﬂﬂﬂ53u’)uﬂ1ﬁﬂ1\Tﬂ']']lli’[’]uulﬂ LHU ﬂ']'i’fjﬂ"“ugﬂ
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P4
=

U g = @ Y [ d‘ dl 9 a
ﬂTiUJ']‘ngiJ HaeMsAAIUTL Tﬂﬂwﬂ@lﬂwﬁhﬂ?ﬂﬁﬁﬂﬂu QLN aaﬂ@mnuiuﬂizmumiwaﬂ

u

A v

' P a A IS
w1 Tuaad sag Taa w30 Taq¥IuIadu Uy (Mark, 1999)
AU IAAEN T INNVBINATANTININ (Alshehrei, 2017) NITLADNANINVD 4
a I A A = a s a ,5! o
warganumsdasunilaanieaniemn wse maualveaneames nnaIuINIIveNI
A 9 1 9 dy = 1 = I A
FUIAAOUFY LFI AIUTOU LAZAINFY FIN15I0 818N NFIN W UNTZUIUNITN
= 1 = a 4 a A sAAAA ] == dy
NINEDINTEHAA1 AT NITAATUVDINDADS 1ABAUNITINTF T HUANITY A ZIFD I
Tasnarganarumnninmamsgesaaisuuy 1¥oensau (Aerobic biodegradation) ttazuuy T
4o (Anaerobic biodegradation)

Y a A o

l a a I 1 o W [
ﬂ1§ﬂ@ﬂﬁﬁ1ﬂll‘ﬂ‘ﬂ1%’ﬂ@ﬂ%ﬁ]u ’e)’e)ﬂcmﬁ]u!,ﬂumumﬂmﬂumam&flwfqmmiﬂ Q18

a A Jq Y I a =4 I a Aa A 9 = 9 Z’
gsouniglviuaneeniluaisdseneusunsdvuaan L!ﬂﬁ]&ﬂﬂ‘ﬂgﬂiﬁlﬁﬂ\‘llﬂﬁlﬂ]’lﬂu"l uae

[} J Jd v
Maasusu lason lud aaaunis 2.1
C plastic+ O, — CO, + H,0 + C residual +Biomass 2.1

[ 19 ¢ a =\ A A A A 9 Y] <
migosaaltsuuy bildoondauszluuanGeuasianly huasadaiwa tan
~ s ¢ A A ~ g Y <
wania tazasuesu laeen lyatnousnasounidgesntuaissznou ldivmatanas
' [ o [ a sq Y. I~ Y I
Tasluszriamsgesaarsuuniisesyinatealelgwoaue s Wvvuiaanad 1vinateilu
a P P P VA A < A Y
ToaTnwes lawes uazueusiwes lasluanamtazlivinadnwe iz azaneii uazgnge
= == =< a a A 9 =) 9 3’ (9 4 4 (22 =
Fulaguuniie sevzinalfnsendiunes it masnsveulasenlad uaznaiimu

AIAUNNT 2.2
C plastic— CH, + CO, + H,0 + C residual +Biomass 2.2

2.2 15ag)aa

v v
aan 1 [

I a 4 9 o dy d‘ =
wag lamiunedwessssumnaniegunigammsony ldaweiuilotovo sy
a ] g’ o < A I Aa 4 o a9
A INKLIeE 9 nuve Tuanang Inadaianuiunedwesms lulansage nazidule
= 4 A o <
Uszana 50% Hgas lwanana 1 As (CH,,0,), InTsaivveusaglaatianvazunyy
Y v A v Ad ~ = I = =2 o Y = a A
Funse MydaizesdInduseitioy uazianuiunange e liivag laaliguv gliviasun
! o v ' ' Yy A Y 1 oA o %
quedranmiumeliisaglad awnsonudeammnadouiguuss lammsdeinumes Ty

A A & a 9 v A v o Y g’; Y
NANTANDU G]NTﬂEJ'iJﬂ@]L!'ﬁ’JL"]SaQIaﬁMﬂLﬂﬂﬂ1iﬁa18@]3ﬂﬂuﬂ131’iﬁE)‘JJ ﬂWiﬁUﬂﬂﬂi\‘lQﬂi“ﬁ
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Lﬂuﬁ’]ﬁl@]llWﬁllcluwa']ﬁ@ﬂcﬁuﬂﬂu ] (Harper & Petrie, 2003) Iﬂﬂﬂ'ﬁ/‘l‘ﬂ 3 Llﬁﬂﬂiﬂﬁ\iﬁﬁ']\?‘ﬂ']ﬁ

=
indveuwag lag

OH CH,OH OH

OH OH

OH
0 0
CH,0OH OH CH,OH

i 3 Tassadramamilveusag Tad (Anil Kumar & Gupta, 2018)

2.3 nenlnan
9 P4
aou Indamnannmsmsiue iagaua 2 yiedu lumauiuug iinan1svasy
I dy = @ = o R 1 o = o A A A 9
audegrnuesiasdiniadudrulsenoundn uaziasdidu o NAMIIHAY
@ [ A 3 1 @ % (% 1 (% I a 9
nszeadeg luasnitludiulsenouran nawndagae q wausannuuaen Indaudn
o 4 gj AAa A 1 A Y a o A
eNANYIUIENTININAIZONT WA Ineassmaduiiagamevesney Inda Taona larsngn
a 9 g’! o 9 A & =y ] Y 4 A
AN Hu g A sa s s u mswanlonnd vazleasue wiwens
a Yo o dyw Y A g 1 @ 1 A g
wsuns Iinudag wenanidsausa lsnaunuaisntudiulse nouranuiauneniu
msaadunulunszuiunsnan
a A A A L] 9 a a
luTeneuTnda AononTndanansadosaals ldiosmusssuna uazinann
1 a A v o ~ ~ a Iq 9 a A
MINAUTENINNATANFINNAUITAT NI NI INTTTNNA 01Tl udulesssuaa nie
v A &£ v A A ad A Ao AN yq v
TA9TINIA FIAIUNINVOTIAQTINIANMINNTITUHANUNINY TagauIveil 18 I5unay
A = o A g o A Y a A
laennisou nazludulesa morluiaqgrivialunisandunuveanaraanyiniw

woalanANLEYA (Obasi, Igwe, & Madufor, 2013; Qasim, 2019)

v
2.4 MIANUAY
a a 1 d { a 4 @ B2 1 Y
Taginaudrarnanuaaiuansngnaud lilimodsulysauiadmas g voeidn
1 Y d%' Shzld%l A 9 Aa o 4 a 1 A 9 v
ol amsodugd1dauu vie andunuuewwdadiual arsauussuyiaansa 190y

a 1 a [ o’y 4 v o a 1A gj a
aq lanateriia uaarinengndunsizivwie I9nu T lessiiamen uaauiud sy

uaagnihu lmunisdSodjadesinavesdag wu drsdumunisimalanld,
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) . L 3
AsdumumsdeNdMWIInLEagd, snasaunrislunisaaanilavesiag luvas
4%/ A 1 I Y .
Yu31 w50 A139AIV 11uAY (Harper & Petrie, 2003)
! [ Y o a [ a < A 9 o o A a A
arsgalugniIa liitluasiauuaerianian lsdrvsumaiul se@ninmvo
A A ] ' A 9 o o ' g ° Y A o
maan wso dulears o Agowaudn I luiaguan arsgaivivazihwhndudnlszaiu
1 1 d' "9 o Ql d' d‘ o A a o = a 1
szvinedun iy Taawun1saonToq 1Hesiu wio tnanuszmani luaey Tnda dana
Y v Y Y
TtneuIndalinnudnnuldunuaunsodsvlysantiaFinalimugainla Tuauidei
a 4 4 I~ 1 [ a
Tunadnuonlalasa iveillumsgmuszrneanmdandinw tazassmwa

=\

#1531 anau (Murphy, 2001) smthaannunilavesigavaz vaoui liiaq

q

v Y [
Ao lumslvavesiaqluvaznasuningsu uazaamadoadiindervivou
(Screw) IAZ AL VDN ADNOATA (Barrel) YD aIAT DI ABUSATA M 1K aINsananiagldedig

=\ Aa a av dy Y A Y I = = Id A
Hlszanson Tﬂ&ﬂmwm%ﬂu%ﬂawmaa,mﬂ% tazinaFeNdaasn 1ty svaoau

2.5 ﬂ‘i%‘lJ'JHﬂ]ﬁﬂﬁﬂﬁ?ﬂ!ﬂ%ﬂﬂﬂﬁﬁﬂgﬂ%ﬂ

a 1

(Osswald & Menges, 2012) AMANNIIHAVYDITTALINTWNADINMINAD ANTIA DL
4%’ I Aa o 4 a o Y
anuennsa lumsiugihiunandsusivesaonTnda nszuaumswanila lasmsnszae
1 [ 1 v A o 9 A d a d 1 [
drulsznovgesmeluaiulsznsurannmininiiluuns ny d1ulszneuManaIvIse
a Y1 g A ' ' < A A
naan ldndulaneiie s uazarulsenevdoathunauuunizaie eimsnaunea

J Y o R =N 1 a E = y dgl Y I
Lll't’)iﬁ@\?ﬂ']u\?ﬂﬂlﬁﬁJ@'Nﬂ@ﬁJTWﬁ@uui’]']’l]@‘ﬂﬂﬁ@ﬂﬂﬂﬂiﬂﬂ?ﬂﬂﬁgﬂﬁuﬂ'ﬁ‘uuqﬁjﬂiﬁlﬂu

[ J

pa daat lunszuaumsda i ludyiunsnaunnuderiio saz 1inseanasudadaiiu

[ [
A o w 4 I3

dl U tﬂ' v A s 1
11509905 lUMSHaN laainsosrasudasalaIulsenoy ALY ANNINN 4

Pellets

Hopper

Band heaters

Cooling jacket Barrel

Screw Extrudate

)

Transition zone Metering zone

Solids conveying zone

[

M 4 19509raoudasn uaza sz nouNd Ay (Osswald & Menges, 2012)
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[ [ ] Y
100NN 4 naasd Uz NN IR YVOUNTOINADUDAIA LAZUAAITINNG 3 T2
VDIINAEINUDU AD FIIGUABINA1TAN (Solids conveying zone), ¥IIN15UABUADIUY

(Transition zone) LA FIIN5HADUDAITA (Metering zone) ATNAIAU

Solid bed

Mni 5 MmdudanaraanliuuniFeunelunszuen (Osswald & Menges, 2012)

Hrad1asuianatadnlumnasInuey (Solids conveying zone) ¥4 13 8413in
waraanituemsihduiia vie wanaadnnnnsedy lifiveundsisiuluveanaen
WUDU (Screw) Mimsandssmaaaniigaluveundvivusuianaanuilumsvyu
Gummﬁmwuau‘ﬁ'mﬂﬂ’jm'smﬁﬂumﬁwyummwmaﬁﬂ 1INANA 5 Tumsvyuveatnagd
MR A TN A MLIT NN EAN S UNTEUEN HADWE A (Barrel) 1NAAINAUT Y
saufianaraanliianyazunHuiuuiE e (Solid bed)

$29M 31 sua 0 1ug (Transition zone) 1Tug19vesangivhlfiian snasuve
NAAANIINAITIFIATUTUT IANIUTEHIINATANNUNTLUONYAONDATA (Barrel) oty
usnmMIvasNzRATuTLYBIHABIINANNG A (Melt film) A3 A8 In52 VB N AR UEA

A Y 9 Yy v 9 a g ' o A
3ﬂﬂ@uﬂﬂﬂu1ﬂ]‘lﬂaﬁnﬂ1umﬁ !ﬂﬂlﬂu'ﬂﬂﬁa@ll ANNINN 6

')
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Barrel Leading flight
/ Melt film

Trailing flight

NN 6 Msvasunaaan luyremsidasuaniae (Osswald & Menges, 2012)

]
[ U A

1 v A . I ' A o I [ A Y
N THADUOATA (Metering zone) 1 UFIINA AR 019N 1B NTUFIINATN
1Y) v o a o ] 1a 4
useauldiiisaneae maaunaradneonnnszUenHasNB s AR TLINNLN taza31931nsa
v
T Ausuauwaraan
9 A v A 3.’; I~ AAa [ o o 1 a
MINANAIUATOINADNOATAU T UNH e 1 UINFINT UNTHANTLHINNO D
1] a [ A < a a A o 1
WOSAUATIANAIN ) ATLUIUMIHANSUINIANIAANMAAMIHUFINNANVUT DUV DILHY
3 < Aa o o <3
1¥a11u3ou (Band Heaters) tazn1sifud oudanaradnveunasivueurm Idsalveuiia
a < a v a a a o
walaAnanay tilanaaAnIzgnenvenIUNsENaNaLsIANAININHe THwa aAnuanda az
o a {2 ] 1
naoy llwauduensiauntuanlseneaudes
d‘ v A = = % d‘ o 9 g a
IATOINADNBAIALVLNAGIN UBUABY AImni 7 Taen g lunsvugiwaradn
a 1 ~ [ 1a s [TR= [ 1 A A ]
wilaa 1 9 IiigUs19 uazvnamuuuuve winivasusase ua liidluitdeumniinluns
Tdnaniagaie q dhiu o nusan ouveanioraoNdas ALDLINAeI U uAeD la
eawe Iinamsniz1eaIng disunsnaniaghiianuwiianeudiesi laemniz nuidg
o a =X 9 Y A a . .. . = < A
o5 lunaraan 39des snde e uriia cavity transfer mixing section mgﬂuqﬂﬂimwmy
[ ~ ] 1 1 a A A 2 L] <
a1 8 Melumsnszniedumaua g voineu IndnnMsno UMYy 0619 150
9
= Aa A 9 v W [ ] [] <3 [ a
aundeanueusianaptiurziny 1 iaq lvamuseanuian q denaliinan i ugs

luvaizviaoy
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MW 8 INABINUBUFIUA Cavity transfer mixing section (Osswald & Menges, 2012)

mswaudIaaTosaonsasauuinanviuengiugUnsei lumswaauudeies
fiafigalufagiiu Faannsaswunlsaanasiauveundsvueug 14 dail indeanue
WYUUVUVUN U (Intermeshing), 1N 83 ¥ o Uny ULy 119 Ui (Non-intermeshing), N 87
HUBDUNYUN 1919 877U (Co-rotating), NASIVUDUN YUFIUN A (Counter-rotating)

AININN 9
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Non-intermeshing

=S G
Intermeshing

T
/.L/

A

;;I b % T

| \I\‘“\%

Corotating Counter-rotating intermeshing
PF

MW 9 YsztannsmuveANeINUDUE (Osswald & Menges, 2012)

2.6 NSTVIUMIAANMIAAN

[ U

(Osswald & Menges, 2012) N5ZUIUMTRANNTANNAIINEIALDE1ININTINTUNT

9

9

a A d? L a ' A o a o ’a
pan Wse JuglrunumaadnluilSmamn q jUsualianududeu wazkdadunn
A ' < 2 a & o
A0aNIAIMNBINTIVOWINAGE 0819 TsNmunszIIUMIRANMAAN e WEA LT 1IN
urulin1uiou (Band heater) NARDGUSIMNTZUBNAA (Barrel) Tumsvaouwaraan I iin

v Y =gy ¥ A Y a & 9y
amdrva ldindvamuen (Screw) lumsnyuarasanoulinaaanmariuldvaouan

U [ a v A 1 d‘ d‘ = a
NOUAURANAITANDDNNIIINUINA (Nozzle) Tﬂﬂﬁ’]uﬂ‘igﬂﬂﬂﬂﬁWﬂﬂlﬂlﬂx‘uﬂ‘i’ENﬂﬂWﬂWﬁ@]ﬂ

~
azuaaaluaini 1o
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Clamping unit Mold Plasticating unit

Hopper : .
Injection unit drive cylinc‘i)gre Hydraulic motor for screw rotation

Hydraulics for toggle mechanism Hydraulic injection cylinder

Toggle mechanism Fixed platen  Barrel L s
Outer support plate —_— g‘&zez'e Screw Injection unit guide
Tie bar

Moving platen

e L o e e e e A -4~

v

MR 10 autlseneund1AaveenTeRa (Osswald & Menges, 2012)

9

Y
v

a : a o L] &
ﬂ'i$‘]J'J1Jﬂ1§§ﬂWﬁ']ﬁ@]ﬂGlu°ﬁﬁ\‘l IUNIT waﬂﬁmumumimqmumgﬂu TUUNDU

o <
ANNINN 11

Cycle
end / start

7NN 11 nFEUIUMSRANEIEAN IUKHITaUMIHAR (Osswald & Menges, 2012)
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3 { 1A A q’/‘ f a a 1 Aa 7 g 4 {
TUAD UN 1 1NN A (Mold closing) Yuaouilgaitlatlauinuidundoun
. . { 9 ar A 1a o q Y { . Y o
(Moving platen) 3zt @0 Uil 11 gartlatlauiiui Aaegn A (Fixed platen) A2813901 1A e
< o 1a | =K ] Y=Y 1a 4 . Ay v A
A5 IUNTENILUN LAY AT 99z w5 IAUYALUWUN (Clamping force) LNDAMUNIULTIAUN
a -1 a < a . g’ a
NATUIINATEUIUNITRALANANNAIAAN (Injection pressure) LATNITAAGIN AT AN
(Holding pressure)
& = = a A A g . . . & dy =
YUADUN 2 FARANAITANIAADUNLUN (InJectlonunlt forward) UYUADUUYAR A
a A A 9 1A 4 = [ =
WaaAN AR UMY I NN N Iasl)a181 IR A (Nozzle) 9z ¥utuunUlasn 3R a (Sprue
[ Y [
bush) YDIULUNUNAIPLTIAU
c?z} { a < a lel 4
Tupo Ui 3 AAAMANNAIEAN (Injection or Mold filling) THABULINABINUDUIL
4 9 <3 . . [ . . [ Y a
IAADUAIIAIINTD (Injection Speed) 1aZ4t53AU (Injection Pressure) auldiwaraanvadlva
Y 1a 4 <
gy AL Tw s a1
3 { g’ a . @ < Y a 3 a
TUADUN 4 AAdINa1aAN (Holding Pressure) HAINNLATITUNTAAANANNATAN
Y . . . ! (% a Y o 3’ ay a
1a2%5ARA (Injection unit) ¥z AIIIAY tazSuasnaraanIoaFUIUNaIaAn TuTng 9
AN Yo v A o =~
wuuauan lamyua e sasemsradiveoanaraanluyInsauuy
2 ; v o L g 2 y -
YuADUN 5 YAR AN INAINAY (Injection unit back) tlotdTaT UM TRAGINAIAAN
Y = o d‘ d' [ [
HAIYADAILIINITIAAD UNDOBHAIN A
H d' ¢ a L 5 2 g ¢
TUADUN 6 FTIUTMATNA1AANINA I (Plasticating recovery) YUABULTUNITHIT
a A A A o Y < = .
warganiemsoudalusouda llarenmsa lumsnyuveundeInue u (Screw rotation
speed), QUNYUNADUNATAAN (Melt temperature), 15 IAUATUNIUNTOOINAVVOUNG Y
NUBU (Back pressure) 1AL 5L 8L AUNAYINUDUD DN HT (Suck back)
Qs}l { a 1ra 4 1] Qy [V
Tupoun 7 auiunun uazaudaaruaru (Mold opening and Ejection) 94310
Qy <3 v Q) A A 9 Yy o a 1A 4 o Qy Aa
Fuudua N unseusosudl M Iauunun tazavlaasuaunalganesnain
1A o Y <3 @
UUNUNAIIAIIUS D LAZUTIAY
1 a . 1 < 1a 7 Y a
N5 AL U (Cooling) Nsvaodunumdumssenselinaradnlulnswuy
1 o Qy a 3 o 1 o a 1a o [
MENANVTOUIUNTENIFUNUNAEANUTIF IR sawaaemMIIMIlauli u tazdulaa

2 & { & 1T a g @ a 1a 4
%uamiuﬂlu@muﬁ 7 mum@umﬂ‘ra’e‘)Lﬂuﬁmmiamuqumuﬂiqmwgmmwuw LL'@’IZL'J'QTGI,“L!

= IS @ Ao W oA 2
ﬂTi‘HﬁﬂLﬂu"NL‘]JU@]’JL!‘]JTV]ﬁTﬂﬂJUf’JEJNﬂﬁ@f’)ﬂmﬂTW"Uﬂ\i%u\ﬂu
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2.7 MINAaeL HazMINMZH

2.7.1 anUM¥Ina (Mechanical properties)

AuiAIFINaveITde HRNede ANUA 50 TUNITTUMIZINANIZTINAAN 9
Y9IV eIR) ﬁqﬁuﬂmﬁ@ﬂ‘lcﬁ’i’ﬁmzﬁm W sanauiaFIng uazm‘mmm’i’aa%ﬁﬂﬁu 9 17
aoanded lufummdesns Taoi lauii@senavesiaaingninsanlugives anudu
(Stress) HAZAUIATEA (Strain) (Shah, 2007)

ADNUAY (Stress)

Y v 9

Yy A A o 1 Y a = A AA
AU U N ﬂ"|§$LLN‘VliJ"Iﬂ33‘1/]1@]ﬂ’Jﬁ’ﬂ“lmﬂﬂﬂ"lilﬁﬁlgﬂijuwuﬂ%uﬁ"lu‘ﬂﬂﬁﬁl‘]J “l‘L!

[ [

v Y ]
qﬁjﬂﬂlﬂﬂﬁ@]ﬁﬁ?lﬁ%“ri’ﬂ\‘ll!ﬁ‘VliJ”IﬂiZﬁWl@ﬁu’Jﬂﬁu‘l’lﬁﬂﬂl’JNﬂJ@\‘]’Jﬁﬂ

o = 23

F
A

o o = anududwihaiuihania (Pa, 1Pa= 1 N/md)

1 Y
HSINMBUONNNINTLINABFUIIUNATOU (N)

A A4 9o A g 2L >
A = WUNHIAALITUAUUDITUINIUNATDU (m)

A213A38A (Strain)
~ A & a = o 1w o q ¥ a Yy A A
ANUIAIEA AD WANNAIINMIZUTININNTEINA TaaM 1¥NaMsgUIT ¥ Ba
poNAINIUILTINNIzReTag Fan ldnndasdiuveswnnueninnlasunaslddenim

evedidanouldsunszus
€ =— 2.4

A ~
W € =aunsen
P a 0 2
AL=ﬂ’J']?JEJ']’JV]L‘]_]aEJHLL‘]_]aQmﬂfﬂi%LLi\WIiJ']ﬂiZ‘VHGU’ENGD'H\?']“L!‘I/Iﬂﬁﬁ]‘ﬂ(L-LO)

Y
L, = ﬂ’JT?J?JTJ‘Uf’N5]511!\11u%ﬂﬁ@‘]_lﬂﬂull@g]}i‘]_lﬂﬁzlliﬁ

auianedunsede Ao autadanangminnldnuedsnineelunisnadou

< [ I 4 1 o
ATULUUILTIVDIICE ﬂTiﬂﬂﬁ@U!LﬁQﬁﬂlﬂuﬂWi'ﬂﬂﬁ@‘]Jle@‘W']ﬂ']ﬂ')"llll,f?]}uuﬁ\‘] ﬁ\? (3] @131%@81’13
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MITAAT AIaNNITN 2.5 1Az AINBYATUDITI AIANN1IN 2.6 TABAUNUADLTIAIANNTAN

y ' v v
Idvnmsmnudasidiunssfsgeganeiuivihaave U aeaunsn 2.7

v Y A o AL
BAITIBIATNITYANI A YAUIA = L_X 100 2.5

0

A A A = o L
We  AL=anuenndasuulasnnmszussiinnsgivessuaunagoy (L-Ly)

Y
A 1 Y
L, = ﬂ’l13181’J"U'E'J\‘l‘]51‘!\‘]11‘!1’]@’6’(@‘1_]ﬂﬂuhlﬂ'illﬂTigllix‘l

4 4 G
UBAAAUDIEN (E) == 2.6
€

119 0 anudu Imihaduihainia (Pa, 1 Pa= 1 N/md)

€ ANNIATEA

v v
. u3aRsaaganIzde ¥
AUNUABITIAY (Tensile strength) = S~ ]
WUNNINAAVDIFUNUNATD U

2.7

E4 Y
Tuaudvetivz himsnado UL ININATIIU ASTM D 638 Taeuaiunadouil
1 @ A o o o o Aa [ A
qﬁjﬂi"l\? LHAZUHIA ANNINN 12 Iﬂﬂﬂiﬁ/‘lﬂ'J"Illﬁ"JJWH‘ﬁﬂTiVI@ﬁ@‘].I'Jﬁﬂ“l/lﬂJﬂ'NllL‘]JiTZ ANNINN 13

v o o A ~ [ A
1az NI ANNFTUNUTMTNATIUIAANUA NUHHYI AINTNN 14

a

L0= 165 mm

D=115+5mm

L=57 + 0.5 mm

T=3.2 +0.4 mm
| G=50=025mm ‘ 4‘ ’«

}

W_=19 (+6.4, 0) mm

W=1L +0.5 mm /‘ 4

R=76 +1 mm

MW 12 31919 1azVNAYRIFUNUNATO U ASTM D 638 (Osswald & Menges, 2012)
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45

MPa

Brittle fracture

Stress

15

Strain

(%

A 13 nslanuAu uaza Az oave s Tag lANunls1e (Osswald & Menges, 2012)

40
/Stress whitening
MPa / Necking
a
£ 204
n
0 | |
0 100 200 300

Strain

A Y G @ Ao = o <3 9
MNN 14 N51UANWAU-ANUATIAVDNITANUANUH T (’L’@ﬂWiim 1UULNI, 2559)

q

< 1 @ o { A
NITNATDUAITULUUALIIADLIINTELUND Iﬂflﬂ']ﬁ@]i')i]ﬁ@ﬂﬁgﬂﬂﬂlﬂ\‘lwﬂ\N']uﬁlﬁJéllu

[

mliiaqnannudenie nieusanszunngeganiagannioiuld Tnaeansonans

q q

< ' a 4 Y v
‘Vlﬂﬁ@‘Uﬂ'JnJL!"lN!Li\W]@L!i\iﬂﬁ&!‘ﬂﬂll"lﬁﬂkl”lﬂTiﬂ'ﬁ)llIWﬁ@ﬂuﬁﬂﬂﬂl@\‘]ﬂTifﬂﬂﬁﬂﬁﬁfﬂlﬂ\‘]!’ﬂ%}uslfl

@ [ a a U [ 1
‘H%ﬂﬂ1§ﬂ§$%']EJGI'JGIJ’E)Q'JﬁﬂmﬂJﬁlUﬂ’OﬁJIWﬁC‘I ﬂﬁ"l')ﬁf]ﬂ15°|/lﬂﬁf]ﬂﬂ'.]"lll!,lfll\1L!ﬁ\i@’t’)uﬁﬂﬂﬁxu‘ﬂﬂ

o

I wAa ~ o W 1 a o Aawv dy o
Wumsasraeumninveviaandiaaaenisnasanii lidau Tasluanuisetiazins

a 9

< 1 1
NATDUAIUUYILIIADUIINTSUNN AN UNINTIIU ASTM D256 — 10 Tﬂﬂﬁﬂ]lﬂﬂ uazgﬂin

v tﬂl
PNNINN 1S
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63 S
28.96 ; 32

12.7

2.54

{ 2 < 1
ﬂ’lWﬁ 15 FUNMUNATDULUUILIIADUIINTSUNNATUNIATTIU ASTM D256 — 10 (Sanjay,

Arpitha, Laxmana Naik, Gopalakrishna, & Yogesh, 2016)

2.72msunnzidugIuing1A19nde3gan sIAioIanASOUUYYFEINTIA

(Scanning electron microscope, SEM)
I sa ' 3 Y 1 ) @ =2
NABIYANTIAUBDIANATOULUUTDINI A Lﬂuﬂﬁ@\iﬁﬂﬁﬂlmﬂﬁTﬁ TJUNITANHA

9 ] g a ay [ 1 [ Aa o ad
Iﬂ‘i\?’ﬁ‘i'l\‘l “Vi%‘@ aﬂymzﬁummm%mmmamﬂuaﬂymzm‘w 3UM A1DINATOUIN

=) v

Y
1 o A ' a a o 1 oA g &Y a 1
memmmzﬁeﬂﬂuummewmm@aafm Zﬂ’l’]Lﬁﬂ@]ﬁ'ﬁ)ullﬂllWﬁQ\?1uiﬂﬂﬂﬂ§]‘i$°ﬁ'ﬂ\1 1

IS o w 1

7 7 I A '
keV uag 30 keV iauanouta Uiy a3 (Condenser lens) L‘]JMQ‘IJ ﬂ‘imﬁuﬂ AUEN YDINUINAD

o aa J 4 o A v o ad ~ 1 P
NIIAIVANATBLANATDU Tﬂmauﬁﬂaumm%ifﬂzmma‘umﬂammﬂmaumgﬂﬁmamﬂwu

Y 1 4 1 ] [ Jd v . .
yinardurugudnarstszana 2-10 nTuwmsdeeriu ldad 1anud Iag (Objective lens)
= o 9 ~ o A & Y ] 4 . 4 v o o
“]N‘I/I"I‘ViuTﬂﬂ)UﬂNﬁT@Laﬂﬂiﬂuﬁl‘H TOIWTUAUNUADY A (Scan coil) AUNUADIAISUIAUAN

ad Y dy a Qy % T a I o 1 =
ﬂ!ﬁﬂ@i@ui‘ﬂﬁﬂﬁﬂi?ﬂqﬂﬂﬁzﬂﬂﬂuwuwﬁ%UQTUW'JE]EHQ%ULﬂﬂHJUﬁ'Q‘JﬂJ']u@]N ] BIYN

[

o 7o ' o I ' o 4
AT299UAegnsald Ud QM (Detector) nouazilszmanadyaulmiunivee li danmi

1 o a3 1 a Jd o a [
16 Iﬂﬂﬁ?ﬂﬂ?ﬂﬂﬂﬁl%ﬂéjﬂﬂﬂﬁﬂiiﬂuﬂmﬂﬂﬁ@uuﬂﬂﬁ@ﬁﬂiTﬂ WUATIEN AUFIUINYIVDINING

A a A [ oaj 1 a g 9y 9 19 A o =

L‘Wi’]@i?%ﬁﬂ‘ﬂﬂ'§$ﬁﬂﬁﬂTWﬂJﬂQﬂWiNﬁNﬁﬁﬂ@ﬁlm 2 %u@mu"lﬂgmmaﬂu NI NITMUILUTISN
A a 9 Y = ~ Aa A [~} 1 @

witgnvesneu Inda Taey THuusa 8@&%1&83%@]%1mﬂﬂ”liWﬁllVIllm‘Vmﬂ"lillﬂﬂE‘T’J“Llﬂu51]E] N

[ 1

da13 ) Tuae INTa (Goodhew & Humphreys, 2000)
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y Electron
gun
A7% CRT
Condenser 1213 miea s
lens Laiee EE:E
Objective [ii:] st ‘
ens b () i | Wavetorm
e — monitor
Scan
coils 3 g_ Scan
Gen
Aperture
/ Det Amp
/-
Specimen

{ ' ’ad '
ﬂWﬁ?l 16 ﬁﬁuﬂi%ﬂ@‘ﬂ"ﬂ@ﬂﬂﬁyﬂﬂﬂqﬁﬂiiﬁu@mﬂ@iﬂuu‘ﬂ‘ﬂﬁﬂﬂﬂﬁﬂ (Goodhew & Humphreys,

2000)

2.7.3 myuasizinyansidagldimaiinauviusaanlnInsalail (FTIR)

madasurisamin Tnsalad Whunadianisdssuananduuindn i vie
antlna suluTI9AI W AAUTEHII9 4000 cm” B4 400 em! TasTinnwaziBen lumsiadi 4
em 1Tz laddu Tneldmafindurusaamun Tnsalailfimstamisududaons
e Wan ATR nAUFUILT I 1efusanalszua 80N Saddurlusmazannsznu iy
Fuauiedn uazgﬂﬂ“ﬂcﬁmmTmaqamm%ymmﬁmfiwﬁﬁmmﬁ'@mﬁ’uﬁummﬁ'mm
adusadsuvusa Twanavziiamsdu naziiansnyuve wiuszial 3o dianz iy
faddulaelinaindurusamyn Insalailszhnmsdszmanasinmsgasuanuives
adusadsuwsalduaaafugafinuunsiieldunssenou muyiadduonun

NTUBUAVDIAITAIDEN AININWNINN 17 (Vivaldo-Lima & Saldivar-Guerra, 2013)
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/ Sample in contact with evanescent wave

—> Detector

|

ATR crystal

MuA 17 anpagmahauveuniedinsginyglsndulaslfmainsursaaln nsalail

(FTIR) (Vivaldo-Lima & Saldivar-Guerra, 2013)

a v d' d' Y
2.8 M UIVSNNYIVOY
Candido, Castronuovo ita& Miccolis (2009) llﬁﬁﬂ’]&l"lﬂ?ﬁfﬂifi@ gaan ﬂiu‘ﬁﬁﬁﬂﬂﬂ asum
{1 ) [ a 4 . . ) a a
nszondu Ifndesaare ladmiulgndunsadund (Poinsettia) Tagnisinerwarad@anwoed In
an (Y 9 A 1 A 9 dgl a A < 1 2K
TNAU Wﬁ'ﬂJﬂ‘ULﬁuGlfJWﬂf W‘U’J"IﬂigﬂNVlhlﬂinﬂﬂTisllugﬂﬂﬂNIWﬁ@]iJﬂ’ﬂmL"lNLLiﬂ@ﬂlliﬁﬂ\iﬂﬂu
1 ] R A [ = 1 9 o Aa 1
ﬂTiEJf’JEJﬁﬁTEJﬂlLlGIf’N 20-30 MPa ‘ﬂNllﬂ'J”liJ!lleLLﬁ\‘ILWENWi’J@]E’Jﬂ”IiGlGIN”Iu uazwmmﬂﬂmuwmw
<3 1 = 1 1 A A A <3 1 = 1 '
AITULUNLLIINDLUIIAIAAAIDININDLUDY NTL YLLIAT 6 maummgmmmamqmﬂgiuma
10-20 MPa
v 4
A. Sreekumar, Leblanc (tag Saiter (2012) ”lﬁ’ﬁﬂmwamaaﬂﬁwmﬂﬁwaiaa NDINDI
A A 9 Y = o 1 9 ?,’ %
Tuwaradnngesaarsla 100% vnuTetniandalusasaiudesas Iasiimiin 20,23, 25, 30
1 ~ [ = [ ydéj o [ 9
uag 35 ‘W’U’Nﬂ'liN’ﬁ‘JJﬂa!F]f'f]if)aﬁ]zﬂi‘ﬂ‘ﬂ?\iﬂ%uﬂWiqﬁﬁmﬂﬁﬂﬁﬂiﬂﬂﬂluﬁTMﬂGli'l’ﬁfllli@ﬂﬁ$
f,’ @ = A dy @ 1 9 3’ o A F2 [ 1
Iﬂﬂu'lﬁuﬂﬂl’f]ﬁﬂﬁlmf]i@ﬁﬂqqellu Glu@mW’;m@&mT%umun% 25 *D%UlﬂﬂWﬂ’JﬁJLHNLLﬁW]'ﬂ
~ a o ' Y 3’ v A 9 o ) A v
Lliﬁﬂ‘igllﬂﬂﬂ’gﬁﬂ’q@ LL@%iu@@]i'lﬁ’J‘Llﬁﬁ)EJﬁZTﬂEJ‘HWWHﬂ‘ﬂ 30 ﬁ]%ulﬂf)ﬂiﬂi@ﬂa%ﬂﬁﬂﬂﬁ’l UYn
{ y [ < 1 ] 4 o
"lﬂﬂ‘ﬁq@ﬁq@ Llﬁﬂ1ﬂ31Nllﬂlﬂlli\‘l@]ﬂll‘i\‘lﬁ\‘iﬂlﬂﬂ ’]ﬁﬂ%%ﬁﬂﬁ@ﬂﬁﬁlﬁﬂﬂWﬂTﬁNﬁﬂJﬂalcﬁﬂ‘iﬂﬁ@nﬂ
A A él 1 A = o A A 9
‘]J%MWQWILWME;N"UH ﬂaTJﬂﬂfﬂiN’ﬁiJﬂﬁLcﬁﬂiﬂaiutﬂﬂijwwaWﬁ@ﬂﬂﬂﬂﬂﬁ'ﬁWfJ”lﬂ’dﬁﬂ‘iﬂ
] L= o 1 < 1 = [ Y] A o Slddy
ﬂﬁﬂﬂgx‘lﬂ‘ﬁuﬂ'ﬁqﬁaﬂlﬂﬁﬁﬁﬂ ATAIMULUNLINABDLUIIAILAS DA TINITYAN ) T ﬁ)‘ﬂ"lﬂﬂiﬁ‘ﬂﬂlu
. . . 2 a A
Hongsriphan, Burirat, Niratsungnern, {48 ¢ Trongteng (2013) l@fnu18ninaveq
o 1 va A a o 1 a a a
aumﬂuﬂuuﬂm%umﬁumuﬂmﬁwmmﬂamm NOALUDINTUITUINNDALLAAANLID Y A
aa ag v A = 4
yagwadtINaugaFiue Tasnauaynau luuaaFouais voma ludsuna 1 uag 5 phr 1y
a 14 { [ 1 a a a aa A v Aa { 1 (9
Wﬁ)ﬁm@iﬂﬁﬂ\l‘ﬁfl@WﬂﬂTiWﬁNﬁSWDWQW@ﬁ!Lﬁﬂ@IﬂLL@%@ uazWaam‘wﬁumﬂmuﬁﬁuﬁﬂmmu
1 = 4 ~ o 1 I 1
W‘]J'JT]J?MWEI!SU@Q@HﬂWﬂuWTuL!ﬂﬁl%ﬂMﬂﬁﬂflluﬁ‘ﬂ 1 phr ﬁWNWﬁﬂﬂiUﬂ‘gx‘lﬂWﬂ’ﬂﬂJlL"lNLL‘i\WI?J

[ ' s A
llﬁ\?ﬂﬁg!W]ﬂhlﬂil’]ﬂﬂ'g']ﬂ’lﬁwﬁil @Hﬂ’]ﬂu’liul!ﬂa!qjﬂuﬂ 13UDLUA Gluﬂ?mm 5 phr HOENITIWY



6SYSY9ITESE

=
s}
o
o
N
ul
o
ISy
=
=
w
N
=
-
~
n
[
Q

€

21

aa A v A [ "9 [ 1
Puuvesnedtinaudadiuaamnsolivilyemiosaznistadd o gaua uazA1AN
< 1 a gjdz (K] < 1 = 1 ] 3
HAIUIINOUTINTLUNNVOIADY INFA 1WAV 1AA 1AM TVIUTIABUTIAL LazAINDQA T Y

[ 4 Aaa aAa v A Aa A [
anad naMAoo NI TuuAAIFeNATUBIUA LagWo AU NA UFAFIUALO NENaAD NS
o wva A ] 9 [ < [ 19 @
Ysulgeautifiranavesigalua umaNUUTWTIABITINTZUND LAZ A0 AT N1TIARD W
a Slddg’l
90910 yoanou Inda liauu
Kaewpirom 12 Worrarat (2014) Ulﬁjﬁﬂ HIN15A58 Lazauave latasuisaa1n
ludulzsaluneduananuedanonsiaiu 10,20, 30, 40 LAz 50 wt% Wi uieimsneayle
=y [ ~ A 3 1 = A A
resunsannluduizsan 5o wi% UAIANULTINTIADITIAIGIGAN 20 MPa taziiionauly
o [ d' D 09 A % d' 1 A
TN 991n ludUYeIaN 40 W% UA1TREAZN1TEART U AVIA FITAN 0.9% Na1Ife Ly
a @ @ ] < v = " 9 A [
wunsan lududesaminsndsulyemanund asanons 8 Laz A1TesazNITIAA M A
a a a ydd?
V1A YBINDALARANLEFA AT
Y= a A 1 a 4
Tsou HazANE (2014) laAny1dnTHavesd1sgaIunadnueulelasa TunouTn
Y
9 FTHINNAFANNOALANANLOFANVLAAL LA IUIVGUIMIHEUN I AAN WO ALANAN
o FA NULNALIUEATIEIN 90 : 10, 80 : 20, 70 : 30, 60 : 40 LIAL 50 : S0 AINAIAL AIAIIN
< J o 4 [} Id o o
HUIUTIABLTIAIAAMAINN 58 MPa 1iio liwauunal 11U 34, 32, 24, 20 1ag 4 MPa A1Na 91
[ [ 1 I 1 = a Sldtg Y [
uaesoliulgemanuuiansaonssasvesnouInda Idauuld lasnsnauaisaaiy
a o = 1Y) 1 < 1 =< d
wnadnueu lalasa luafsunm 2.5 phr FeaunsolSulssmnnundassaoussauilu 40, 33,
o w U U a L4 [ 1
31,25 1ag 25 MPa Mua1aU nanaedisgaIuutaonueuls lasaausnliulganny
< 1 = a [ a a a o alddaf
HUAULTIRBLTIAWDIRON INFATEHINNeaLananuesanULnay 1HaTY
. . Y= 1 Aa
Yaacob, Diyana, Ismail (a2 Sam (2016) lafinyimsdesame lasmsideauveslule
aouIndai ldarnnaradniinmneduananuedaiurhavnd tazissanundamsnagon
mMsgordalslaemIdiauNTzez1Ia1 6 IADUNLTOBUAN LAZFHTUTIUINNN HIUMTANY
4 Y ‘a3 1 Ao o 1 Aa A Aa
A8NABIANTIAUBIDNATOUIUVTDINTIANM A8 1000 1911 tazwulnsen lelas laga
1 ] o a
wmmiﬁﬂymw‘hﬂ%umqmﬁﬁ'aﬂmﬂuﬂ Fourier-transform infrared spectroscopy
YR ~ a 4 [ 4 a
Lee tazAME (2018) 1AANMIMIIAToN Az MIngaionanbalvosnonlnda
seninnmaanneauandanueganuidulonldeonnFeulusasiaiu 15,30,45, 60 phr WU
A o 9 A =) a a a a o Y I~ [
Worhmskamaulesninulasnynizoulunaradnweauananuedaazi IRmMA LU 15990

HIIPIAATIDY DI 4 MPa NOATIAIU 15 phr uaNSRNYT NS ATIE UM THANVDU T U

A J <3 J a o 1
loulaonnizouansomuannundwsinoussaavesnon Indald Tasnsnaundasiau
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A < 1 2 a @ Y = =
60 phr 9$UAIANUUVTI6BUTIAUTIU 11.8 MPa gangimsaarsdlveudulanlaonyisau
A 9 ~ = ' A 1 3 1 = a 9
FUAUN 250 PIRUFAITEA NA1IADAIAIIVUUIULITIADUIIAIVDIADY INTRIZAATD8AI1N
[ a a a Aa o 9 = =~ (K] < 1 =]
MINANIEHININA AN WoAaaanFanUd U lelaonnEeu tanIANUTALT IR0 L1TIA
o A 2 A o 2 v A = o o4 &
ganaaasmsm e imaulsmaveudulenlaenyiseulusasidmnunau
. . . Y= a
Alison, Tao, Arturo, K. Armor 148% Manjusri (2018) Jaans1luTensuIndnain
E4
WAAANTIN NN TINA UFAFIUA A UNINKADIY AN TZUIUNMTHADNIAIATUFY LAz
= g (% Y U a 4
nszuaumsaadugll Taedsudgenseuaumsnausisasagaiuuuadnuoulalasa (MA-
@ <3 1 o [ J A
g-BioPBS) @1mns015uiliennundaussaonsaase tagauudausiaousinszunn iy
Y
qauld1u 28.4% uaz 59% mud e tazHamsAnmFugIuImeves luTonouTndany
HAYDI MA-g-BioPBS @ 11N 0IMNITITAINIZTE HANMINADIUNUNA1FANTIN NN AT N
= v A Y A 4?
AUTATIUN TN U
9 J [ va A
Kumar, Venkatappa, Ray {8 Ramana (2019) ”l@mmmmnﬁﬂiuﬂgmuummﬂa
vAa 9 a { Y a a a a (%
wazantanwauiou vodluleaeuIndan lasnnargdandaimuwoduananiesany

a

a 9}449@} 9 1 . . U % a

antiulnavuA8e13AI Vg triallyl isocyanurate (TAIC) 1Az 808aA10AIVD AluTenauInda
Y

a =K

adunndgnsenlalaslagdavesluTenouIndananisuauaniiv 5% uaz 20% lagn
Y

3’0EJZWfﬂiﬁﬂﬁﬁﬂl@ﬂu1ﬁﬁﬂ1ﬂ1@ﬂ@ﬂiwaﬁ 55.38% Lo 68.67% @nuﬁﬁmﬁanmphu"lﬂ 28

©

M

Rahman, Kareem, Salah, Khalil 1a g Sherif (2020) laAn¥19nTwavoawoaiinay
FAFIUA (1% wt.) HazuAAFeNAISUOIUA (1 % wt) apaNuaIuIsolunIsdosaalsni
FINNYBINBADNAUANUHUIUUGIU Tual TN s W°1_Im'if,1illu!,%milwiﬁﬂﬂfJ'NGl'@Lﬁ’eNIG]EJ
$91la10u0amInaass (F1lawi 8) wumiqug?{ﬂﬁmﬁfﬂ 0.265% LALEINVDNI MITHEA Y

v A

aa A 4 [ va A
WOATINAUTATIUA (1 % wt.) HazuAFeNAITUBIUA (1 % wt.) d1nIalTulyeauiagna

Al
% )

2.9 agilwaanIdenineves

[ [

o 9
MINMINUMUUITeninedesnanuanugIte Idiue1iagFiuau unay

9y A ~ Y [ I J 3| o a g
wulenimlaennizeu idulennludulesa vazupaBoumsvoma wludaqanaiens
(% a a a a 4 a [} 4 a
HANAUNAIEANTININNOAUANANIDTA LHOAAA UNUHAANUNIINNATTANTININ
noauananue®a tazUsulyeauiiarinavesnadansinunoatananeda Tunisas oy

Y
A (% [ o o Ao Y o @ o
FUITUAIDYW TN IUNITNAT DY ‘ll']\‘NTL!'J%ﬂhlﬂu'uﬂ']ﬂal%@ﬁ@ﬁll'lﬂﬁﬂﬂ?\?ﬂ G]fﬁﬂ'lﬁhlﬁa"ll’ﬂ |
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a o J a J o va a a
waraAnFInm niethiornsgmuunasnuen lalasamnlsuilgsauiaiFinave o Inda
FEHINNDAANTININHOALANANLDTANUTAATIND

aov 3 @ I o 4 a a
Tugndeiidisernuauiu 1§ lumswauiagdmnamonan luTonon Tnda
A J Aa = 1Y A A 9 a a a aa am
nilumsFalsznovvesFuranunaaanidesame ldweduananuoda nazwealinau
[TY o = Ay Yo aAav A A = o &2 A a 1
Fagiua Taeiandiuian larhunisens unav uldennieuuaz luduilzse salimsauna
d‘ 1 Y a d‘ 1 [ a a
N mnsndosdats Idiesmusssumnamnmauiovoliulyalsz@niamnisnay uaz

[ £
aruaums lnavesluTonouTndaNnioniiu
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UNN 3

IsA U

Aav dy 3 = vAa A = o a = é’
\'ﬂl.!’)ﬁ]ﬂulﬂuﬂWiﬁﬂHWﬁNﬁJm‘b\‘lﬂﬁ,ﬁﬂ‘HWﬁﬂ!ﬂWH?ﬂﬂlﬁﬂ‘H'lﬂi&J')uﬂ'l‘i"ngﬂﬂ@iJ

a = 1 a =2 =) g a
I‘W aea, ﬁﬂ‘]el'lﬂ‘i%‘]J’J‘l!ﬂ'liﬂ@ﬂﬁﬁWfJIﬂfJﬂTiﬂ\‘lﬂu uag ﬁﬂ‘]&l1ﬂ5$ﬂ3uﬂ1§ﬂﬂﬂlu§ﬂ7‘|’€11ﬁ§]ﬂ

=

a J a a a [ [ a 9 J
%’Jﬂw\lLL@$ﬂ’03JIWﬁ@]’§$‘Vi’JNWﬂmlﬁﬂ@ﬂu@cﬁﬂﬂﬂﬁﬁﬂ%ﬁﬂﬂa 3¥UA nlﬂl!,ﬂ LLﬂﬁ‘]J,L‘]Ja’f)ﬂ
o [ 1 A 1 o & Y 3 o A
Ny uaz“l‘uﬁuﬂziﬂ °1uam1mummﬂmmu m%ﬂizﬂau”lﬂmwumum'immmm

E4
v A

Y A9

()]

3.1 asadl saz Jagildluauide

3.1.1 Ml

1. Wa1aANTINNFUAND ALLAAANLDTA Biopolymer 3251D,

Aa o dad = a o w
VTHN (9951950 toFesila 310a
2. NAAANFTINNBHANDAVINAUGAFIUA (PBS), FZ71PM

A v Adaa 3 aA o w
USHN AN 1B1ET luTetausna
3. @13IANLAN NALEB5BA (Gly), INTABINIT, CAOT01-A

a o = 4 4 < o W
USHN 1aUH N Ao5Uo15HU 9108
4. sduuaa yasnuenlalasd (MA), 63200
UIEN Sigma-Aldrich
5. ASAULAL LINTD (Wax-E), Erucylamide; (Z)-Docos-13-enamide
158N Oleofine Organics (Thailand) Co, Ldt.
6. ANTIAULAL LADIFINALAITN (Ca-st) INTADINT
15HN CT Chemical Co.,Ltd
7. una 1 (Rice husk, RH) UARLIBBAUIABYMAIRNNI 600 pm

~ . o =2 <3
8.11J29 NNi3 o1 (Durian bark, DB) WHEH U0 UNDILAALIDoATUIADYNIALAN
171600 pm
o o = = <3 1

9. luduilgsa (Pineapple leaf, PL) Wuﬁﬁii1%1Uﬂﬁ$L®ﬂﬂﬂlumt'llgmﬂmﬂﬂil1

600 pm
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3.1.2 ginsai
1. §ovausou Binder Tuaa FED 240
2. fovandoudmsyldauiuiianmain Arburg Tuiaa Thermolif
3. 1A3991ARAVLIA Dxfill Machine THiAa OXM 1000
4, mjﬁuﬁﬁ@wamﬁﬂﬁm%’uﬁﬂcﬁmmmﬁaummgm ASTM D638 —02a

4 A 1A o
5. 1AT94AIUANYUHNLNWLH Matsui luna GMCA-25A-OP

3.1.3 1n303ii0
1. 1AT0INATOLIIIA Zwick/Roell TH1AR Z100 load cell 100 kN
2. Lﬂ%@ﬂ%ﬂﬁ@ﬂllﬂﬂi%tl‘ﬂﬂ Chen Yen Testing Machine Tuaa CY-6346
3. ndpegansInisianaTe UILUEPINT1A LEO Tuaa LEO 1450 VP
41930900 @ué’ﬂ%%ugﬂuumﬂﬁmwua ¢ Labtech Engineering 1110 @
Combi Twin Screw Extruders 26 mm (Modular Co-rotating Twin Screw
Extruders)
5. m%ﬁwﬁugﬂwmﬁﬁﬂ Arburg Allrounder T3ta@ 370U 700-70 ¥inaus41a
R 70 duduruguinatanaeIuey 22 liaduas
6. insoaTinnzimyitardulaoldmaiindurisamin Insalail PerkinElmer

Taa@ Frontier ATR-FTIR Spectrometer

3.2 masey lulenanlnan

= a ' a A [
3.2.1 fn5!ﬁ5£’3l?ﬂi@ﬂ@ﬂiwa'ﬂ§$ﬁ’?7\7W@7ﬂﬂﬂ‘b’?ﬂTwnﬂllﬂaﬂ
o [ 1A = 9 A Yy o <
HUNAU (DNHTEDAD RH) N1UAALIDIAAIYLATOIUAAAUVUIA GLﬁiJaﬂnglﬂuWQ

a

' Y, Yt < ' , & Yy y A

uils seumeazunseldivnaannii 600 um ov lanusuunaudsdovausougumgil
<3| o 9 g o @ a a
90-95 DA usA LTI 11U 4 By, IUATENIHA v I wausunaraanF I NYiia
NOAUANANLDFA (DNHTEDAD PLA), WOALINAUTATILA (DNHTIDAD PBS), A1TIANLAI DALY
3’ @ a = a A a 4 [ =)

9350 20% Y 11NN AL LA AN TIANLAIDN 3 ¥HA Ao Nuadnueulalasd, 1inao uay

=) = 1 [ d' 9 d‘ v A 49! = 1
UALFENTIAYITN DEINAL 0.8% wt. AIN131IT 1 AIBATBIABNTAIAYUULUVINAE I UDLY)

Y [ E2

TasdasrarunIsHaumuInIINaus adae 11 (1o A Aespeazdnsaiuveariniin

) Y 9
na1aANINNLMNEUN VI HITNUDINWNA)
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Tas PLARH 10 @3 A+(0.1 xA)+(0.02x A)+24=100 3.1
PLARH 20 /N3 A+(02xA)+(0.04x A)+24=100 32
PLARH 30 /N3 A+(03xA)+(0.06xA)+24=100 3.3

*Iag A ¥99gAT PLARH10, PLARH20 ttag PLARH30 filo Wa@@nd1n1W PLA tag
¥93gA3 PLAPBSRH 30 15aun13 3.3 Tumssnaniisasidiumsndy Tao A Ao wanaan
NAAANFINNNOALANANLOTA 60% AT WOAUINAUFATLIUA 40%

a [ a Aa 4 o I = =} Y] I

HETIANIA 3 ¥ila vuadnueulalase, 13nae tazunaFeuaResN 3R

2.4 % wt. luaumsn .1 —3.3

A5 1N 1 0ATIAIUNTHANTEHINNATANTINNNLLA AL

% by weight
Item
PLA | PBS| RH Gly MA Ca-st Wax-E
PLARH 10 87.14 - 8.71 1.75 0.8 0.8 0.8
PLARH 20 78.71 - 15.74 3.15 0.8 0.8 0.8
PLARH 30 71.76 - 21.53 431 0.8 0.8 0.8
PLAPBSRH 30 43.06 | 28.7 | 21.53 431 0.8 0.8 0.8

= a r Aa A %4 = =
3.2.2 msmmw'lukmu?wamzm NAA1aANY I 1wnmzlaanmssm

o A = [ A 9 d‘ 1
uTLﬂﬂﬂﬂnLﬁﬂu (@N¥I9AD DB) N1UAHYIUAIATOIUAAAVUIA Llﬁg'ﬂﬂllﬁ

a =

& A a Yy v Yy A I M
mmﬁvmﬂaaﬂmiauma@@mm@qumwﬂu 90-95 @Qﬁ”ll“]fﬂl“]fﬂﬁ!ﬂﬂ!’)ﬁ? 20 BU. AIUNTL NN

1)

4 ) ) A = = Y A 2 ? Iy o <
LA mﬂuummaaﬂmiﬂummazmmmmmmmammmﬂﬂﬁ Gl,wmﬂymmﬂuwmﬂa

! <3 1 ) ) v a a a
souAlenzuns 4 I NYLIALaN A3 600 pm 310U W aud una1aAnFIn M VAN eduE

AANLOFA, WoA TINAUTAFIUA, A15IANILAINAI¥D TO8 20% Vo rhmiinildenFou uas

a A

a 1A a Jd QI = = 1 [
A1TLANLANIDN 3 YUA AD mmamzau”la”lﬂm,mﬂ%,me%mmmw DYNDE 0.8% wt. A

] 9
A [

M35197 3.2 Aon309r N ATATUF UL ILINEeIUBUR 1AEDATIAIUNTHANAILININ

qUN15N 3.1,3.2 1AL 3.3
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T gas PLADB 10 Tdaunsf 3.1 lumsdnnumdandiunisway
qa3 PLADB 20 19erun1sh 3.2 Tumsduamidasidaunisway
qa3 PLADB 30 19erun1s® 3.3 Tunmisdnnamoandiunisneay

qa3 PLAPBSDB 30 15aun1s® 3.3 Tumssnamdadiunisway

Ty A ¥99gA5 PLDB10, PLADB20 112z PLADB30 fio Wa1e@nginnwoauanan
uoFALAz Yo9gas PLAPBSDB 30 ldaun15h 3.3 lunisdnamsandiumsuay Tag A

A9 NAAANTININNOALANANUDEA 60% 1AL WAL INAUTATIUA 40%

MINN2 OATAIUMIHANTEHINNAAANTINMALI AR NNToU

% by weight
Item
PLA | PBS| DB Gly MA Ca-st Wax-E
PLADB 10 87.14 - 8.71 1.75 0.8 0.8 0.8
PLADB 20 78.71 - 15.74 3.15 0.8 0.8 0.8
PLADB 30 71.76 - 21.53 431 0.8 0.8 0.8
PLAPBSDB 30 43.06 | 28.7 | 21.53 431 0.8 0.8 0.8

3.2.3 mamsexlulenanlwanszyrieanaranny amnwovluauilzsa
o o o ' ] 4 ¥ Y o 3
hludulzsa Bnusdens PL) muaazideaalansodtfuaauinalindny sz iy
, ) ) o ' ' g o Yy 9 9 !
manilasoudienzuns i ivinaanni 600 um ovlannusuludulzsadredevanioun
a 3 o Y 2.’1 o [ a
g gl 90-95 oA uvaIFdvT a1 4 ¥u. aunsziauie 1t ldkaunuwaiaan
Y
FIMNBUANDAANANLOTA, NOAVINAUFATIUS, AITIANUAINAEDTOA 20% VD1 111IN 11
[ a 1A a A a 4 4 L= = =1 1
Fuilesa uazaaauunadn 3 sia A vadnueulalasd, 13nwo, upalFeuaAsITN og19az
[ d' 9 d' = éj =1 1 [ 1
0.8% wt. 79113197 3.2 A181A 309N aBNBATATUF YD LINATIH U 1A8dATIaIUNITHE Y

AMUIUINTUNTN 3.1,32 uaz 3.3

T g3 PLAPL 10 Waun1sh 3.1 Tumsdunamioasidmnswey

qa3 PLAPL 20 Tdawnisd 3.2 Tumsannaiisasidiunsnay
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7a3 PLAPL 30 Waunsfi 3.3 lumsdnnamsandamnsnan
7a3 PLAPBSPL 30 1¥arumsfi 3.3 Tumssdnamsasidmmswey
*1ag A ¥99gn3 PLAPL10, PLAPL20 tiaz PLAPL30 10 WaaAnyin1n PLA uas
¥047A3 PLAPBSPL 30 Waunsfi 3.3 lumsdnnamsandiunswe Tas A fio waradn

FINNNODUAAANUDEA 60% LA WOALINAUTAT U 40%

A135199 3 DATIAIUMSHANTEHINNAEAnIA AU ludUz e

% by weight
Item
PLA | PBS| PL Gly MA Ca-st Wax-E
PLAPL 10 87.14 - 8.71 1.75 0.8 0.8 0.8
PLAPL 20 78.71 - 15.74 3.15 0.8 0.8 0.8
PLAPL 30 71.76 - 21.53 431 0.8 0.8 0.8
PLAPBSPL 30 43.06 | 28.7 | 21.53 431 0.8 0.8 0.8

3.2.4 MAAENTUNUNATOUAIA NINUTINTINBUTIAN
o < a 3 a 1 [ 1 1 dy 9 a
wuiia TuToneuIndans 3 wiia luuaazeasidiu e v ldanuiudegurgi 120
= I ] ° A 2 g ' < ' =
pasaIdya 11181 4 959 Ta NNIRATUFUTUIIUNATDUAIANUITITIADUTIAIAY

1AM ASTM D638 — 02a A81A30IRAT U WA 1a@An

3.2.5 ﬂ75!97?&1"1?74\77Hﬂﬂﬁt”)ﬂﬁhﬂ?7”!!?7\7!!5\39';9!!5\7ﬂ§$!!7)ﬂ
o a QSJI a 1 ] 1 1 dy 9
u’]L‘lJﬂul,‘]JTf’JﬂﬂﬂJIWﬁ@VN 3 ¥UA GlutmagaWﬂmumm’dafl‘ﬂa‘uulamm%uma
a < ] o [ 2 2 ' < 1
Uy 120 'E)Q?nl,‘:]fﬁ!‘%ﬁlﬁ Wuan4 GH'JIIN mmi’e)ﬂﬁugﬂ%mmmﬂﬁ@ummm&mmm’e)

1] Y
HSIANAINNIATFIU ASTM D256-10 181A5090ATUgUNa AN

3.3 maanuantnveslulanaulnae

3.3.1 animyina
[ 1 [ 1 = 9 A v 1 = [ o
ANV UITINDLTIAY, TOEALNTEAAD 2 JAVIAADIIIAI LAZUOAA TUDIHY

' Y 1 v
vo3'luTonouIndaiiesendulunaazgas droinsomaaouussns Tassuarunadoull



6SYSY9ITESE

—
—
—
—
o]
c
c
-
)
oy
(0]
7]
s
0
o
=
0
=
o
o
o
o
t
o
(0]
0
-
n
~
=
(0]
Q
<
=
s}
o
o
N
ul
o
ISy
=
=
w
N
=
-
~
n
[
Q
IS
w

29

YA 1azIUINNINATIIU ASTM D638 —02a A9 12 aIUTALII (Load cell) 100 fi Taild
v Ao < =< A Aa A 1 a =
uNgAINTIIUMIAIN 5 UaawasaoIum
[ <3 1 A A a d%l 1 9
Famanuudasaaeusinszunnve lu Teaon Indanwsoniuluuaazgasaie
] Y
IATRINATDULITINTZUNA TAsFUNUNATOUNVUIA 1Az 31519 WINATFIU ASTM D256-10

U lﬂ'
PNNINN 15

3.3.2 msAnIaUGIHING
[ a a3 I
ﬁﬂH"l’ﬁmﬁWLl'Jﬂﬂ?ﬁﬂﬂﬂgﬂﬁﬂﬂﬂiiﬁuﬂlﬁﬂ@]iﬂu!L‘U‘Uﬁ@Q 319 (Scanning electron
A §{ a a o A o o '
microscope, SEM) mﬁumm YUANIINNITNATD LI ﬁwmwaﬂﬂmmwmawma 100 1M

VOIFUITUAIDEIADU HAZNTZUIUMTNIINATDUAWNTE LI AU

J"
3.3.3 myannzilassairemani
a 4 ] d v { 1 [ v 9 a A
nsenmrylantunegluaisdednlaslsmaiasunusaailninsalnsl
o Y 1 < a Ayny A v A 421 =2
(FTIR) Tasmstinerdediauiaves lu ToaouIndan Idvnmsemasudasaaugil Tasinun

1 Jd o 1 A -1
nyandulugraaunan 4000400 cm

3.3.4 msAnyInTEUINM Seesaarelaem SR Y

ANMINTZUIUNT TR EAAWAWITNITAITAIAY (Shinji, 2011)1@81‘11%14&11;14%%
v luTonen Tnaaludsauan 10 wudmas Huan 1,24 uaz 6 18eu Mntdaimin
e Saimiiniime llvesusmagey Tassnaniusasiaiudesas faaunsi 3.1 uas
YoM AR TEIuMseeame Tasmadaauaniarisivua linage ua Ny
UU9LTIADUTIAAININATTIU ASTM D638 — 022, MNAGAINOA LAY fimiwzﬁmmg:ﬂq At

noglumsaiednslagldmainsurhsae)nInsalnsil

Wy - W
—2 L 100 34
Wy

dasaiudesazyeinminsununaaeunmeli =

Wo W, = thutinAledlanoudiau

NHINADE1IHAINIAY

=
I
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3.3.5 nszaumsandugiliag luleneslnan

Y o

=< = ,é' [ a Jq 9 a A a
msAnuINTzUIUMsRaTuUIiag luTeaon Tndadiseld ldwaraansinmned
a a I Y 9 Y o v Y a a JY o
vananuedal udoyadrsdudmsudwdslunmsinszialellsunsuiiaesns lnaves
Y Y
a v v 1w ) % A o % 1
WaaAN Moldex3D HagmsdiuasmaulsdmiunsnaaesdatugUnaniuaid10619a e
Taa luTonouTndan ldAninnanadndinmweduananuede, wardaniinwneanaud s
a PR o = o A 3 2] dy
Fua wazunau suiluigadane Taeduiumsamiuaou asae 1l
] [ a @ < o [ = g 9 ]
1. MIDONUUUAIBIIINAANHNT 1T UNAR0IR AT U R dq lu Tonon Tn
a a 7Y o a a'
fa Taeinnzyialellsunsudiaesms Imaveswaradn Moldex3D 1WoAT19e0UFUNT 1909
fedanant s

[ 9

E4
2. madmulsdinyduiunaaesiatugiiiedanaaduaiaio Jaq lule

a a 4 o N
aouInda Insasizviaellsunsudiaoams Ivavoawanadn Moldex3D
9y
3. nAapdRaTugUfIedINA S uaTd A AANTINMINEALARANID FA LAY

[

Teaa luTononInda

a d a v d o |} % A
3.3.6 MITUATISHIINIVONNAAS) QJ‘nﬁ?E)ﬂ"l»?‘i)”lﬂ')ﬁ@?ﬂ?@ﬂﬂﬂjwa'ﬂ

=2 an 9 a A 9 = g YN v A v
ﬂ'lﬁf”fﬂ‘]si']’J‘ﬁﬂTiﬁﬂﬂuﬂu"uE]\TWa']ﬁ@ﬂsb"lfﬂWﬂ’JfJﬂ'i%'U’)uﬂ']ﬁﬂﬂﬂlugﬂ Iﬂﬂﬁ'ﬁ]ﬂh q

w5l Av 1AV INANAANTINNWO ALAAANLDTA, NA1AANTINNNEAD IN A U
v Aa a 1 q’;‘ a 9 = a 4 (2 =)
FAFIUA UATTIAATIAVUAING 4 ¥Ha JaunAnatyesea, uuasdnuaulalasa, 13ndo uay
= = < dy Ao [} 9 < a A =
uaarFeumdosn netiluanuidoes lisaudunumswauda luTenon Tndailosainiivate
Madeh limiveu tagdiwasomsilasumlasvesdunu 1wy AudonsinueunIoddng, A1

A @ A v oa & a )
Lﬁ@ﬂJi’]ﬂ’]ﬂl@\?QﬂﬂﬁmLLQSGUu’]ﬂsll@\uﬂﬁ@ﬁﬁa@Nﬂﬂiﬂﬂ]ugﬂllﬂﬂ!ﬂﬁﬂﬁﬁu@u@.L‘ﬂu@]u
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UNN 4

Han15Ive

4.1 wamaa e lulenonlnan

= a J a A o
4.1.1 ﬂ7ﬂﬁiﬂ?\l‘lﬂi@ﬂﬂﬂh’\la’ﬁi&’ﬁ?7\7W€77ﬁﬂﬂ°b’?ﬁTWﬂﬂllﬂZﬁJ
= a 1 Aa A o Y Id A1 =
ﬂ15lﬁiﬂﬂl’lﬂiﬂﬂ@3\|17\lﬁ@5$W313Wﬁ1ﬁ@ﬂsﬁﬁﬂ'}wﬂUL!ﬂa‘]JllﬂWﬁLﬂuVIU']W\‘]Wf’)Gli]
A Y] g < 9 Y] 1 o ~ naj [
LHBIIINATINITDN T Llagﬁﬂﬂluqﬁlﬂlﬂﬂ]‘lﬂﬂiﬂnﬂﬂ@]iwﬁﬂuﬂlﬂﬂLLﬂﬂ‘U ANAN1TIINN 4 Iﬂ NI

E4
1w

gariginanlug 90-180 °C lunTerasusasaUULINGIIMUB UF AT

Barrel temperature zone 1 90 °C
Barrel temperature zone 2 100 °C
Barrel temperature zone 3 110 °C
Barrel temperature zone 4 120 °C
Barrel temperature zone 5 130 °C
Barrel temperature zone 6 130-140 °C
Barrel temperature zone 7 140-150 °C
Barrel temperature zone 8 150-160 °C
Barrel temperature zone 9 160-170 °C

Barrel temperature zone 10 (nozzle) 170-180 °C

Screw Speed 100-200 rpm

a1319N 4 wamaesonluToaou INAATEHINNAEANT I LN AL

=
s}
o
o
N
ul
o
ISy
=
=
w
N
=
-
~
n
[
Q

€

A o ' 1y '
FOAIDYN ANHUS gﬂfﬂﬂ

PLA NNy




6SYSY9ITESE

—
w
c
c
-
H
=3
(0]
]
-
]
o
=
%)
=
o
o
o
o
t
=3
(0]
]
-
]
~
[
(0]
Q
<
i
o)
o
o
N
al
o
[~y
=
=
w
N
=
-
~
0
(0]

\Q
[y
w

o :
MINN4 (919)

A o ' o 1
¥oa0814 anBaY jiane
PLARHI10 NIINAY
PLARH20 NIINQAY
PLARH30 NIINAY
<3 =3 I
AN T YU
PLAPBSRH30
HaguyY
PBS N593

4.1.2 maasex lulopenIna@nszraranaradndinmmnuilaenmsey

32

namsiason luTenon Ind@aszrianardandinmnualdenyniFeu luaunsondwy

qa3s PLADB30 tiie 1M 3ou lymswaudeniuiy PLARH30 Taswnnmsgaduluniosaou

P
A K

eeaadugl nazmsouamumeanuieuiomugamgiinaouies 180-200 °C aauluTo

a 4 A = nm o v o < o 3
aon Tndagasou q NunnndenySeuaunsonauld ua imusodadhnda lasuiludos
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' J o 9 4 <3 @ { a [
WIUITIIUN llagu']lell']lﬂ%@\iﬂﬂlllﬂ ﬂ\i@’]ﬁ’]\?ﬁ 5 Iﬂﬂ@\?ﬂ’]@ﬂ!ﬁ{]ﬂﬂﬁﬂiﬂ%?ﬂ 90-180 °C Gl,u

[

dl v A = dy
INTDINADUIATALVUINASIVTUD UL AU

Barrel temperature zone 1 90 °C
Barrel temperature zone 2 100 °C
Barrel temperature zone 3 110 °C
Barrel temperature zone 4 120 °C
Barrel temperature zone 5 130 °C
Barrel temperature zone 6 130-140 °C
Barrel temperature zone 7 140-150 °C
Barrel temperature zone 8 150-160 °C
Barrel temperature zone 9 160-170 °C

Barrel temperature zone 10 (nozzle) 170-180 °C

Screw Speed 100-200 rpm

~ ~ a 1 a A v A =)
ANTNN S Nﬂﬂ1'i!,@l‘ilelhl‘]JT’fJﬂ’E'JMTWﬁﬂ’izW]NWEHEW]ﬂ%’)ﬂWWﬂU!ﬂﬁ@ﬂnLiﬂu

oy d’ 2 1 2 1

® Y0614 dnvalz PRIGAL

N

a

[~y ' ’-

= ‘ Y=
o - d
NS v y

o PLA Nn3INAY "
~J d ¢
S~

%) ( r -

[

Q

€v

PLADB20 adeey 1
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o :
AMINN5 (919)

A4 o ' o '
FOAIDYI AN g'ﬂiﬂﬂ

PLADB20 adaey 1
Y 9
PLAPBSDB30 adaery 1
PBS Nn593

4.1.3 mamseaylulenanlnanszyrienaranny imnwovluduilzsa
wamswisonluTonouIndasznianaradnamudulududzsa liansanay

qas PLAPL30 1o 19130 u lunswanfedduny PLARH30 Tasnunisgaauluasoanaousa
Y
a K

FavuzY taz madeuanmneanuSoulomugur giviaoulo g avgiivao uNe

180-200 °C druluToneuIndagason q Munnnlududzsaadansonanld ua liawnsoda

v
2 =

| < Y o & Y ' g/ o 9 A < & a
Lﬂmmllﬂ i]”lL‘]Ju@]’eNmu’inm UAZHNVUATDIUALUA ANATTINN 6 Iﬂﬂ@]\iﬂTQﬂﬂlWQNWﬁN

E4
1 v A

Tug2490-180 °C TuiAToInapNdATALLLINABIM UBUE ATl

Barrel temperature zone 1 90 °C
Barrel temperature zone 2 100 °C
Barrel temperature zone 3 110 °C
Barrel temperature zone 4 120 °C
Barrel temperature zone 5 130 °C

Barrel temperature zone 6 130-140 °C
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Barrel temperature zone 7
Barrel temperature zone 8

Barrel temperature zone 9

140-150
150-160
160-170

Barrel temperature zone 10 (nozzle) 170-180

Screw Speed

t:' S a 1 a A v o
ATWN 6 Nﬁﬂ?imiEJlIhl‘LII’PJﬂ’t’)lIIWﬁ@]i%ﬁ’JNWﬁTﬁ@ﬂﬁlnﬂTWﬂllal‘]_lﬁ‘Llﬂgiﬂ

100-200

°C
°C
°C
°C

rpm

A o ' o 1
Fo0814 ANy siae
g d
\ ] i
PLA AdeMInNay _ 4
£
S
PLAPL10 Aty liua
PLAPL20 ey 1ua
v 9
PLAPBSPL30 ey 1dua
|
| -
N '
-
- -
PBS N3 43 | )
> '
| ’ » %
-
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NN 19 dNBAUEMT T AT aviasudasaved 1uTonou Inda PLADB30 tia PLAPL30

wanagaUANaINTan s lvavedluTonouIndad 509300031013 1Mavod
a I'd d' a 1 a dl =1 2
WOAINDS (Melt flow indexer) Ny il 190 °C Wy luTenou IndaaTouiulunn
Y ! A o ' . X a ' = a
fa518UTA8ATIMI 1Ma1nAN 70 g/10min FuTuwanesPuuas ndyesea, N1Lad N

4 [ E=)
woula'lasa uazuinao

WA A =)
4.2 HamsnaaaUaNlAmInavad U enaNINan
4.2.1 HamsnaaevaniimFinavedlulenanlnanszyiianaianns 10 wdunay
9
INNISANEIET TR ITINAAD LT 9T IR D LTIA VO ITU MWUNATRUIAAWAITAN

FIANNOAUAAANUDFA, NAITANTININNBAVINAUFAFIUA, PLARHI0, PLARH20,



6SYSY9ITESE

=
s}
o
o
N
ul
o
ISy
=
=
w
N
=
-
~
n
[
Q

€

37

PLARH30 118 ¢ PLAPBSRH30 @1331A5511 ASTM D638 —02a 1ana 4401 H 20 w31
a a a a a aa a v A < 1
NANAANTININNO ALUAAANLDFEA LALNATANFINNNOAUINAUFATFIUA LA ULUVILT I0 D
UTIAUMIAY 57.3 1A 37.5 MPa a1ua1ay o uunavadlunaigdnsinnnoatandn
a =Y 1 a ~ I~ ] = I
wagaluilSunal 10% wt. wu luToasuInda PLARH10 1A 2004 315960 1153a9a aa it u
2 a I Y A A a ~ 1
233 MPa Fanalunisanaddosas 59.3% uaziiiomudsmnamnan 11U 20% we. W
a < . = A 2 £ a A 2 g
PLARH20 1AUUAUINITIADUIIAUNNGIVWAIY 30.6 MPa Fapalumsiiuausesas 31.3%
4 A =Y I~ [ I %
Y94 PLARH10 taziioiinaSinamnaunili 30% wt. W11 PLARH30 anadtilu 26.3 MPa @4
a I~ [ a a Aaa A v A
Aatlunisanasdosay 14% v09 PLARH20 LAY INANNAEANTINWNOALINAUTATIUA 3
Y 9
T udasiarudosas 40% 1ATNMITNNIHUAUDINATAANTININNLI PLAPBSRH30 /A2

2 ' = 3 2 a d )
llﬂl\il!ﬁ\iﬂ@i!ﬁﬂﬂﬂﬁﬂﬁﬂlﬂu 21.2 MPa %QﬂﬂlﬂuﬂTﬁﬁﬂﬁ\ﬁﬂﬂﬁz 19.4% 193 PLARH30

40

20 T

—t—

Tensile strength [MPa)
-}

a T T T T T T T T T T T
PLA PLARH10 PLARH20 PLARH3OPLAPBSRH20 PBS

A 1 < 1 = a A 9
NNN 20 Wﬁﬂ13‘1/]@]E‘Tﬂ‘]JﬂTﬂ’J”IiJL!"'U\1Llﬁﬂﬁﬂllﬁﬂﬂﬁﬂlﬂﬂqﬂiﬂﬂm\liwﬁ’@‘l/lllﬂiﬂﬂllﬂa‘u

miﬁﬂmauﬁﬁv’fﬁﬂaﬁmaaﬁﬁmamaaﬁqmaﬁ;mmmﬁauiﬁqwmaﬁﬂ%mwm
AUANANUBEA, WAIFANFININNOAUINAUTATGIUA, PLARH10, PLARH20, PLARH30 1%
PLAPBSRH30 A 113113311 ASTM D638 — 02a I@Hadannii 21 wudiwaradndanin
WoALaAANIBTA LAz NANAANTINNWOATINAUTATIUATILOQATVDITIAWIMNY 2395 1Az

862 MPa enud1a L tiiotauunavad lunaradndinmnoduandnodaluaSuia 10% wt.
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1 a = [ =3 I~ é a I
wunluTenowTnda PLARHIO Huegadvenssdsanaailu 1924 MPa dedaiilunisanas
9 v A A ' v A 2 0 A ~
Fouaz 19.7% ualioinulSinaunaunuNuegd miugIuuADLiled Tasunaui 20% wt. Ly

1 @ A 2 I~
30% wt. W31 PLARH20 ttag PLARH30 In09d auoausaaamug sy 2202 MPa 1oz
) ' Y v Y
2362 MPa Ud 191 9 PLARH20 1uA U3 0882 14.5% Y99 PLARH10 (18 PLARH30 117
$0802 7.3% 194 PLARH20 LAY INAUNaNaanyIn 1mneatnausasuaad lludas1du
Y Y v
0802 40% 11N IHUANINUAVBINAITANTIN TN WU IINUTUIUUNAY 30% wt.
A o = I 2 a I 9 A
PLAPBSRH30 I wegdavusdtsinsanauily 1680 MPa daaaiilun1sanasiosas 28.9% 110

MeUNU PLARH30

2500

2000 A

—

1500 <

1000

Tensile modulus (MPa)
H

500

a T T T T T T T T T T T
PLA PLARH10 PLARH20 PLARH3OPLAPBSRH20 PBS

A 1 @ =3 a Ay y
NNN 21 Nﬂﬂ13T]ﬂﬁfJUﬂWﬂJ@ﬂaﬁmﬂﬂllﬁiﬂﬁ"l}ﬂﬁqﬂiﬁﬂﬂlﬁwﬁ@l‘ﬂllﬂﬁnﬂuﬂaﬂ

MsANEIA1 0T MItAA ol fqﬂm1ﬂmaq§uﬁmmaauwmﬁﬁﬂ%mwm&mﬂﬁﬂ
UOEA, NA1FANTIN TN NOALINAUS AFIUA, PLARHIO0, PLARH20, PLARH30 a1 &
PLAPBSRH30 A 1110514 ASTM D638 — 02a 1&Ha §amnil 22 wudmaradndanin
WoduanANLOFA LazNa@ANFIN M We Al AU FIUATiA1Tosay NIRRT W YAYIA
AU2.06 % wag 1% awddy ileduunavaslunaradndimuneduandnue daly
Y31 10% wt. wudn luTenouInda PLARHI0 Tini3evayn1stada a gauiaanauiiu 0.99

2 a 3 Y A A a A
% FIndUnIsanadIsoeas 51.9% st NlSuanay 20% wt. 6luvl,‘lJI@ﬂﬁlllI‘V\l e
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1 1 9 A o A 49! I L a I A é’ 9
PLARH20 WUIIA1T080L NITIAN D 2 ﬁ)ﬁﬂﬂﬂlWﬂJGUUL[]Ju 1.14% %3 A UMY U0 A Y
4 A =Y { T 9 o I
15.1% LLamﬁ@LWﬂJﬂﬁﬂﬂllmﬁUﬁ 30% wt. PLARH30 ‘W‘UﬂTﬁﬂﬂﬁgﬂﬁ'gﬂ@? u @‘ﬂsll'lﬂaﬂa\‘llﬂu
2 a & 9 1 a a A aa aa v A
0.97% FanaunIsanasinuay 14.9% meﬂmuwmﬁmﬂmmwWaammau%ﬂmumaﬂﬂ
@ 1 9 3’ % ng a 1 "9
Gluamwmui’aﬂa: 40% ﬁ]Tﬂu’]W'L!ﬂ‘VNﬁﬂﬂﬂlﬂﬂWﬁTﬁ@lﬂ%’)ﬂTWWU?T PLAPBSRH30 ﬁﬂ']i@fl
A o 2 2 g A a g A 2 9
azNITYIANT U YAVIALNNGIVUIN PLARH30 1w 1.52% FIAAYUNITINNVUT DAL 56.7%

1o1feuniu PLARH30

—t—

Elongation at break (%)

1
H

H

0 -
T T T T T T T T T T T
FLA FLARH10 FLARH20 PFPLARH2OFLAFBSRH20 FBS

A vy Ao a Ayy
NINN 22 HANIINATDUANIDIASNITIAE T EI!WGU’]@(’U@thUIﬂﬂﬂjJIwa@ﬂul@%’]ﬂuﬂaU

< 1 Qy @ a a
MIANEIA NV TIADUTIN TZUNNVDIFUNIUNATOUIAGWAITANFINNNO A
HARANLDTA, NATAANFINM NN ALINAUGALIUA, PLARH10, PLARH20, PLARH30 11a g
PLAPBSRH30 A1U11AT§1U ASTM D638 — 02a 1@Naf 1IN # 23 WU WA 1d@ANTIA 1N
a a Aa a AaAa aAa v A < 1
NOAUAAANUDTA LAZTWAITANFTININNBAUINAUFAFUATAI NI IADUTINTLUNA
WU 26.1 1182 29.5 KJ/m” A1Ua 161 (U 1AULAA LAY N A1a AN TIN NN OALAAANLDTA
~ ' A ~ < 1 <
NS 10% wt. wu luTeaouInda PLARHIO UANUUAQUTIADUTINTZUNNaAa 1T U
2& a Id 9 o = 1 <3 1 A da@l
21.4 KJ/m’ 39aa1ilun15anadsosas 18% LasganuonI 1A UL IABLUTINT S UNALNLUY
[ 1 [ Y v
2819001 HUD UUDIWUUTMIUUAAVNINT U NUAAY 20% wt. 1AL 30% wt. PLARH20 1A 2

< 1 A 2 < o w X
PLARH30 WUﬂ3']3JU;6U\1lliﬁ@@llﬁQﬂigllcﬂﬂ!WNﬁulﬂu 21.8 I(J/l’l’l2 e 22.8 KJ/m2 ATU[NY é]?\i
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a I A 1 Aa I~ A 2
PLARH20 Aatilutiuaiusooas 1.8% 409 PLARH10 (a2 PLARH30 Aatdlutiuaiusooas
4.4% V99 PLARH20 Lavindunanaansimmneatrnausagiuaad lludas1drudoeay

Y Y
o @ @ a [ 1 < 1
40% NI UNNIHUAVDINATTANTININNWUI1 PLAPBSRH30 HATAI UL ILTIAD LTI
A 49! I~ 2 =R A I~ A dgf 9 A =1 ]
NILUNNIIUGIVUIN PLARH30 111 23.9 KI/m® Faaailumsnuausesas 4.6% ey

PLARH30

32
30 1
28 | I i
26 - J
] T
24 : . B
—~
“c 227 T 1
S 20
é o
p= 18
O 16
c ]
L 144
2 121
% 4
g 104
E s
6
4
2
0 T T T T T T T T T T T
PLA PLARH10 PLARH20 PLARH30 PLAPBSRH30 PBS

H 1 < 1 a § 9
ﬂ'l‘W'ﬁ 23 Nﬁﬂ1Tﬂﬂﬁ'ﬂ‘]JﬂWﬂ'NiJLL"lNLLﬁ\W]@LLﬁQﬂ‘§'$LWIﬂGUENUlUI’E—JﬂﬂﬂJIWﬁ@]ﬁqﬂinﬂ!mﬁU

4.2.2 waminaaeunaanmsanavedlulenenlnanszrniawarafins a1 niy
A ~
1aenisey
vAa Aa < 1 ay [ a
1INN1SAN BT VTATIN AN WL IUTIADUTIAIUDITUIUNATO LTTANAIAAN
FININNOALANANUOTA, WATHANFININNOA LI NAUGATKUA, PLADB10, PLADB20 1182
PLAPBSDB30 @111A3§1U ASTM D638 —02a lana @40 11fl 24 WuI1na1dandanin
Aa a a a aa A v A [ [
NOAUANANUDEA LAZWATANTINNWBALINAUFATIUANANVUTIUTIAUMNN 57.3 1Ay
o W d‘ a = = a A a a a =Y
35.7 MPa uaa U iatanlasnnisouaslunaaansinimwwe dtananueda luifSune 10%
' A a < ' = < 2 a &
wt. Wy luTenenTnda PLADB10 UALLAaus 90915 anaaaadtily 31.6 MPa #aaailun1s

9 A A A =y A 1 =
AAANIDYNL 44.8% LiA $L3J®LW3J‘]E3J1ml,ﬂﬂfi)ﬂnliﬁlullﬂVI 20% wt. WUI1 PLADB20 4A314
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< ' = A 2 g & oa o A Xy '
LL‘UQLLiQﬁ@LLiQﬂQLWNq\‘lﬂJuLﬂU 33.1 MPa $9Aa UMSINNUYUTO8aE 4.5% Y93 PLADB10 46
a a aa A v A [ 1 9 3’ o o’u’
mﬂmuwmﬁﬂﬂ%amwWaammﬁumﬂmuﬂm"lﬂqluammaui’aﬂaz 40% NUIHUNNIHUA
a A a A ~ A 2 g J S
VDINATANTININ uazﬂimmgﬂaaﬂmﬁﬂmwmmﬂu 30% wt. WUI1 PLAPBSDB30 A1y

< 1 = <
Llﬂlﬂllﬁﬂﬂﬂlﬁﬂﬂ\iaﬂaﬂlﬂu 18.6 MPa

60 ~ |

50

40 -

30 T

20 4

Tensile strength (MPa)

10

1 4 | 4 I ' I N I
PLA PLADB10 PLADB20 PLAPBSDB30 PBS
~ [ < [ =< A Ayy = )=}
NNN 24 Nﬁﬂ']i“l/lﬂﬁ’t]‘]_Iﬂ1ﬂ'.]13JLLGIJQLLﬁQ@]@LLﬁQﬂ\‘i‘ll’t’)\?h],ﬂi@ﬂﬂﬂiw ﬁ@ﬂhlﬂ%1ﬂlﬂﬁ@ﬂ1qﬁﬂu

v
NMSANHIA WO ATV IUTIAIVRIFUNIUNATO U TAANAIAANTIN MW ALAAAN
HOEA, WATAANTIN NN ALINA UFAFIUA, PLADBI10, PLADB20 a2 PLAPBSDB30 A3
Y [V { 1 a a a a
1ATFIU ASTM D638 — 02a IAHAAININT 25 WU WA TAANTININWOALANANLDFA 1AL
WAAANTINNNOA TINAUTATIUATNDYATUDIUTIAUNINY 2395 11AT 862 MPa M UE 1A 1
d‘ a A =) a A a a a 1 1 [ = Q' 49!
WoraulasnniFeualunaadnsInmneauanA e FAN U NAND YA A VD IUTIAIWNIY
1 1 d' tﬂ' =) A = Q' d%l d' 1 a =
pd19ao1il0 9 todSuanlde nniFownuiun 10% we. wui1'luTonouInda PLADBI0 &
@ =3 A 49! I 2 a I A v A A a
WD QAN VDILIIANNNYUITIY 3575 MPa FeAaumsinusosay 49% uaziliatnulsuu
A =] A 1 a0 1% = A daf I 2 a
11/anNiTeun 20% wt. W11 PLADB20 UA1409aave a5aauiingaumilu 3773 MPa %A
I A [ a a aa a v A
Wumsiuiosas 5.5% ¥99 PLADB10 ta¥1A@NNaa@nsInInneatinnausagiuaaaly
[} 1 9 gj L% 09/1 a A = =
Tudaad1usosay 40% 1MNINMIUNNINNAVBINAIAANTIN N Haz T anaennFeu

3 Y
inAnilu 30% wt. W31 PLAPBSDB30 Hisueqaaveusinanauili 2239 MPa
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4000 4

3500 - t
3000

2500

HH

2000 +

1500 —

Tensile modulus (MPa)

1000

HH

500 4

| | 1 I I
PLA PLADB10 PLADB20 PLAPBSDB320 PBS

d‘ 1 1% = a d‘ 9 A =1
NINN 25 Nﬂﬂ1'i‘ﬂﬂﬁfJ‘]Jﬂnl@if;]aﬁﬂ]ﬂﬂlliﬂﬂﬁﬂlﬂﬁqﬂjﬁ)ﬂﬂuiwﬁ@lﬂllﬂmﬂlﬂﬁ@ﬂnﬁﬂu

MISANEIA130082N150AM B 9AVIAVBITIANAIEANTINTNND ALAnANILDTA,
WaaAnIIN WO Al INAUTABUA, PLADB10, PLADB20 ttag PLAPBSDB30 A1U11A 5§11
ASTM D638 — 02a TAHaAIMINN 26 WU WAFAANTININWOALAAA N TA AL WA AAN
Fammneatnaudagiuaiinidosazmssan a1 9aIamIN 2.06 1az 11 % Mud1a 1ije

a = =\ a A a a a =Y 1
wulasnniseuas lunaradnsimmnwedauananueFaludlsua 10% wt. wuat lulenow

a ] ] I X A 1
Tn@@ PLADBI0 Jia13oeazn1sgadi a yaviaanauilu 1.33% deaaillunisanasiosas
v v A W A = ~ 1 =

35.4% 1Az A1T9AEMIBAAT 9l 9AVIaNUSIaae nNiT eu 20% wt. WUI1 PLADB20 1A
] A o 3 2 a g ] '
FouarMIoadi a A aanauu 1.15% Feaaiilumsanaiiosas 13.5% ¥09 PLADBI0 L
maAuNaIEanIINMNAIEAnIIMNNeatInauFagiuaad I ludasdndesas 40% 910
Y Y v

MHITNNIN UV INAITANTININ taziiudonmi3 ou 30% wt. W1 PLAPBSDB30 i1

Y A o I
I0YATNITIANI U imﬁmaﬂamﬂu 0.96%



6SYSY9ITESE

=
s}
o
o
N
ul
o
[~y
=
=
w
N
=
-
~
n
[
Q

17

43

12 -
10 -
b
x 8-
[
g
a
® 5.
c
§e]
g
c 4-
o
1N}
24 T
0 T T T T T T T T T
PLA PLADB10 PLADB20 PLAPBSDB30 PBS

~ v 9 A 9 a A kY = =
NINN 26 NANITNATDUAITDIASNITYIAN T ﬂﬂ"lﬂﬂ"ll’é)\‘lhl‘]JIﬂﬂﬂMTWﬁ@ﬂqﬂ%WﬂLﬂﬁﬂﬂmiﬂu

va A I 1 Qy [ a
ﬂ1§ﬁﬂ1ﬁTﬁiJ‘]J@]LGINﬂaﬂ’J"liJLLGU\‘]!Li\‘]G]@LLiQﬂigllflﬂﬂﬂl@\i FUNUNATDUITANAITAN

a A

FININNOALANANUOFA, NAIFANFININNOAVINAUFAFIUA, PLADB10, PLADB20 Lae

Y Y

PLAPBSDB30 141105514 ASTM D638 — 02a I@HAAININGA 27 WUIWATAANTIA N

A aax o A

WOALAAANLOTA LAZ WA IAANTININ WO AT INAUTAFIUAT ALY AT IADUTINTZUN N

A ~

AU 26.1 1A Z 29.5 KI/m” a1y iieiaumdenyiz suaslunardgandinmwedandn
A 1 a < 1

uada lu/Sunar 10% wt. wu luTonen TWda PLADBIO 1ANLANLTIABUTINTLUNAAA DY
I 2 = a I 9 1T @ 1 I 1

1 19.8 KI/m” ganailunisanaasoeas 21.14% uanatwu1a2 18 UaL590 01590 55N
A 2 4 A A ~ 2 A (A ~ ' =

nvueuSnanldenniseuannau Tasin)donniFen 20% wt. W11 PLADB20 1021
< ' A 2 g )& a g -

AT IABUTINT EUNAINUY IV T U 21.4 KI/m® Faaautl um sinuauon 515080 8.1% 104

PLADBI10 LAY INANNAIAA NFIMWNaIafnTIn M noatnausagiuaas lllusasaiu

9 Y v o A A A A A = ]

§9UAL 40% NN UNINIHUAVDINAFANTINN taziiusnavestlaennizewilu 30%

1 1 < 1 A % <3|
wt. WUI1PLAPBSDB30 ﬁﬂ']ﬂ'J']3JLL"’1NLL3\1W@!LiﬂﬂigllﬂﬂlWNQ\?ﬁu&ﬂu 22.4 KJ/IIl2
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22
20 I
28 — J.
oe ]

‘;E 22 -[

3 204 I l l

X 1

o 184

=

o) 42 |

c 'c

@ 4

b s -

®

-t)- ...'—-

g o

E 5]
a
0 T T T g T ¥ T T T

PLA FLADB10 PLADB20 PLAPBSDB30 FBS

A 1 ] 1 a Ay y A
ADINN 27 HANITNATDUATAITULUILIIND LT ﬂ'i$LL‘VIﬂ"U'ENhl‘]JT@ﬂ@NIWﬁﬂﬂqﬂQWﬂLﬂﬁ@ﬂ

=
Ni38U

4.2.3 waminaaevanimdinaved luleneulnanszvawarainyinmivly
quilzsa

mﬂmiﬁﬂmﬁuﬁﬁ@mammu%mﬁwiauﬁqﬁwaﬁ?mmmﬁauiaawmﬁﬁﬂ
FIMNNOAUAAANUDFA, WATFAANFIMNNOAUINAUFAFIUA, PLAPLI10, PLAPL20 LA g
PLAPBSPL30 A131A331% ASTM D638 —02a lana F90 T 28 WIIMAIEAN TN
NOALAAANUDEA AL WA AANTINTNNO AT INAUFATIUATANUUTWTIADUTIAUNII 57.3
uag 37.5 MPa mude e udulzsaaslunarasniinmmweauaninieda luSina
10% wt. Wil TeaeuInda PLAPLI0 Sanuudauseaensansana aily 33.7 MPa $4ia
Hunsanasdosay 41.2% wazierm/Sunaluduilysa i 20% we. wud1 PLAPL20 3
A ausadous @uitngaihi 35.7 MPa dadnifunsiuiuosas 6.1% o1 PLAPLIO
unRIN A AnT Mnneat s uFaduaalllusanduZesas 40% 1nvimiin
HanuavoanatadniinwuazSnauduls samuauiiu 30% wt. w1 PLAPBSPL30 T

< 1 = o
AITULUILTIABDLUTIAIAAAN !JJL! 28.8 MPa



6SYSY9ITESE

—
—
—
—
o]
c
c
"~
—
=
(0]
]
o
]
o
=
%)
=
o
o
o
o
t
o
(0]
]
o
]
~
=
(0]
Q
<
—
o)
o
o
N
al
o
ISy
=
=
w
N
=
-
~
0
[
Q
IS
w

45

60 — |

50

40

—H

H

20

Tensile strength (MPa)

10

T > I . I ' I % I
PLA PLAPL10 PLAPL20 PLAPBSPL30 PBS
A 1 [ 1 = a Ayy @
NINN 28 Nafﬂﬁ‘ﬂﬂ’ﬁ’ﬂ‘]JﬂWﬂ'NiJLL"]J\HL‘NG]'E]LL‘Nﬂ\‘i"UENbl‘UIE)ﬂ@lITW ’ﬁﬁ'ﬂhlﬂiﬂﬂ(lﬂﬁﬂﬂ$iﬂ

v
MIANEAVTAFINAA WO TVD IUTIAIVBIFUNUNATOUTANAITANTININ
NOALANANLOFA, NATTANFININNOATVINAUFAFIUA, PLAPL10, PLAPL20 Lae
PLAPBSPL30 A1031A 5§11 ASTM D638 — 02a ldnaaazl 29 wuliwaraandiniw
WOAUANANIDTA LAz NAAANTINWNO ATINAUFAFIUATNOQ ATVDWTIAUMNY 2395 LA
862 MPa i 1a ileiduludulzsaaslunaad@ndinmuoduandnueBanunanoqad
= Q' é’ 1 1 d‘ d‘ = [ Q‘ d%' d' 1
Yo ausIaunuIued Ao ueUSmaludulssamuau Taoh 10% wt. wualule
a A 1% =3 A 4’@} I 2 a I A g
ApNINA @ PLAPLI0 AW0Qdavoausdaauiuayuilu 3376 MPa ¥eaaiilumsiiuiosas
49.2% waziiornfsnaluduizsai 20% wt. W31 PLAPL20 WUA IO QAAUBIUTIAAUNY
2 IS 2 a d A 1 a a A
qa¥wilu 3583 MPa FeAailumsiindosaz 5.5% ¥o9 PLAPL10 ta n@unaiaansinm
Y 9
woatnaudaguaaslllusandiudooas 40% anihmiinimuavesnaradndinn uay
o A 4%} <3| d o o = <3|
Ysmnaludulzsamuumilu 30% wt. w31 PLAPBSPL30 UA1ue gaauodusandanadilu

2557 MPa
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3500 —

3000

—H

2500

-

2000

1500 —

Tensile modulus (MPa)

1000

500

T T T T T T T T T
PLA PLAPL10 PLAPL20 PLAPBSPL30 PBS

d‘ 1 (% = a d‘ 9 [
NNN 29 WﬁﬂTi‘ﬂﬂE‘T’t’)°]Jﬂ”IiJi’)@ﬁﬁ"lJﬂQLLiﬁﬂﬂﬂlﬂﬂul,‘]JI@ﬂﬂlII“V‘Iﬁ'@]‘i/lulﬂmﬂalﬂﬁﬂ‘ﬂziﬂ

9
MIANEIAIT08AZNITIAGT & AVIAVDIFUIUNATOUTAANAIAANT AN N
NOAUAAANUDTEA, NATFAANFINTINNOAUINAUGALIUA, PLAPL10, PLAPL20 L1
PLAPBSPL30 A1431A5§1U ASTM D638 — 02a 1@Wafan1ni 30 wu31 wa1adndian
WoaLaAANLEFA LAz WAIAANTIN W NE AL AUTATIUATIA1TD oAz N15OAM B AR
910U 2.06 Az 11% suanau iwoan luduilzseaslunaradniimmwoauananuodalu
[ a = | Y] I
Ysua 10% wt. wua'luTeney Twda PLAPLIO lif13peazni1sondd o 9avinanauiy
& a I 9 o = 1 v 9 A W A él A A
1.43% Faaal un1sanadasosas 30.6% 1AL daNUDNIAIT08ALNITIAN A LN UYULIIDINY
o 4’3 A 1 [ A o A d%l I~
Wunaluduilzsaunau il 20% wt. W31 PLAPL20 A1308a2n158aa 7 91 9auiaiiua iy
X A I~ A 2 1 a a A a
1.55% Banatlun1 s uiudosas 8.4% 309 PLAPL10 UAH1NANNAIEANTININNAITAN
Y 9
Finmnedtnausagiuaadllludadiuiosas 40% MnintinnavuaveInaIafn

J R @ a 2 IS
%’Jﬂ’lWW‘U'J’I PLAPBSDB30 W‘U'J']ﬂ’]%l@flagﬂ'ﬁgﬂgn o ﬂqﬂﬂl']ﬂlWﬂJﬁ;ﬁﬁUlﬂu 1.7%
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12 4
10 +
&
x 8-
[
2
el
® 6.
c
2
5
c 44
o
L
2+ T
0 T T T T T T T T T
PLA PLAPL10 PLAPL20 PLAPBSPL30 PBS

d‘ v 9 A % a d‘ 9 1%
HINN 30 NANITNATDUATDYASNITYIAN T ﬂﬂslﬂﬂ"lli’Nhl‘]JTi’Jﬂ’t’)llI‘WﬁG]‘ﬂul,ﬂ%"lﬂﬂl‘]Jﬁ‘]J‘lJziﬂ

va A I 1 Qy [ a
ﬂTiﬁﬂHTﬁiJ‘]J@]LGINﬂaﬂ’J"liJLLGU\‘]!Li\‘]G]@LLiQﬂ'iZl,IfV]'ﬂGU'EN FUNUNATDUITANAITAN

aa aa v A

FINMNNOAUAAANUDEA, WATFAANFTIMNNOAUINAUFAFIUA, PLAPL10, PLAPL20 t1a1e
PLAPBSPL30 A1431A5311 ASTM D638 —02a JANa a4 AN 31 WU AMaEANT 10N
WO ALAAANUDFA AT NATAANTININ WO AT INAUFATIUANAWUTUITIADUTINTZUND
R 26.1 1AY 29.5 Ki/m’ awadu ileranluduily saaslunara@niinmmeananin
wodalual5ias 10% we. wud TuTenouTnda PLAPLI0 HAMUTQ56815InTZ NN aA g
i 20 Kim® Fadmflumsanasdesas 23 4% naziiioriudSinavesluduiy 50 20% wt.
WU PLAPL20 Sanuuianssdensanssumamiuauihi 21.0 K’ Seaadiumainaudes
a2 9.5% V94 PLAPL10 LAY INANNAE@ANTINMNNANFANFINNNea UIna usagiuaag 11l
Tusanadinosas 40% 1AM YLAYINAAANTIN WL PLAPBSDB30 Jeas

< 1 a d%’ [ 2
Llﬂlﬂllﬁﬂﬂﬂllﬁﬂﬂﬁml‘ﬂﬂlWll?Mf\isllulﬂu 23.1 KJ/m
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32 A
30 I
28 -} [ l
26
24 ] J T
& 22_- I
£ T J I
s i I
p= 18
o 16 4
| - p
L 144
2 2]
% p
S 10
£ gl
6
4
2
0 ) ' 1 ' 1 ' ) ' )
PLA PLADB10  PLADB20 PLAPBSDB30 PBS

d‘ [ <3 [ a d‘ 9 [
NNN 31 WflﬂTi‘ﬂﬂﬁ'?]”]Jﬂ”Iﬂ’NiJLHNLLﬁW]@LLﬁQﬂ§$LW]ﬂslli’Nhl‘lJIi’)ﬂ?JiJTWﬁ@WIulﬂmﬂalUﬁ‘U‘]Jziﬂ

< 1 =< A A 9 a A
VINWANINATOUAIMNT T IAoNTIAUDd lu Tonou Tndan Idanwaraantamm
a a A o W v 7 Y [ a o . .
WO ALANANLOTANIANTIMIAVHAAN TADANADINUNAIIBVDY (Bisht, Gope, & Rani, 2020)
[ Y v = I~ a [ a A 1 9 I [ =<
NMslsIagiuadua sauuaslunaradnyimwaana 1NN I IAIVD 9
wargangimwneauananuesaluide lulonouIndnanas e nigatinialionyue
I L. da J 1Y a J . A 1 ¥ =2 a
1711 hydrophilic NNA MR LI HANAUN AN 11U hydrophobic ATiA210 liwe Ui Funa
iy [ 1 a a a A o W & a I
manaui lidhiusznawaa@Andinmweaiananueganuigaimiane 3 sia 1uive
Y 1 a =< 1 ] a Ju W = =S o?/l ]
I hirnamsgainizseneae lgve meamesnUIag3 w8 N Ta 50 A DU UIA
o = Yy ' v YR A v [ = a 4
puMAvETAATINIA ITvIamnu a3 unamsnsza a0 i agFmaalune Alues 1um
a S a2 o A~ FY A o (Y = =KX I 1
s A uazlolusudunmnszhnnmeueniagimiaduiugilassanenisnizne
1 a 4 a o
useluauveano AL NI NG (Dimzoski et al., 2008)
< J = a Aa a A a
HaMsanaavedANuudIsIaeusea uluToneuIndanlinaraandinmuwned

a A

v Aa T A a Aaa A v A < 1
TafdugaFiuanauog NANWAIAANTINNNOATI NAUTATIUATIA N UUTILTIADLTIAS
9 IS 9 < 1 =< A o o a A a a A A
touiuigIdaundanswensedsaaauio lnausuwaadnginmwnwe duananiedai

I 1 1 qu 1 a aa A v A [
UANUITITIABLTIAWINNT DNINITHANTZTHINNAANTINWHOATINAUTATIUA N 1

a A a a a ] Y o Y 1 /=R 1 Y a =
‘Wiﬂﬁﬁﬂ°]5’JﬂTINW@ﬁllﬁﬂﬁﬂ!t@%ﬂ1Mﬁ1M130Nﬁll!ﬁlﬂﬂullﬂ@ﬂ1ﬂﬁMH3MﬂﬂﬂﬂiﬁlﬂﬂﬂWiﬂﬂlfﬂz
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senieaelg Tuanan'hid denald lulonondanonIndadiunso mMInsgarousudu

aa

sen MU FYDINAAANFININNOAVINAUFATIUA A UNATANTININNO ALLAAANLDTA 1A 13
a (Hongsriphan, Burirat, Niratsungnern, & Trongteng, 2013; Phasawat et al., 2014; Qiu, Song, &
Zhao, 2016)

MINKANMINATeUMNDYA avewTIAsanasliaungmnmsnaud i 1nuse 11

[ IS

a I | ¥ Y a A a a A A4
ﬁﬂmmamﬂu hydrophilic NﬂﬁTiJ‘lf@lluTij:\i AUNAITAANYINTINND ALLAAANLLD KA ‘m‘ﬂu
{ 1 3} : [ 4 [ 4 a [ o
hydrophobic ‘ﬁllﬂJGIf@‘]_ILH GdﬁﬂWﬁﬁW‘ﬁﬂTiﬁﬂﬁQﬂJ@Qhﬂﬂﬁﬁlﬁﬂlﬂﬂﬁﬁﬂ%ﬁﬂﬁﬁﬁ'i’)ﬂﬂﬁ’t’)ﬁﬂ‘ll
v 4 1 v
QUG Kumar HazAnz (2019) daumsiuyuvesmuega e Usmuiagsiniaiy
tg . I o = AN o <
WINVYU (Ashish Kumar, Tumu, Chowdhury, & SVS, 2019) LﬂulWin’Jﬁ’ﬂ‘]f’Jil’m‘Iﬂ‘iJaﬂEmzLL"IN

I a 1 A A a a A AAo < U 1
mi%’Mumammmﬂuwma@ﬂmmwwaauaﬂmmm%ﬂ‘nmﬂymwmuﬂiw ﬂﬁ?ﬂﬁ@ﬂ?

U

v A A 3 [ < @ =
vogdaRMugaUmiwsIzA1 N0 709 FIu1a (Dimzoski et al., 2008)

HANTAAAIYDIAINOAATVDIUTIAUNDIANNA 1AANTINW WoATINAUTATIUA

Y @

a a A aa ad v A = o =< 9 I
Lﬂﬂ%Wﬂ‘Wfﬂﬁﬁﬂ‘b")ﬂTW‘W’fJﬂﬂ?ﬂﬁucﬂﬂcﬁmﬁMTEJ@,'Qﬁﬂl@ﬁlliﬂﬂﬁu@ﬂlﬂulﬁﬂiﬂiﬂﬂﬁfffﬂl’f]\‘l!!,ﬁ\‘l

U
< &

=4 A o [ a A a a a % = dld =
@Naﬂﬁ\1LﬂJ@u'I]lﬂWﬁllﬂ‘]JWa’lﬁﬁﬂ%']ﬂ’lWW@mmﬂﬁﬂllﬂﬁb'ﬂ uamﬁﬂﬁmmaﬂummumtjﬂ EINEN]
?iﬂnﬂﬁlﬁ"llmuﬂﬁﬂﬁmﬂﬂ’h (Hongsriphan et al., 2013; Phasawat et al., 2014; Qiu et al., 2016)

U4 A o a d' Y a
%1ﬂNﬁﬂT§1ﬂﬂﬁﬂ‘Uﬂﬁ@ﬂa$ﬂﬁfJﬂ@’JiLlﬁ;ﬂﬂl1ﬂﬂl@Qll‘UIE]ﬂE]iJIWﬁ@mhlﬂ%1ﬂWﬁTd@]ﬂ

v W

a a a [ 4 [ a o
%’]ﬂWWWﬂaLLaﬂﬂ ﬂLLE]“lfﬂﬂU?ﬁﬂ%?NﬂﬁﬁNﬁﬁW‘ﬁﬁﬂﬂﬂgﬂﬂﬂ‘LIWﬁ'J%EJ‘U’OQ Dimzoski Lagnue

q

1 9 o I Aa [ a ] T 9 ]
(2008) M3 1T atumsauua lunadanFIn waIHaATEaEMTTAAD 2 90

PaveInmaan I mweatananueda luiae luTonouIndnana o s niaadiuiall
Y <3| L.oAa y Y a J . Aa ' J
anyauztIu hydrophilic ATAWO INWANAUNOAWO 51D hydrophobic NHiA1u Tl
=R A ~ 1Y o 1 a A a a A o o = I Y [l
vunansnau lidinusz ninnaaaniinmweduananuesanuigasautailuma 19 1
a J 1 a Jo W naj 1
nANsAINIZ sz n e Igueaneamesnuiaatinaa onnd luamnsomunuuuaeynin

[ = Y [ YR A Y [ = a 4 a AN 1
Yo3 a9 Ilvinamnu lalunamsnszaearvevidaimnaluneames uns nad hi
A o A~ 9 ~ o =® 1 [l Aa
Al tazielusuaunnznnmMeenduiugassadenisnszneussluaiuvened

J a J
1B ILUNINY (Dimzoski et al., 2008)

A dsf 1"y A [ a A a a
ManuIuvesmiosaznisgaai a gau1alululeoaoyTndao@uwaidan

aa

FINMNWNOALINAUFATIUA (AAVINNAIFANTININNO AVINAUTAFIUA WA UK T 1AL

v
% A o

A 1 o 9 =3 Ja o Y @ 'Y
EJWHquq\iiﬂﬁiﬂl,tﬁﬂLﬂu%TﬂﬂTﬁﬂﬂﬂﬂ LﬂUﬁuﬂﬂﬁ"]ﬂﬂWWnalﬁﬂ'liﬂiOﬂiﬂﬂ?ﬁﬂ?iﬂﬂﬁ%ﬂ"li

9

A 2 [ a 1 a A [ [ = Y dgl 9
gan I U %QWIHWU’PN’JﬁﬂthT@ﬂﬂlIIWﬁ@ig‘Vi’ﬂ\i‘Wﬁ”Iﬁ@ﬂ%’)ﬂ?WﬂU’Jﬁﬂ%’JN’Jaiﬁq\iﬂluqﬂ

(Hongsriphan et al., 2013; Phasawat et al., 2014; Qiu et al., 2016)
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U % )

4.3 wamInaaavanamanNIauvedlulensnlngn

NANaMINATeUANTIAN1IAINTIUAMATIA DSC YoINAFANTININNOALA

v
ARNLIDEA AT NATAANTINIWNDALINAUTAFIUANLINYUNYUHADUYBINAITANTININN g
2 ¥1a d0ANREINUNANITNAADIVDINNITENAIBNIU TASFINQUH UM AONYDINAIHAN
¥I01W PLA®g1U%¥I9 109-117 °C (Arjmandi, Hassan, Majeed, & Zakaria, 2015; Deng &
Thomas, 2015; Jia, Gong, & Hogg, 2014; Ashish Kumar et al., 2019) #a2 39 UNHUNABUUD
waEanFIMWNealINAUSAG AN 1UYI9 154-171 °C (Deng & Thomas, 2015; Jia et al.,
2014; Zhan et al., 2014)
C2) )4 a r a A %4
4.3.1 auvaneanusenvedlulenenlndnszyniranaaindinmiuunay

A 9 [y a 1 a [
ﬂ']ﬁ“l/]ﬂﬁﬁ]‘]_I?fll'U@“I/n\iﬂ'ﬂllﬁ’ﬁ']1!511E]Q'Jﬁ'ﬂhlﬂiﬂﬂﬂllTWﬁ@lﬁgﬁ’NQWa']ﬁ@ﬂ%')ﬂ']Wﬂ‘U

=

uNaUAILNATA DSC AININT 32 WU IO ALANAN DTN u?qwﬁggﬁﬂqqmwgﬁwa@uﬁ
165 °C, wmﬁaﬂ%amwwaﬁﬁaﬁﬁucﬁﬂ«?m@aﬁqﬂésmmqmwgﬁw aoudi 111°¢, luTenow
Twin PLARH10 udasgamginaoud 159 °C, TuTonouIndn PLARH20 ansgangi
waouii 157 °C, 1 TeneuTnaa PLARH30 uﬁmqmwgﬁwaﬂnﬁ 152°C uaz lulensu Inda

PLAPBSRH30 Haa3gavigiiviaon 2 a7 100 Lag 149 °C

| e \&~\\‘\\355PBSRH30

M PLARH30

PLARH20

= T

I gl W

—p Endo
1 1 1

4 7\ PLARHI10
S— .
= Seessesoce.  PHB
g
1 ! I ! I ! I ! I ! I ! I '
60 80 100 120 140 160 180

Temperature c)

7MWN 32 wa DSC ¥od luToaou TnanTz N AaANFINNA VLAY
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4.3.2 wamsnaaeuaniinn1n 1o vedlulenanlwanszrigwaradns 101w
%4 A =~
nuaanisen

msnadevanianummiouvesiag luleneyIndaszrnNanaraanFaninny

1
4 =

wldenniteudaemaiin DSC St 33 wudmeduandnuedavs qnindaceamginaeui
165 °C, nand@nFamuwnweaifiaudasiunsansuansgumgivaoui 111 °c, lulenew
Twda PLADB10 uaasganginaowi 155°C, luTenenInda PLADB20 uansgangi
waouii 160 °C, luTonouTnda uas luToneuTnda PLAPBSDB30 tstasgmvigiiviaey 2 90

7108 uag 159 °C

—~,

1 = PLAPBSDB30

| " PLADB20

1 /\ ~__ PLADBIO

— Endo
\ |
\
/
\\\
|
|
|
|
|
\
|
|
\
|
|
\
|
\
|
|
\
|
|

- ~ PBS

- __//\__ﬁ_ PLA

) T T T T T T J T T T
60 80 100 120 140 160 180

Temperature (°c)

d‘ a 1 a A (% I =
MNN33 Wa DSC "lJ’ENll‘]JTE]ﬂE]NTWEW]i%W’JNWﬁ1ﬁ§lﬂ%’3ﬂ1WﬂULﬂﬁ@ﬂﬂLiﬂu

4.3.3 wamsnaaevananindinsenvedlulenenlnanssrirawaaind1mw
nuluduiesa

msnadevaunianummiouvesiag luleneyIndasznNanaraanFaninny
luduilssadremaiin DSC Sannd 34 wudwweﬁuaﬂamm@ﬂu’%qwﬁmmqmwgﬁwaamﬁ
165 °C, Wmﬁﬁﬂ%’mewaﬁﬁaﬁﬁucﬁ’ﬂ&uﬁU?@ﬂﬁzgﬁﬂqqmwgﬁw aeud 111 °C, luTonow

Tw@a PLAPL10 uanagaivigiiviaeui 164°C, TuToaon Tnda PLAPL20 uaasgagiiviaon



6SYSY9ITESE

=
s}
o
o
N
ul
o
[~y
=
=
w
N
=
-
~
n
[
Q

17

52

n157°c, luTonouInda uaz luTonouTnda PLAPBSPL30 tidasguuginasy 2 a9 108

iag 162 °C

PLAPBSPL30

7] ._,'/; \'\ e~

- ya PLAPL20

/\ PLAPL10
— I\_'____i__i.

—p Endo
1
J
/
/
\\
|
\
|
|
\
|
|
I|
ﬂ
f

60 80 100 120 140 160 180

Temperature (“c)

7NN 34 wa DSC ¥4 luTenou Indaszunananaaniyinwiuludulzsa

=

Y <3| a 1o o a a A
ﬂ']ﬁclslgf}'lﬁﬂ%?ﬂ?ﬁ!ﬂuﬁ"lﬁl,@llll@ﬁﬁ']ﬁi‘Uﬂ']ﬁaﬂgljunuGlHWa']ﬁﬂﬂ%’)ﬂ']WW@almﬂ@ i

q

uedadinaligum glivasuanad ilunavineymavesiagiwiaiilinszeedioglu
wn3ndveanaradniammuneduaninueda Fuumsdavinistadssdivesaels
Tuana A4WaTUNIUMTINANANYDINAIAAN TIMUNBAIAAANID FAYUZMAIUTIAING
FIUNILUIUMTHANIBIAT M ADNSART AL UING SO U] (Arjmandi etal, 2015; Deng &
Thomas, 2015; Jia et al., 2014; Ashish Kumar et al., 2019) Tugnyazdonius lulenouTndn
PLAPBSRH30 fiustasgamginaoy 2 i Fuiueamgivesnaadndinmweduananueda
HAZNAIAANTINNNOATINAUTATIUA wudwﬁqmﬁgﬁﬁaawﬁq 2 A1 anasileiion iy
qnmgﬁwaammwmaﬁﬂ%mwﬁqwﬁﬁa 2 ¥ venaIndanuTE NS Naves KA b
aNsAUR I ALY IBIEH INNAAANTINMWNEALAAA NIBFANUNAIEANTININNO A

a A v A 1 Y a aa Aa v Aa [y Y
Tnausagiua aana lwaraanyimwweatmausaziua llsuniunisdsaisesdrveaaie

' a a a a 1 IS { a
To Turanaveswardandinmwoe auanadnuegauinvuuanuvai luTonouInda
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PLAPBSRH30 figaingiiviasuvoaneduananuodaanas uaztioonintlulononInda

PLARH30 (Deng & Thomas, 2015; Jia et al., 2014; Zhan et al., 2014)

= (% a
4.4 HaM AN ITMUFIUINEN
=S U ) = S = = = )

4.4.1 HaMIANMIT UG IUING 1Y INAIGANTY 2N 1WWoANAAANUET A Az Wa1afAn
=S aAa Aad U A
¥INIWWeal INAUBAFIUA

9
MIANHINURIUTNUTOIUANVDINAIAANTINNWD AUAAANLDTA LAZWAIAAD

aa aa v A a

v
A < 1 '
FINNNOAUINAUFAFUAUDIFUNTUNAT DUAINLUILTIABLTIAIAIUNAUA SEM W11

R
A3

Q'{dw

Y
a a a a a a 1< a
3@ﬂllﬁﬂsllﬂ\1“]fuq']u1’]ﬂﬁﬂﬂwa']ﬁ@]ﬂ%?ﬂTWW@ﬁllﬁﬂ@ﬂll@cﬁﬂ Uﬁqm'ﬁwﬁﬂymglﬂuiﬂﬂllﬁﬂwﬁ

a

= 3| 4 = v A a Y ~ a A a A an

Liﬂﬂlﬂulﬁmﬂﬂ?ﬂuﬂﬂillﬂ‘!if)ﬂllﬁﬂ ANNINN 35 LLASWAITANTINTNWATTANFINTINNDAUIN

auw«mmmqmwmammn1uaﬂyngﬂﬁqﬁmuﬂﬂmﬂmummsammnmﬂmsmﬁa‘u
< 1 Qy [ A
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Y v
ﬂ1§ﬁﬂ‘l&ﬂﬁl&ﬂ’]ﬂ§mm§ﬂfJLW]ﬂ"UE)QWﬁ1ﬁ§ﬂ%’Jﬂ1WWﬂalmﬂﬁﬂLl@ FANUANHULH)

=S I

= 1 = o =< A I dy = =3 J Y
138y llllW‘]Ji@EJﬂﬂGluaﬂEﬂ!gQﬂﬂﬁﬂﬂf’)ﬂﬂ GeuHeu uiieReIN ﬂ\?ﬁ']ll']ﬁﬂﬂﬁ']')llﬂ'l']

3 =

a a a a  d {
naaanFInmneauananesaluiagniauls1e (Sharma, Singh, Majumdar, & Butola,

q

2019) tazNANAIAANTININWO AT NAUTATIUANLToBUAN IUANHUZYNAITAIURNVIA

]
% I

= 1 Y a A aa aa v A I =\ =\ .
ﬂQﬁ']ll’]3ﬂﬂa'I'JllﬂTIW?CTIﬁ@]ﬂ%']ﬂ']WW’E]ﬁ‘U’]ﬂﬁHWﬂ“]ﬂH@]L‘]JU'J AANNUANUNUYY (Hongsriphan

etal., 2013)
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Signal A = SE1

e

- >
3 o
¢

Mag= 1.00KX WD= 12mm EHT = 15.00 kV Signal A = SE1

ﬂWWﬁiMSﬁﬂymzﬁiiﬂﬂuﬁﬂ%1ﬂﬂ1iﬂﬂﬁﬂﬂﬂﬂ1uu%iuiiﬁ@uiﬂﬁimﬂﬂWﬁWﬁaﬂ%ﬁﬂWW

e
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; 1 7) A >
|2_p|m Mag= 1.00 KX WD= 10 mm EHT = 15.00 kV Signal A = SE1

= == v

{ @ a < 1 a
ﬂ']W‘ﬁ 36 aﬂymgN'JLW]ﬂ"ll']ﬂﬁ]"lﬂﬂ'liﬂﬂﬁﬂﬂﬂ'ﬂil!ﬁ]\?LLfNﬁﬂl!iﬂﬁﬂﬂlﬂﬂWﬁWﬁﬁﬂ%ﬂﬂ']W
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= % a a r Aa Ao [V =
4.4.2 wamsanmaagrInevedlulenonInd@aszrawaraind 1n iy iags
¥
=< a ci' =} dsl a A a a a Aaa a
asanu luToasy InGaNKs suA UM NNATANTININNBALAAANLDEA, WOAD I
[ v A [ =S 9 a U A’ a [} =1 d‘
auFAFIUA LAz Ta9IINIaAemAlla SEM W uileiduidaiiniai 10% wt. luTenonln
AaNNMINEANY0ITAATINIA 10% wt. IN15NTZIBAI LAZNITOANIZTZHINNAIANTININ
NOALAAANUBFANLIAATINIA TUVALIABINUN DN HALTOBUANTENINOUYNIAVOITAY
o a 4 a a a a . I { a
VAN VUNTAFUDIN AAANTIMNNDAUAAANLFA FUTUTO AN TINAINAITNATD
< [ = a = Qall o [ ] 1% = 43
ANUUTTIAOLT A0S T Tonen Tnda DNNIGINUNMINTE NeR M0 TAATINIAgITY,
1 [ a o a a a a A -1
FRULANTZHINOYNMATDITAATINA luumI g WA aANFIN MWD ALAAANLOTALN LA
d‘ U =\ Ql zg d' o U
HOUTNAUTAQTINIANNGIVUN 20% wt. 1ag 30% wt. (W12 TUTZVUVRILNAL) ANEIA L
ld' a aa adn v A 9J [ a [ 1 g’ C%
uaerduweatnausasuad lUluiagluTenen Tndalusasidiu 40% mmihmiinves
a 1 { A 2 1 < 1
NAAANFIN NN UL TDOUAN NNAVUTLH AN ITNATD VANV TIA DT IR A INAY
c& = [ a d‘ 9 a A a a a =1 a
anaudenFoumeniuaen ITndan Idanwara@niinmweduananie Fanauo giiorila
09./' yw 1 1 [ [y a 4 a
1987 MITUGIAINVDINITOULANTENINTATINIANVINNTNEUDINATAANTININAAA LAY
v [ = ddgl
M13N3LIBAIVOITARTINIDAUY
a a d' Y = Aa A
A1vguse uazsoouanvodlulonouIndan laeinmsAnuinaigandiniw
Aa a A o o = VN~ 1T W A A A d? dyd A
woduananueganuigasuanaaslimuias lu ooy Indanmsovdiuiidumsnani
] d Aa [ [ % a 4 a d 1 [ 1
Tiauysaitnamsuenii a5z nNeIagEINIANUNOAWD NI NG dINanITTAIN1E AUTE 1119
] = ] a A 12 [ < = 1 A A ] o =
TaaFnanunad@aniinin hid ed1e lsnaumsdamzszinwaiadndin iy faadn
I a 1 a o
wamnsodsulglddemaavasgainunadnuoulelasa (Dimzoski etal.,, 2008; Lee et
§ g % 4 1 1
al.,2018; Yordem, Simanke, & Lesser, 2011) Mtilud11¥ou1se a1u321 31941 OH 03
wrag laanUny C-H, ¥9Ina1aan3inmweauananiada Ingnuse suansznInaneaua

v = )

Aa A o <3 Y ﬁy A A dgl A A
ﬂ@]ﬂ!L@"]ﬂﬂﬂU3ﬁﬂﬂf')ll')aLWﬂQ!ﬁﬂu@ﬂiu‘U’]\‘]WHﬂ AIUNTUANNUTgUA NNV UL NUS U

q

[

aﬂ%ama“lu’i’a@"luiaﬂanTwﬁﬁqqﬁuuﬁmGlﬁ’gﬁuﬁaaﬁ@:ﬂ’mmgaﬁmmu‘la“lmﬁﬁ 0.8%
wt. deHaReMIBAIMEIs nIuNaaAnTimmneduandnuedasuSagiiua lusanaed
0619 lsRmumavesmsAunaEAnFin e dtr Aaudadiuauaas liiiuitcinsoaannu
nlsizvesiag luTonon Tndarnauiadinaduarmmien luminduesmaradndinm
(Hongsriphan et al., 2013; Sharma et al., 2019) ﬁaﬁ@m N1351991UU DY Liminana llagA ML
(2018) AamsauiiuaNuudausIRensaRs tazmdesazmsbad a gauiadaensiAnads g

a 4 @ a 1 a aa a v A @
AIVUUA ﬂﬂll@uuléihlﬂiﬂ cll!i]ﬁiﬂﬂﬂili‘w TATENIN W’d?ﬁ@lﬂ%i}ﬂWW waamﬂﬁumﬂﬁmu@ﬂu
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[ 4 4 1 [] a aa A @
nlaendanoua lagionlss eus21319MY CH stretching YW aanFIMmno Al Raudn
FIUAD U N gji OHYDHag laa (Liminana, Garcia-Sanoguera, Quiles-Carrillo, Balart, &

Montanes, 2018; Phua, Chow, & Mohd Ishak, 2013)

{ @ a I 1 a
mwﬁ 37 aﬂ‘]elillgW'JLW’]ﬂSU1ﬂ"l]"|ﬂﬂ151’lﬂﬁi’)ﬂﬂ'ﬂll!ﬁ]x’iLliﬂﬁﬂui\iﬁﬂﬁlji’)\iqﬂjﬂﬂﬂi\li‘wﬁ@]
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3 £ -

Mag = 500X WD= 14 mm EHT = 15.00 kV Signal A = SE1

A @ a < 1 a
NN 38 aﬂHﬂlZW’Jllﬁﬂ‘ll'lﬂfl]'lﬂﬂ']i‘l’lﬂﬁﬂﬂﬂ’J']iJ!L‘lNLLiQG]’fJL!iQﬁQ"UfN]lUI'ﬂﬂ@iJIWﬁ@]
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Mag = 500X WD= 15mm EHT = 15.00 kV Signal A = SE1

S

{ @ a < 1 a
ﬂ']W‘ﬁ 39 aﬂymgN'JLW]ﬂ"ll']ﬂﬁ]"lﬂﬂ'liﬂﬂﬁ@ﬂﬂ')'mu"ll\iLliﬂﬁﬂuiﬂﬁ\i“U'E]\‘iul‘]JI’t’]ﬂﬁ)llIWﬁﬂ
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i 2 A 3\1— _ i X ‘\'}t&\ e
|1°““‘ Mag= 500 X WD= 11 mm EHT =15.00KV  Signal A= SE

A @ a < 1 a
NINN 40 ﬁﬂHﬂlZN’Jllﬁﬂ“ll'lﬂi]'lﬂﬂ'li‘l’lﬂﬁﬂﬂﬂ’J']‘JJLHNLliﬂﬁﬂlliﬂﬁiﬂlﬂﬂqﬂiﬂﬂﬂﬂiwﬁ@]
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{ (% a < 1 a
ﬂ']W‘ﬁ 41 aﬂ’]elil!gN'Jl,mﬂsll']ﬂﬂ"lﬂﬂ']iﬂﬂﬁ@ﬂﬂ'ﬂll!ﬂl\?LLSQﬁ@&!i\iﬁﬂﬂlﬂﬂqﬂiﬂﬂ@NIWﬁﬂ
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! Mag= 500X WD= 13mm EHT = 15.00 kV Signal A = SE1

{ (% a < 1 a
ﬂ']W‘ﬁ 42 aﬂymgN'JLW]ﬂsll']ﬂfﬂ'lﬂﬂ'liﬂﬂﬁ@ﬂﬂ':l'm!ml\iLliﬂﬁﬂlliﬂﬁﬂ“Uﬂ\iul‘UT’t’]ﬂE)NIWﬁ@]
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.

- S .
Signal A = SE1

! Mag= 500X WD= 12mm EHT = 15.00 kV

{ (% a < 1 a
ﬂ']W‘ﬁ 43 aﬂymgN'Jllﬂﬂ"ll']ﬂfﬂ'lﬂﬂ'liﬂﬂﬁ@ﬂﬂ':l'm!lf’ll\iLliﬂﬁﬂuiﬂﬁ\?“Uﬂ\iul‘UT’t’]ﬂE)NIWﬁ@]
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H Mag= 100X WD= 13 mm EHT = 15.00 kV Signal A = SE1

{ (% a < 1 a
ﬂ']W‘ﬁ 44 aﬂ’]elil!gN'JLW]ﬂsll']ﬂfﬂ'lﬂﬂ'liﬂﬂﬁ@ﬂﬂ?'m!mlﬂLliﬂﬁﬂuiﬂﬁ\?‘U't’)\iul‘IJT’t’]ﬂ@NIWﬁ@]
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H Mag= 100X WD= 13 mm EHT = 15.00 kV Signal A = SE1

T,

! Mag= 500X WD= 12mm EHT = 15.00 kV Signal A = SE1

A @ a < 1 a
NN 45 aﬂHfMZW’Jllﬁﬂ‘ll'lﬂfl]'lﬂﬂ'li‘i’lﬂﬁf)ﬂﬂ’J']iJ!L"lNLLiQﬁﬂl!iﬂﬁiﬂlﬂﬂl‘lﬂi'ﬂﬂ@ﬂiwaﬁ

PLAPL20
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Mag= 100X WD= 12mm EHT = 15.00 kV Signal A = SE1

B . P

! Mag = 500X WD= 13 mm EHT = 15.00 kV Signal A = SE1

{ (% a < 1 a
ﬂ']W‘ﬁ 46 aﬂ’]elil!gN'Jl,mﬂsll']ﬂfﬂ'lﬂﬂ']iﬂﬂﬁ@ﬂﬂ')'m!mlﬂLLi\iﬁ@&!i\iﬁﬂﬂl@ﬂqﬂiﬂﬂ@NIWﬁﬂ
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4.5 myanzilassaiamanil

m3dined Iaseademuniivesnarainganin PLA uSgninuiiaii 2099 cm’
HAAID ﬁlQJ: asymmetric stretching vibration of C—H from —CH,, il ﬂ‘ﬁ 1752 cm” EASD N 1qu
—C=O0 stretching of aliphatic ester, il ﬂ‘ﬁ 1541cm’ UEAAIDIN 3;I: asymmetric and symmetric
bending vibration of C—H from —CH,, il ﬂ‘ﬁ 1386 cm” HAANDA ‘qu: asymmetric and symmetric
bending vibration of C—H from —CH,, T ﬂ‘ﬁ 1356 cm’ LAAIDY “Hi;lz bending vibration of -CH , ne
17; 1182 cm’™ LAY 5@143;! asymmetric and symmetric stretching of C-O-C, ﬁﬂﬁ 1082 cm™ LAAY
fan 33 asymmetric and symmetric stretching of C-O-C il ¢ R ﬁ 1043 cm 'MEAAIDIN g
stretching of C—OH (Chaiwutthinan, Pimpan, Chuayjuljit, & Leejarkpai, 2015) o & W a1d an
2010 PBS u?qm%w Ufiafi 2947 cm ' nEaad aNY asymmetric stretching vibrations of —CH,—,
ﬁﬂ‘ﬁ 1714 cm’ Llﬁ‘ﬂ\i'ﬁﬂ?‘iy: C=0 stretching vibrations of ester groups, ﬁﬂﬁ 1330 cm’ HAAID 9
Wig: symmetric stretching vibrations of —CH,— groups, T ﬂ“ﬁ 1150 cm’ LLErA4D Q‘Viy" stretching of
the -C—O-C—, AT 1046 cm™ LAAITIN 1 ~O—C—C- stretching vibrations ia g W #1918 cm’

Llﬁﬂﬂ'ﬁ\i‘ﬁyj C-OH in carboxylic acid groups (Phua et al., 2013) AIMINT 47

a J 1'% = a J a A %4
4.5.1 Nﬁﬂh’?!ﬂ’ﬂs‘fﬂiﬂ’5\7@'57\1ﬂmlﬂﬂsllé)\ﬂﬂi@ﬂé)ﬂii’vﬁﬁ?&’ﬁ?N‘W@"lﬁ'ﬁf)ﬁ?ﬂﬂ’\lﬂil
unay
a 4 9 =\ A A -1 = ] .
ﬂﬁ’JLﬂiW‘ViTﬂi\i FINMUANUDILNAUNUNAN 3330 cm - LETAIDINY stretching
. . A A -1 =3 ] . . ~ ~ -1 = v
vibration of OH, WAN 2947 cm M@ AN WY C-H vibration, WAN 2890 cm  UAANDINY C-H
. . A A -1 = ] . A A -1 = ] . .
vibration, WAN 1047 cm  HAAIDINY C-OH stretching HASWAN 780 cm  UFAAIDINY Si-O-Si
. . . . a o v
stretching (Lazzari, Perondi, Zampieri, Zattera, & Santana, 2019) A HNAAT 124 1A9E319N19
a A A a 2 oA A
Lﬂi]"lJfJ\'thJTfJﬂ’fHJTW aanasagnvudIInNinNay PLARH10, PLARH20, PLARH30 WUITWAN
a 421 I 1 d ~ a A a a a o @ A A &
Lﬂﬂ"lllllﬂu?‘i%lﬂ\‘lﬂ‘]ﬂl‘lfn\‘llﬂﬂ"ll@\‘l‘l/‘lﬁ1ﬁ@ﬂ‘FUﬂ1WW@aLLﬁﬂGlﬂLL@“]§ﬂﬂﬂllﬂa‘]_l PNAIIT NN 7D NN
A A -1 2 g 1 a A a a ) A A -1 &
WUNAN 1356 cm GIN!JJL!“HH C-H Y23INa1aanNBINTNND ALLAAA DDA LAZWAN 3330 cm A3
< 1 o T A g2 1 = 9 1
L‘]Juﬁi%l OH LI gaMUrUHINAN 1047 cm GBQL‘]_IHW%I C-OH U9NLNAVNANULVNIAAN LAY
Y A o 1 -1 A d%l [ A A a 49! a
LUHNANA LY UN 3330 cm quqwu@mummaﬂsmmuﬂauqwu ll‘iJI’t’)ﬂ’f]ﬂJTWﬁ@l
] a A aa aa v A 1 A A -1 2 d
PLAPBSRH30 ‘IN‘U?TWZ’I']ﬁ'g]ﬂGI)”JﬂTWW’E]ﬁ‘U?I‘V]ﬁU“Hﬂ“D’LH@GluGlf’NWﬂVl 1144-1264 cm G]NHJL!
! Y A R g ' R 1
Hy —C-O-C— UagaANUUUNAN 1714 cm “])’QL’]J“L!‘H%I C=0 a% 3330 cm “])’\H‘]JL!‘VHQJl OH U913

@

a93IuIalin NMuNana (Liminana et al., 2018; Phua et al., 2013)
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i
|
|
|
| |
| |
| |
! | Y
| ! |
: 7“\lv { |
i \I nA /
Vi1 1/
} | ! } \V
| | : I ":
PLARH20 | : I
! ! N4
| [ [N
| LV
} : b 1%
| | | { | :
PLARHIO | ! Ll
} { ALY
I | [
| i | { i :
PBS | ; | L]
\ "y 1y
I N { j f } g e T
} ~CH,- i |l J - C-OH
PLA | ; G8 . eeq
e - WasalkioUR ”
! Y i v YRl
i C-H, f madi{ N
| Lo
! VNG
! €70 || et % COH
00|
— | \; { N/ \1 ~
o-H ! CH2| =
: | : | | |OH- Si-O-Si
[ | T
4000 3500 | 3000 2500 2000 1744 1500 | L 1000 500 0
33‘30 Wavenumber (cm!) o } 1047
1356 | 1144
1264

M 47 sunsaalnasuvesluTensu Indasen NanaaanMuAuLAaY

$ ] d v a a a a LY
Gl'l‘iN‘ﬁ 7 ﬁyﬂ\‘lﬂ“]f‘Ll‘V]NLﬂﬁ"ll@\‘lhl‘]JI@ﬂ’éJiJIW’ﬁﬁ%'lﬂWE)ﬁLmﬂﬂﬂlLf]“h’ﬂﬂ“Ullﬂﬁ‘U

fin (cm™)
] o =
nyandumani
PLARHI10 | PLARH20 | PLARH30

1043 1043 1043 stretching of C—-OH
1082 1082 1082 asymmetric and symmetric stretching of C-O-C
1182 1182 1182 asymmetric and symmetric stretching of C-O-C
1356 1356 1356 bending vibration of -CH
1386 1386 1386 asymmetric and symmetric bending vibration of C—H from —CHj,
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A5 19N 7 (A1D)

na (cm™)
v J o =
nyangumanail
PLARH10 | PLARH20 | PLARH30
1454 1454 1454 asymmetric and symmetric bending vibration of C—H from —CHj,
1752 1752 1752 —C=0 stretching of aliphatic ester
- 2999 2999 —C=0 stretching of aliphatic ester
- 3330 3330 stretching vibration of OH

A 1 d v =) a a a a aa ad v A
A1TNNN 8 ﬂlqu’l/T\?ﬂ%uVﬂﬂmﬂJ‘U@ﬂ‘UIﬂﬂ@NIW AAINNDALAAANLUDYE A LAS WRAUINAULA Y

AN UUAAY
WA (cm™) Ve o -
nyandumani
PLAPBSRH30

918 C—OH in carboxylic acid groups
1043 stretching of C-OH
1082 asymmetric and symmetric stretching of C-O-C
1150 stretching of the —-C—O—-C—
1182 asymmetric and symmetric stretching of C—O—-C
1330 symmetric stretching vibrations of —-CH2— groups
1356 bending vibration of -CH
1386 asymmetric and symmetric bending vibration of C—H from —CHj,
1454 asymmetric and symmetric bending vibration of C—H from —CHj,
1714 C=0 stretching vibrations of ester groups
1752 —C=0 stretching of aliphatic ester
2947 C—H vibration
2999 —C=0 stretching of aliphatic ester
3330 stretching vibration of OH
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a d 4 = a § a A o
4.5.2 wamsaangHlassaiamauniivedluloneuln@aszyiranaiadnd 1, wiy
= =
rifaonyisens

a 4 = =) =} ci' -
MIAATIEH Insead umaniive wldo nnisoundasiinh 3285 cm™ nand any
stretching vibration of OH, NAN 2899 cm™ Llﬁﬂﬂ'ﬁd?‘iy: C-H vibration, WA 1607 cm™ HEAAID
WY C=0, AT 1447 cm” ue @D a1y C-0, W AN 1024 cm™ LAAIDINY C—OH stretching
a 4 = a ~ =] 3
(Thuong et al,, 2019) HazNaUAITILH IaTea319m1unived 1y Tenou IndaiwTouduan
A ~ T A A a dgl I ] Jd o = a
L‘]Jaﬂﬂ‘i/;ll,iﬂu PLADBI10 ttag PLADB20 W12 WWﬂﬂLﬂﬂﬂJULﬂuﬂﬂg‘ﬂ\‘lﬂ%uﬂWﬁ!ﬂNﬂJﬂﬁWﬁWﬁ@lﬂ
v Y ] [
GlﬂﬂTW‘WE]ﬁlmﬂ@]ﬂllﬂ“]ﬂﬂﬂﬂlﬂﬁ@ﬂnliﬂu ANAITINN 9 E]ﬂ‘VNW‘]Jﬂ’J"IiJL"ISJIN"U@QWﬂVI 1359 (:m_1 Gdlﬁ
Id =] a a a a a A A = I ~ =
L‘]JH‘WFIEU’ENWﬁ”lﬁ@]ﬂ‘lﬂﬂ"lWW@ﬁllaﬂﬁﬂ!L@ FA UAZWAN 3285 cm 1 @QlﬂﬂWﬂﬂlﬂ\ilﬂﬁ@ﬂ‘l@ﬁﬂu
[ = A A -1 v dy 1 1 4' d' A ~ A dy [
AN LAZIINUDNINNAN 3285 cm mmuaﬁmmmmmaﬂ?mmgﬂa@ﬂmiﬂmwquu AN
AINN 48 (Gonzalez-Lépez, Robledo-Ortiz, Manriquez-Gonzalez, Silva-Guzman, & Pérez-
Fonseca, 2018; Gonzalez-Lopez et al., 2019; Kaewpirom & Worrarat, 2014; Khan, Khan, Asiri,
& Alamry, 2015) luToneuIn@n PLAPBSRH30 WUIWAE@ANYFI MW WO TINA LA biua
' A A = I ] A A o] & I [}
Tugaefiad 1144-1264 cm” Failuny —-C-0-C— nazanuduiiai 1714 cm”’ Fuiuny c=0
A A = I 1 o =
LagWAN 3330 cm’ c?uﬂum OH mamﬁa%amaummg%’mﬂm (Liminanaetal., 2018; Phua

etal., 2013)
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|
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"
I T
I CH-
| |
| |
PLADBI10 | }
I \
| |
| |
| |
I |
PBS | }
I }
| |
| |
I |
|
PLA I |
|
| |
! i
: CJ‘H
DB : |
—— Ly
. (Y
O-H stretching | [ "
| | l CEH? ! T‘H'OH \
L e "
| |
4000 3500 | 3000: 2500 2000 17,, 15001 | | 1000 500 0
. ) !
3283 [ Wavenumber (cm?) 1356 | 1144
2899 1264

=1

M 48 dunsaalnasuves luTensu Indaszu Nananaananmnunlasnniseu

q

m5190 9 nilasFumaniivesluTonon Tndnvinneauananuede fuildennisou

fin (cm™)
witardumand
PLADBI10 | PLADB20

1042 1042 stretching of C-OH
1083 1083 asymmetric and symmetric stretching of C—-O-C
1180 1180 asymmetric and symmetric stretching of C—-O—-C
1359 1359 bending vibration of —-CH
1382 1382 asymmetric and symmetric bending vibration of C—H from —CH3
1454 1454 asymmetric and symmetric bending vibration of C—H from —CH3
1751 1752 —C=0 stretching of aliphatic ester

- 2999 asymmetric stretching vibration of C—H from —CH3

- 3285 stretching vibration of OH
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a1319% 10 durusaalnasuvedluTononIndnannediananteda LasWoalINAUTAY

[ A =}
Lu@ﬂﬂlﬂﬁ@ﬂnliﬂu
ﬁﬂ (Cmil) ] o =
nyWandumani
PLAPBSDB30
920 C—OH in carboxylic acid groups
1044 stretching of C—OH
1084 asymmetric and symmetric stretching of C-O-C
1160 stretching of the —-C—O—-C—
1180 asymmetric and symmetric stretching of C—O—C
1335 symmetric stretching vibrations of -CH2— groups
1357 bending vibration of —CH
1386 asymmetric and symmetric bending vibration of C—H from —CHj;
1453 asymmetric and symmetric bending vibration of C—H from —CHj
1714 C=0 stretching vibrations of ester groups
; 1755 —C=0 stretching of aliphatic ester
S
R 2947 C-H vibration
o
ISy
= 2996 asymmetric stretching vibration of C—H from —CHj,
? 3325 stretching vibration of OH
5
n
[
4

a d % =) a 7 a A %
4.5.3 Naﬂﬁ?!ﬂﬁwﬂiﬂ50@’57\7ﬂ?@!ﬂﬂ%@d?ﬂi@ﬂmﬂi’m’ﬂﬁfﬁ? NANa1aaNY INTNNLY

€

luauilzsa
a 4 9 = [ ~ dl -1 = 1
M3uagnlasaairamunivesludulesanaaiini 3286 cm uaaadany
stretching vibration of OH, NAN 2917 cm ' Llﬁﬂﬂﬁﬁ‘ﬁyz C-H vibration, WA 1734 Llﬁﬂdﬁdﬁyj,
1603 cm’ e a1y C=0 aziinfl 1033 cm™ HAAIDINY C-OH stretching (Rahmat et al.,
a L4 9 = a A a ds! @
2016) HAZHANAIIZY InTaas 1amuatved luTonou Tnaaesouauain ludulssa
(= A a daf 3| ] J o =\ a A
PLAPL10 tag PLAPL20 Wy AR A avuunyWan ¥uniuniveanaiadnyinin
Aa Aa A o o o A = agjl Y A A -1 2 g ~
noauanAntasanU ludUULIARIATI9N 11 DNNINLANUAINUDIAATN 1357 cm” F D UN A

a A a a a A A _1é I ~ o
VDINWATFANBVINTNNDALAAANLDHFA LLASWAN 3286 cm %QlﬂuWﬂﬂl@QﬂlUﬁﬂﬂgiﬂﬁﬂﬁﬂ uag
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o a 1 a4 4oy X 1 A A o A 2 o =
PANUDNITNAN 3286 cm LGIJNGIJufJEJNGIE]m’eNUJ@lﬁn1miuﬁﬂﬂ$imwuq\ﬁm AINTNN 49

'
= o = =

luTonsuTnada PLAPBSRH30 WU TWAIEANTIAI NN AL NaUFAGiua lugIafian

=< 1 =~
Fuuny C=0 uagNnn

D.

g & 1 ! -
1144-1264 cm” Fuilumy —-C-0-C- wazaNuduiaf 1714 cm’

o <3| ] o
3286 cm™ i iluwy) OH vo a3 aqFm7alinamiduanas (Liminana et al., 2018; Phua et al.,

2013)

| I
PLAPBSPL30 | ! B
e — N —a L
| 0™
| oW ‘
! ! tl |
PLAPL20 | | Lo
R | | |
: e |
l CH- | l : :
' i P
PLAPLIO | ! Pl
| \ !
| 1 N
| [ Pl
| [ o
| I o
| I o
| I o
PBS ! l R
| 1 honl o |
| 1 "M
| 1 R
| 1 oy
| 1 o
| 1 o
PLA__ | . et |
— mp— S - ————) e A L — .
oY AT AT
1 v
! CH == |
| l\f C'lH: ‘.m |
oL | roo N |
\J C=0, Lo ?J/o-c=o
e ——— TNUALL T
| I ‘{F"\‘—I—” :
0O-H sn'lelchi.ug O-H strlktchmg (F[_Itz :
| |
| I N
| e
4000 3500 | 300 2500 2000 1714 1500i : : 1000 500 0
3286 Wavenumber (em™) 1356 | 1144
2899 1264

2 49 surlisamilnasuves luTensn Tnaa sz nawaradndinm PLA nuluduilysa
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~ 1 d v =) a a a a o [
ANTNNN 11 ﬂﬁgﬂ’\?ﬂ“]fu‘l/]'lx‘llﬂusllﬂ\illﬂjﬂﬂﬂlliwﬁ@]%'lﬂ‘W’fJaLlﬁﬂ@ﬂllﬂcﬂﬂﬂﬂiﬂﬁﬂﬂgiﬂ

in (cm™)
1 d o =
nyWandumani
PLAPL10 | PLAPL20
1041 1041 stretching of C-OH
1080 1080 asymmetric and symmetric stretching of C—O—C
1179 1179 asymmetric and symmetric stretching of C—O-C
1358 1358 bending vibration of —-CH
asymmetric and symmetric bending vibration of C—H from —
1384 1384
CH3
asymmetric and symmetric bending vibration of C—H from —
1454 1454
CH3
2994

asymmetric stretching vibration of C—H from —CH,4

3323 stretching vibration of OH

A 1 d o = a a a a aa ad
ANMTNNN 12 ﬂﬁ;)lﬂ’\‘iﬂGB‘LmNLﬂiJGUfJQlIUTE]ﬂ’EJMIWﬁ@ﬂWﬂW@mmﬂﬁﬂufJ%ﬂ agnwaauInau

saguanludulesa

A (em™) Ve ve -
nyWandumani
PLAPBSPL30

920 C—OH in carboxylic acid groups
1045 stretching of C-OH
1082 asymmetric and symmetric stretching of C—O-C
1162 stretching of the —-C—O—-C—
1179 asymmetric and symmetric stretching of C—O-C
1335 symmetric stretching vibrations of —CH,— groups
1358 bending vibration of -CH
1385 asymmetric and symmetric bending vibration of C—H from —CHj,
1457 asymmetric and symmetric bending vibration of C—H from —CH,
1714 C=0 stretching vibrations of ester groups
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A ,
MITINN 12 (99)

ﬁﬂ (cmfl) ' o ~
nyWandumani
PLAPBSPL30
1756 —C=0 stretching of aliphatic ester
2947 C-H vibration
2994 asymmetric stretching vibration of C—H from —CH3
3328 stretching vibration of OH

nradnTs it Fumaaiinufiaf 1356 cm” Fuduny c-H veawaradin
A UNe AUAARNUETA, TIAT 1144-1264 om’ c?wﬂuwy: _C-0-C- uazfiaf 1714 em™ 4
ifhiy =0 veanmadnFanmme i iaudadiun uazfiail 3285-3330 cm™ FuTumy on
wazfinfl 1042-1047 em” Fuuny c-oH ve s aiinududinanauiuwaninny
c-c vosmsgarunuadnuewlalasdiFenlszenusunatafniannweduananueda iy
CH waznodtafiaudadiuniing CH, uazny -Cc-0-C- vosasgarvunasnuenlslasd

w13z aUA UYL OH Y0379 FIWIa (Liminana etal., 2018; Phua et al., 2013)

= v a
4.6 ﬂ]ﬁﬂﬂ‘kﬂﬂizﬂluﬂ1‘§ﬂ®ﬂﬁa1ﬂiﬂﬂﬂ1‘§ﬁﬁﬂu
= 1 a 9 = 1 an
ﬂ']'iﬁﬂ‘]eﬂﬂﬁg‘]fn!ﬂ']ﬁﬂﬂEJﬁﬁ']EJIﬂEJﬂ"IiFT\‘lﬂuﬂ’JfJﬂTi‘i/lﬂﬁ’t’)‘U!LiQﬂQ,gﬂfﬂﬂﬂﬁlﬁﬂa,
4 g’ o 1 [ a A o
ndosgansiminuulduas naznSeuieuiminnou-nasnisdean gideldidenlule
A Ayny 1 a A @ I @ ' =3 '
ﬂ@iJI‘WﬁﬁﬂllﬂﬁﬂﬂﬂWiWﬁﬂJizﬂ’JN‘WﬁWﬁﬁﬂ‘H’JﬂTWﬂULLﬂaULﬂ‘Hﬁ’J’ﬂEJNﬁﬂ‘]eﬂﬂﬁfJE)fJﬁﬁWfJ

4 [ [ a { 1% [ o A av
Lﬁ@\?ﬂ?ﬂlﬂu?ﬁﬂ%u@@ﬂﬂﬁﬁ?ﬂ’ﬁﬂ Nﬁullé’fﬂiunﬂami’mummmumm”|LL!1Nmnﬂ

4.6.1 antinFanaved lulenanlnanszriinaiainy 101 wduunay
I~} [ [ o ay

1INMTANEIANULTINTIABLTIA 1BLAI3 0882 NITEAM B JAVIAUD ITFUITY

NATOUATINNIATTIU ASTM D638 — 02209 uTonouInda PLARHI0, PLARH20,
@ 1 { o w ' I
PLARH30 1182 PLAPBSRH30 1@Han15naa ol @90 1NN 50 LMW 51 ud1ay §uilu
1 1 A A A 9 a ng/ dy a d 9
MIAAAIBENNADILBULDINUTLIZIAMINATDUAIIMIAIAU NITlaToaatludseazm s
<3 1 4 A @ { a [

AAAIUDIA ULV ILTIABUITIAUNUBD INUTZILIIAIAITNATDU AI015190 13 HAZAADATIANT

"9 A @ a [ A = 9 [
annIveIA13ooaz Nsoaal a1 gav1aved luTenonInda Aea13190 14 Feaeandoanuna

a o

R Ao 1 A A [ A A 9
FoUD4 Yu azaae (2020) 9398 sgesaats lasnsdaaui 30 TuvedluTeneuIndanld
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a a a ] 1 < [ I 1 o
NNDAUANANUDTA A UUAAUNUNANVLUVAUITIADLUTIAG HATANUTIUTINONITAAIDANA
12.7% a2 12.16% Mua1ad (Yu, Dong, Lei, & Shi, 2020)

<3 1 = 19 A o a
ATUUUILLTINDUITIAY LAZAITOYAL NITIAN T D agmmmm"l,ﬂ@ﬂaﬂwamﬂm

Y
washmsnageudsauiiuszoznm so-120 Twifumsiemsinalfise lelas lagalaei

[
= 1

dy a X J @ =1 Y a 1 =
uazﬂmmuﬁluﬂummuﬂ%fnsmuq GIf’JfJGlmﬂﬂﬂﬁfJ’ﬂﬂﬁ’mEJ‘VINGIf’Jﬂ”I‘W INNANITNATDUNT

v Y
goaaa18 lagn1IHIAUNDIINTINITNUANUFOVTNFUBU UNAL MINANAUNWANTANFIN TN

q

woduanAnuegamusnliuilsansdesameveinal@anTInINwoaLanAnuoTa 11

EIE LT (Terzopoulou etal., 2016; Then et al., 2015)

35

I 0 day
I 30 days
I 60 days
I 120 days
I 180 days

30 H

25+

20

15

10

Tensile strength (MPa)

PLARH10 PLARH20 PLARH30 PLAPBSRH30

{ <3 1 @ a o @
ﬂTW‘ﬁ 50 ﬂ’N‘JJL!fU\‘]LL‘N@’EJ!L‘Nﬁ\ﬂ‘iﬁ\iﬂﬁﬂ\‘lﬂﬂlﬂﬂi%ﬂ%ﬂﬁW 0,30, 60, 120 tiag 180 I
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1.6

1.4

Elongation at break (%)

PLARH10

PLARH20

PLARH30

I 0 day
I 30 days
I 60 days
I 120 days
I 180 days

PLAPBSRH30

{ @ [ a [ @
7 51 3esaznstan ayananasmsdsauiiuszezinm 0,30, 60, 120 uag 180 Tu

{ < 1 @ ' a
@151\3ﬁ 13 fﬂﬁﬁﬂaﬁ"llENﬂ'ﬂﬂJ!L"U\‘MiQﬂ@Llﬁx‘iﬁ\‘lﬁ'(N‘I/]ﬂﬁf)UﬂWﬁﬂ@ﬂﬁﬁTﬂ%ﬁﬂﬂTﬁﬂﬂﬂu

ANULTUTIRBUTIAINIAM I NATRUEDAAIAI8M 3 e
52U INATOURIENTAIAY
luTeneuInda - - - - — ¥
03U [ 307U | 603U | 1207U | 180U

PLARHI10 233 | 132 | 109 8.2 56 | Mpa

anasoiilodludnidosay | - | 433 | 174 | 248 31.7 %
PLARH20 30.6 | 14.7 12 10.6 8.6 | Mpa

anadoiiialudnsfosay | - 520 | 184 | 11.7 18.9 %
PLARH30 263 | 11.8 | 11.7 | 109 102 | Mpa

anasderiedlusadesay | - | 551 | 08 6.8 6.4 %
PLAPBSRH30 212 | 133 | 123 | 117 114 | Mpa

anawoiilodludandosas | - | 373 | 75 4.9 2.6 %

' 4 o 9 a v a 9
*ﬂ’liaﬂa\‘]ﬁﬂlﬁ@\j&lu@ﬁi’liﬂﬂagﬂﬂl‘ﬁﬂUﬂ']ﬂigﬂgna']ﬂ’ﬁﬂﬂﬁ@U@']ﬂﬂQQUﬂ@uwu']
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M3197 14 N1TAAAIVDIAI308AZNITOAMD B JAVIANEINATO UM STDAAIER 1M IHIAU

M¥oeazmstadi & AIANNMINAToUGRsTMIeR oM HIAY
sraznAMINagouAIeMIdeau
luTeneuInda ” - - ” — ¥

03U | 303 | 603U | 120%u | 180U
PLARHI10 0.99 | 048 | 046 | 043 | 025 %
anasderiedlusandesay | - | 515 | 42 6.5 41.9 %
PLARH20 1.14 | 0.84 | 057 | 053 | 039 %
anadoiiioaludasdosay | - | 263 | 32.1 7.0 26.4 %
PLARH30 097 | 0.68 | 058 | 053 | 045 %
anawsoiilodludandosas | - | 209 | 147 8.6 15.1 %
PLAPBSRH30 1.52 1.24 0.93 0.89 0.69 %
anasderiedlusandesasy | - | 184 | 250 | 43 225 %

1 4 (% 9 a Y a U 9
*ﬂﬁaﬂﬁ\‘lﬁmﬁ@\ﬂu@ﬁiﬁﬂEJﬁ$ﬂﬂl‘ﬁﬂﬂmﬂ‘i$ﬂ$!ﬂﬁWﬂﬁﬂﬂﬁ'ﬂU@’]ﬂﬂ\‘lﬂUﬂ’auWUW

4.6.2 MIanasvedinninveslulanenlwanszyiewarafny 1 wiuLnay
Y Y
HANSANEINNINUD IFUNTUNATOUAINNIATIIN ASTM D638 — 02a A IN15HY
a I~ o [ Y] @ Y] 1 gj @ Qy
AU EZ1981 0 71, 30 71, 60 U, 120 U AT 180 U WU IMUNVOIFUIIUNAT O 1
= ) ~ ~ = A k4 o £ Y
lasunlad 99915199 15 uazmMWN 52 FanunsilasuulavesatinminFuNUNA A UM A
a I~ 1% [ g’ o Qy [ a { Y]
Aaauiluszezal 30 U LA NUDATINTANAIVDINHUN FUN U AINIAUNTL 821 30 TU
2 A4 A 2 o ~ o o A ' ~
nnAuilomuSunaunaugediu danmi s3 uasnszeznmmsnaaosd vk 1u 11U 60
Y 9 v
A4, 120 AW wag 180 Ju wuanhminFununageunamsilasunlasedie litidedanlu
¥2191721990a17 dIUAI9819 PLAPBSRH30 FaUn131na1aansinuneatinausagiua
Y 9 v
W liwanegluluTeneuIndanuisasdesaznisanasve simiinFuaunaao Uiy
éf Lé 9 [ a v d' 9 Ao [
UUUFITDAAGOINVIIUIIGVDI Kumar lazAmz (2019) i lanalivenisgesanivusslule
a ) ¥ a a a A v a Aa Y
Ao Inaan 1A NaIaA NI NNBALANANLDTANUANIU 5% LA 20% 1AW 08aL NI
Y 1 [
anasvohiinvedluTonau TWAAN 55.38% 1Az 68.67% euaiauiiornairiu 1 28 Tu
(Ashish Kumaret al., 2019)

E C4 a ] ¥ a a a a
ﬂﬁaﬂa\ﬁl@\i‘lnﬂuﬂ"ll@\‘lUlUI@ﬂ@lJTWﬁGlﬁ]lﬂ%1ﬂWﬁT€fGlﬂ%’Jﬂ1‘WW@’dLla ANNLBDYA,

woadanaugAFiua uazunavmanisnisgesaaleluauainilfnselelasladda uas
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v

J A A a 1 I A o d a o o A
L'E)uhlclfllellﬂ QLL‘]Jﬂ‘V]LﬁfJGlL!ﬂu 'E]EJ'NUl'iﬂﬂ'liJ‘V]GIf'NL'JaTﬂ'lﬁflﬂﬁ@ll 30 — 180 IU HUHUUIHUNANIN
1Sov A (] ] 1 A R A o vAa A v Y ~ =
UANYUNANITYDYT YD YINABDLUDN "]NEJHEJH"UTﬂNaﬂ”lﬁvlﬂﬁ’ﬁ)ﬂﬁﬂﬂﬁﬁf\‘]ﬂﬁsluﬁ?ﬂl@ﬂ 4.6.1 BN
1 <3 1 =< 1 1 A A Y [l a
W‘].I'J']ﬂ’]']ﬂJLHNLLﬁ\?@l@&tiﬂﬂﬂaﬂaﬂﬂﬂ’mﬂ@Luﬂﬁluﬂiﬁlﬁa'ﬂlllﬂ'ﬁﬂ@ﬁ@Uﬂ1§ﬂ®ﬂﬁ'a’]fﬂuﬂu

11NNI1 30 71 (30-180 1) (Abd El-Rahman, Ali, Khalil, & Kandil, 2020)

H Y Y
A15199 15 NHUNTUNUNATO LKA N”IHﬂ'i%‘U’Juﬂ”I'EEJ’EJElﬁfﬂflglj’mﬂ"liﬂ\‘lﬂu

Thimfnnmsnagevdevaardomsiaay
52OYAMINATO VAWM IR
luTeneuInda ” - - ” — ¥
03U | 303U | 607U | 120U | 180 Tu

PLARHI10 109 | 10.37 | 10.35 10.23 10.27 g
Yopazmsanavenimiin | - 4.9 0.2 1.2 0.4 %
PLARH20 11.35] 10.61 | 10.67 10.72 10.52 g
Yogazmsanasvenimiin | - 65 | -0.6 0.5 1.9 %
PLARH30 11.12 | 1042 | 1041 | 104 | 10.43 g
Yopazmsanasvoainiin | - 6.3 0.1 0.1 0.3 %
PLAPBSRH30 11.05| 10.16 | 10.19 | 10.17 | 102 g
Yovazmsanavenimiin | - 8.1 | -03 0.2 0.3 %

*3anad lusnidosazanieuINILeLIAINITNATOUAIWHIAUNDUK TN
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I O day
I 30 days
I 60 days
I 120 days
I 180 days

12

Weight (g)

PLARH10 PLARH20 PLARH30 PLAPBSRH30

v Y v v
NN 52 IHUNVDIFUNUNATOUHAIM IAIAUNTZ 82101 180 T

100 —a— PLARH10
—e— PLARH20
—a— PLARH30
03 - —w»— PLAPBSRH30
S
_3@ 96
2
P
2
ks 94
%
92

! | ! I ! I ! I ! I ! I ! I ! I ! I L ! I
-20 0 20 40 60 80 100 120 140 160 180 200

FTazAMINAaaUdan (3N)

{ Y J @ 2 [ a { @
fﬂW‘ﬁ 53 iflﬂﬁgﬂlﬂﬁ’Lﬂ“l/l’uﬂgll'é)\‘ﬁfu\iTLJ“I/IﬂﬁﬂﬂﬁﬁﬂﬂWﬁﬂQﬂuﬁigﬂZﬁnﬁW 1803U
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U ‘&’ = = r = = >4 = v
4.6.3 anwazuiIved lulananlnanssvnawaainy 1M WA uunauAn 1A I8
] Aaa ] v 4 4
Mngeianea uazmweendesganssmimuuluas
= ' a o ~ .S =
INNISANEINITIER18]AINITAIAU AN 1NN 54 Taen1n a - j1iumsAny
a a t{ a { Y 9 U an
WAAANTIN M PLA U3 g3 uaz luTonsuIndadn laninunaumeninneainea uaznm k
I = 9 1 9 o 9 1 a A A a
— t 1 UMSANBIAIINMNA 191N NABIRANTIAID TFUEI WUIWAIFANTINTWWRALAAAD
a a Q(dci = I A A U [ A A [
wogavsgnstmlasu lihiumvaeswwounainndiaunszeznat 180 Tu Mk uag 1 udag
1 4 1 a a a a a a’{
mwmﬂmﬂﬂé’migawﬁiﬁuLguui%’LgﬁqWmTwmﬁ@ﬂ%amwwaauaﬂmﬂuacmmqmﬁiea%'n
1 a 4 a Qy <3 ] Aaa ] 4 a
LAZNITNAATOUYDINAAANNIUA VDI FUNUANTIDE, VINNIND1BATAD AN LN NUAIV DI
9 9
FUNUNATOU PLARH10 118% PLARH20 1/5103W US040, V033 UUNAdoUTAag,
] A QSI { I~ 4 Yy 9 J 9
anuduIMuuIsuamldouliiluanuain vazdio ldndevganssaiunyldua
9
ATABUNUNHOIFUNUNATOUYNNANTOUM I llenunaanmsdosaae vsouannga
1 1 d' A g AAa ay [ 9 d'
souoon 11 usistnudSunaumnauiu 30% wt. INFUNEIFUINIUNAVAAUBEAAUNDATIVEDY
1 an J 1 a [ 1
FremnoieaInoa LLazmﬂmaﬂaauﬁ"wﬂé’amamiﬁuuuu‘lﬁfﬁgm NUIUNANTNANTD U
Y Y
ANHAULAZIGANINUFUIIUNATDUVDI PLARH10 118z PLARH20 LATDINANTDUNAUULID ¢
1 [} = T a Qs' A v A 1 o A
NN HagdIN U NI vesFunulianyuzlesgeanuiuimie ld uazilenadeou luTe
ad’d a A ana adl v A 19 1 an 1T A d‘
AN INFANTINAITANTINMWNOATINATAFIUA HANDIA I8N N DIBATADAN DI UINTUN
Aa Qy < 9 Y s = Aa Aow < Y ]
AIFUNIUNATOULANTDY, ANNUI1 tazdilasu ), Adlidavazan Faaeanaodnung
P P P P ~ " Aa 2 A ,
NAAOUAIENADIYANIIAUUVY TFUTINNUNHI D IFUNUNA T DB
' Y 2
soouanan1e g N5 INQIUVUAIVEIFUIIUNAT O vodlulonouInda
PLARH10, PLARH20 tia PLARH30 1182 PLAPBSRH30 A0@NHAZN1TYANTANTOUNI
FITUFIAUDINAIAANTIN VWO ALUAAANLOTA LAZWAIAANTINNNOALINAUF AT IUA 1A e

o 1 A gj a Qy dsl Y I 1 a A a A da 1
migﬂﬂﬂﬂiaum%ummawmmmﬁauuuﬁmﬁlwmmmmﬁ@mmmwQﬂ%aumﬂmgﬁlu

Q
Y

9 a [} 1 = o’j anan a d‘ a d%l ?,} A a
ammuaadeuvesaunansou dnnelgnse lalas lagaiinatulaeii tazanuiuluau
< v o o A a l = 3 '
Wuthitedaghseldinansdesaaisn1adinmuiniu nnamsnadeumsdosdals Iag
MIFIAUN UM INITAQFINIANTANVFD VUG UFY 4N AV WIHAUA VN AITANTININ

a

ansolsuilgamsgesaateveanaiaanyiniw woduanRnUeFAlEAIZ (Terzopoulou et
al., 2016; Then et al,, 2015) Taswiia waz meWufve sy aunidfiawisadesaaienaiadn
FImnoaLanAntosa Ia (Butbunchu & Pathom-Aree, 2019) 1614 a0 'lui

¥Un Micromonosporaceae (Micromonospora)

maﬂ’uﬁ: Micromonospora echinospora B12-1
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FUp

awﬂ’uﬁ: Micromonospora viridifaciens B7-3
Pseudonocardiaceae (Amycolatopsis)

aneug Amycolatopsis sp. HT-32

agnetiug Amycolatopsis sp. K104-1

aneug Amycolatopsis oliviviridis SCM_MK2-4
maﬁuﬁ: Amycolatopsis thailandensis CMU-PLAO7"
Streptomycetaceae (Streptomyces)

a@netug Streptomyces sp. APL3

aneug Streptomyces sp. KKU215
Streptosporangiaceae (Nonomuraea)

@neug Nonomuraea terrinata L44-1

maﬂ’uﬁ: Nonomuraea fastidiosa T9-1

%1 Thermomonosporaceae (Actinomadura)

maﬁuﬁ: Actinomadura keratinilytica T16-1

@netug Actinomadura sp. TF1

Before After Before

PLA

PLARHI10

0.2 mme=—

PLARH20

0.2 mme—

PLARH30

0.2 mm—

PLAPBSRH30

0.2 mme—

uuvldera (k—1)

After

" 08 mm—
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{ 1 a 1 an U 4
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4.6.4 mafasunlasmelassasramunidveslulonanlnanssriiawarann
Famwduunavaeunaiin FTIR

a " a 1 a a a
NAMATIZH InTaa519mantve 910 Tonou TN AN T L HINNAAAN T IMNNOALAAAN
a [ @ ] 9 a 3 [ [ = Lﬂ'
HOFANUUAAY HadnaasunIsessaalsnlen1sieauilumal 180 74 wuNfinveanau
A A lel ] ~ ] A 9 A A -1 &g ~ (]
anulinounwua lunldeuntlas asn i ss3uuaiiai 1645 cm™ Fuiluiinvowosnyy O-
Y 1 v 1
H bending of the unresolved hydroxyl group A dugedu naziianiimsulasumlacou 9

{1 gR
NUNANEI 3000-3650 cm™ G UNAVDA inter and intramolecular hydrogen bonds of hydroxy!
Y v E4

A g & & A A v 2 v A @ woAa A
groups ‘U’eNLLﬂa‘]J‘VILﬂuLGﬁaQIaﬁ KN 2 WmJﬂ’J”IiJL‘Uqu\‘Isllui]”lﬂmﬁ@ﬂclﬁju1 G]NL‘]JL!G]’J TN

[

o 1 U a g A (anca A A a d? o g}
ff'lﬂﬂl”ﬂﬂ3$‘1_I”J°L!ﬂTiEJ’E’JElﬁiﬂEJT@EJﬂTiFT\?ﬂuuuuﬂgﬂ’iﬂ']blajﬂﬁblﬁ“Hﬁ'“l/l!ﬂﬂ*llumﬂﬂ1iﬂﬂGlf‘]Jlﬂ

9

wazaNuyuluau (Terzopoulou etal., 2016; Then et al., 2015)

PLAPBSRH30 - After
PLAPBSRH30 - Before T~
PLARH30 - After
e
| PLARH30 - Before — —
8
g
E|PLARH20 - After
g
" |PLARH20 - Before
PLARHI0 - After )
e — e S - ~ j —
PLARHI10 - Before v
a0 3500 3000 2500 2000 1500 1000 P
Wavenumber (em™')
After After After After
[ ] —
Before Before ' ) \ L
VoW
S ety \[ \
Before Before | L \ III
PLARHI0O PLARHI1D PLARH30 Iul PLARH30
w00 sew | sn  sm0 om0 16 160 Iwo | 120 0 00 Moo w0 a0 a0 1800 P 10 1200
e R —
After After After
U —
Before
Before Before
PLARH20 PLARH20 PLAPBSRH30
3800 3600 A 3200 000 000 1800 1600 1400 I)I:m 3800 600 3400 300
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4? D U/ a 4 = 4? a
4.7 ﬂ]iﬂﬂﬁ@\‘i"llugﬂﬂaﬂﬂﬂ!mﬁlﬂiﬂﬂﬂuiwﬁﬂﬂ?ﬂﬂi%U?Hﬂ]iﬂﬂ"ll%;iﬂ‘ﬂﬁ1ﬁﬂﬂ

ya o

a o Jd o @ = d%’ k) a Y A
fﬂi'ﬂ@ﬂLL‘U‘UNaﬁﬂﬂ!“ﬂﬁ']ﬁiﬂﬂ'lﬁﬂﬂaﬂﬂﬂﬂﬂlugﬂﬂﬁﬂl’lﬂiﬂﬂﬂﬁJIWﬁﬂﬁjﬁfﬂﬂulﬂm'ﬂﬂ
o ' a o J g 9 9) 9 a J9Y o
?’l')’f]ﬂTQNﬁ@ﬂﬁH%LﬂHﬂﬁZGTQﬂqu TﬂﬂiGﬂiﬂﬁLLﬂiﬁJﬁlﬂi']gﬁﬂ'JfJﬂ']ﬁna@Qﬂ']ill‘ﬁasll'f)\i
a A a [ 4 9) a d o o 9 a
Wﬁ?ﬁ@]ﬂLWf’JﬂTﬂ'ln\ln’ill']%ﬁllsllﬂﬂgﬂﬂiﬂﬂ»lﬁ@lﬂm”ﬂ u,azﬁl%wmmﬁzwﬁmmmmﬂu

= g Y [ a
ﬂig‘U'JuﬂTi‘Vl@Iﬁ@Qﬂﬂﬂ]ﬂgﬂﬂ?ﬂ?ﬁﬂﬂﬂﬁi‘lﬁlﬁﬂ

a o d Y o a
4.7.1 ﬂ7iﬂﬂmlﬂﬂwaﬁﬂmmﬂ?ﬂiﬂﬂ!ﬂiﬂﬂ7@93015?%@W9€W3’77@'ﬁﬂ

ﬂ’]jf)ﬂﬂllﬂﬂwaﬁﬁmcﬁ)ﬁﬁn5m’m’]ﬂﬂ'§’]uﬁ'§ﬂ\ﬂﬂ LLa$ﬂ3111l14111$ﬁ11f?1ﬁ§’ﬂﬂ1ﬂ°}95}
Yy a 2 v o 0o q ¥ A o Iy
Q’luiﬂﬂ'ﬂ’l\iﬂ\ifﬂ’lﬂ%u@’lu&lull'ﬂﬂﬁ’luﬂ@ﬂﬁa’lﬂ T]WiﬂﬁTiJTiﬂ@@ﬂllUﬂgﬂ‘ﬂiQellf)\?Wﬂﬁﬂmmllﬂ

9 o A . dl d' d' [
3 UUVAIWNUAD LUVINNAN (Circle), LLUUTV QSN (Square), HUVYINLH A8 (Hexagon) AINTNW

> A

$ a o Jd o
ﬂ’]W‘ﬁ 56 gﬂﬂﬁﬂﬂlﬂ\ip‘lﬁﬁﬂmmw\‘] 3UYY A

0 UMDY, LUVTIHASY 1AL HUUHAIM AN

a o 7o a I Y o
gﬂmwawamﬂmmm 3 L!‘]J‘UQﬂ'JLﬂi1$ﬂﬂ?ﬂiﬂ‘illﬂﬁlﬁl ']ﬁ’é)\iﬂ1§']l1’ia Moldex3D

)

@ o a 4 4 ) o % 1
fﬂﬂhlﬁlu1Nﬁ’JLﬂi"lg‘PHJH‘]JL%EJ‘LILﬁEJ‘]JLWAE]ﬂ"Iﬂ’NﬁJL‘IrHJ"I$ﬁiJﬁWﬂi‘]Jﬂ"l’i@ﬂﬂmJ‘]J@’J’t’)fﬂﬂ

a o 4 9 a a Aa g o ] a ) [ ~
WA NN Tﬂﬂ(l“h"waal,l,aﬂ?‘lﬂllﬂ%ﬂ!ﬂuﬁ"]ﬁiﬂﬂ'ﬁ?mi'lgﬁ‘fl'lﬂ’é)\?ﬂ'linlﬂﬁ ANATTNN 16
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Parameter Circle | Square | Hexagonal
Filling time (s) 0.55 0.65 0.59
Filling pressure (Phasawatetal.) | 36.5 359 364
Filling stress (Phasawat et al.) 3.8 5.6 0.68
Sink mark displacement (mm) 0.05 0.05 0.05
Warpage displacement (mm) 0.69 | 0.77 0.73

—
ot
g we  Moldex

0.55s 0.65s 0.59s

we  Moldex
. -

{ a 4
MW 57 HANSIATIZH Filling time (s)

Moldex -® ... Moldex

36.5 MPa 35.9 MPa 36.4 MPa

MWD 58 NANTIUATIZH Filling pressure (MPa)
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A a 4
NINN 59 WANIIIAITIZH Filling stress (MPa)
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MW 61 NANTIUATIZH Warpage displacement (mm)
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Y = 49! Y] ~
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a do a
ﬂ']ﬂNaﬂ']ﬁ'JLﬂi']gﬁfﬂ']ﬁﬂQﬂ']ﬁul‘ﬁaell@\ﬂ/‘laTﬁ@ﬂﬂﬁﬂﬂigﬂﬂuﬂ VUHIU INATTINN 15
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masuiesuuuReI NnuaNUazon e 1 MPa Tuvaiziion 2 jUmatiunuaumaseai 3.8
% ' J < 2 1 { a o A
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P4

~ A A K a 4 o a a a
ATTNN 17 NE]ulléllﬂ’]ﬁﬂﬂﬂ]ugﬂﬂ’]ﬂwaﬁlﬂﬁ1gﬁﬂ’lﬁ]’lﬁE]Qﬂ’lﬁllﬁasllﬂQWﬂﬁLLaﬂﬂﬂLL@“ﬁﬂ

é’huﬂimﬁwﬁugﬂmﬂwa?mﬁzﬁ
Clamping force (Ton) 15.6
Injection pressure (MPa) 36.4
Holding pressure (MPa) 19.1
Holding time (sec) 3.6
Cooling time (sec) 14.2
Mold temperature (°C) 40
Melt temperature (°C) 188

L4

4.7.3 msnaaesdavugiflulenenlndalaedrsdsninnadiaesnislia
= dal a 09/' a 9 a o a 4
minmsnaaesdatuglluTononTndans 3 siia Tnedrevsdalsnonadinsizd
4
2INN1381809015 IMaMIENTZUIUMTAATUFUNNAAN WAIFANTINMHOALAAANILDTAAD 3
1dgmumgivtaoud hot runner (Taruga9dou) 220-230 °C uatioimnay 10% wt. iaud 1 u
Aa A A a A 1 o o Y 3 1 a Aq Y Y
naaAnFINNNO ALafANLFANU NI U UAD I guI g IasuN I9To sa s sy 20-
o 3 ¥ & a 9 9 o A A A A
30 °C nazduiludeansmgangivaon litiosasedisneriiouloiuls mNaveana i 20%
wt. U8 30% wt. WA AANFIN NN ALUAAANLDTAA NS 19 LAzl oAy Na1 aAnFINTN
aa aA [ a a ~ 9 o [ = ,%} 9 qg/l 1 Y
woathnaugagiualuluTononIndagungivaouinldd miunmsiatugilde a1
9 = [V ~
UoeaIdnNUszana 5-10 °C AIA1519 18
o & = 42} a cs's) qazl 1 a
nnmasuiulunisnaassiadugilluTenoulndandesnsniguiigiiviaoy
9 A ) Aa a A a a a A ~ 9
tevauiiohms@uunaylunwad@nimwnoauananuoda e nunauignraudi 11
Aa A a Aa a g’/ Y=t %] 1 Aa P
lunaraansimnneavandnuegaiiulilviemsdaisesdrvesaalgneaiues Fuiluns
a a a a a 1 9y a a a
FUAIUMTINANANYBINAAANTIMN N ALanAneFadana lineduananuedalulule
[ ' ' 9
Apu TN PLARHI0 Hyaraouiiatanad taziomusmnamnauiugeaiun15sununms
a R X 49! 9 o Y = o w
inanandaunuaiylldrevi 1 PLARH20 g PLARH30 ligaviaouvalanainiud sy
a aa adg [ A Y a = é’
yagnnHamsauneatmausasuandinaligamgivasulunssuiumsdavuglanas
Y v
YUINIINNAAANTINNNALAAANLDTA LAz We AL INAUFATIIAN lianunsoman 1Ny
1 4 a 1 (% [ a
IR0 d19duysalsUNIUNISIAARANTZH AN AU 1A EIgNTUNIUMITINANANIINOYNIAVD

1NaU (Phasawat etal., 2014)
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4 4 o X 5
a3197 18 WeulumianaasedavugilluToaeuTnda

3 luTeneuIndn
duls
PLA PLARH10 | PLARH20 | PLARH30 | PLAPBSRH30
Clamping force (Ton) 16 16 16 16 16
Injection pressure (MPa) 112 112 112 112 112
Holding pressure (MPa) 50 50 50 50 50
% Holding time (sec) 3 3 3 3 3
s % Cooling time (sec) 14 14 14 14 14
E Mold temperature (°C) 40 40 40 40 40
c
b Barrel temperature (zone 1, °C) 190 190 190 190 190
jog
g_ Barrel temperature (zone 2, °C) 195 195 195 195 195
[0}
) Barrel temperature (zone 3, °C) 200 200 200 200 200
O
5 Nozzle temperature (zone 4, °C) 210 210 210 210 210
()}
: Hot runner temperature (°C) 220-230 190-200 180-190 170-180 165-170
o
[0}
@
[0}
~
i
[
Q
S

:bos / [T:Z€:1T $9629087T

17

A @ 1 Aa o 4 A d? Y a
MAN 63 G]’J’ﬂEI'NWﬁﬁﬂﬂ!“ﬂﬂi%ﬂ'I\ﬁ’lﬁ'liJ'liﬂﬂJugﬂ"lﬂi]'lﬂll‘UT@ﬂ’ﬂNIW@T@

Y a A 4 v S d’ =~ t:
4.7.4 MIaaAUNUNAIaANY INTWAILIAAY INIATNHADNNDINNINYAT
o IS a ) @ a
mnmsmamumﬂamlﬂ%ﬁ,ﬂumimmmmmmaﬂﬁ’unuiuﬂ‘wmumiwaﬁ

) [ a [ s a a 4 9 a
dsurdafunNIMMaanIIn M lasainsnunnzHnmaunuues lulonen ITnda
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Y o A = .. A @ a J ~ =
18 §9911319% 19 %9 Additive ADIIAITIVAUUDI V1ADAUDU B IATA, UAAITFEU AR BITN
W da A a P Y} Aq ¥ P
HazIngo MnannnTlsslanadunuvesanulsenounsnlvanuo AT 1EH 1uns
Y
nauida luTononTnda Taslisiadunudimsuiageaae il
1. WAAANIINNNOALAAANLLDTA 51A1 150 V1N @90 lansy
2. NANAANITINNNOAUINAUFATUA 1A 260 VN 98N laniy
3. NALYDTOA 5171 160 LN 990 lansu
4. Additive 5171800 LN @191 lan5uy
NNAUNUIBITAR LA MITATIZHIIN A9913197 19 Indeamsandunuve g
a A a a A o 9 9 I a A 3 1
NAFAANFININNO ALAnANLD FAT NI UAD 9 lgunauTua T uUaINUTUIUAILA 20% wt.
zg d' a LY d' A = a 4 = =
V11 119991031 1V0IETIANLAIAIDY ) ADNALEB IO, WUaD NN Ja IATa, uAalTaua Ay
O e I Y A o ] a ' ] a
s wazudInge WudunuiihIinavesluTenoy Tnda PLARHIO unanms 1dwaiaan
4
FINNNOAUAAANULOFALTANT

q

A a o ] a
AITINN 19 ']Lﬂi’lg?‘i319’]@]“7}1@%@\11“1@9@”17\1@7@

immaﬁﬁﬂm%’iumimﬂu 1 nlan3y (Baht)

Composite PLA PBS Gly Additive Price/kg

PLA 150 0 0 0 150

PBS 0 260 0 0 260
PLARHI10 130.71 0 2.8 19.2 152.71
PLARH20 118.065 0 5.04 19.2 142.305
PLARH30 107.64 0 6.896 19.2 133.736
PLAPBSRH30 64.59 74.62 | 6.896 19.2 165.306
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5.1 andsaamsioy

5.1.1 antimanavedlulonenlwan

=)

9 o = 1 A Y] I a 1 o o
M3 lgiaaFInna 1w unay, aesnnFeu uazludulzsa Wuaaauuaad sy
a ] < 1 a a a
MIAAAUNUNAIAANTIMNEINE 1T ANULTISIABLTIANVOINAIEAN FaMNHOALAnAD
a Y a A @ = A o 1< L oAa
uogaluiaqluleasuIndnanas e s niagduialianymeiu hydrophilic NliA1uYo U
g‘ @ a 4 . { 1 g’ a { 19 o 1
WINaNAUNe a3 11U hydrophobic AN Iyt FuRan sHawi i usenang
Aa A a a A o o =~ I 1T Aa =< 1 [}
nadganTInMneduanAnuesanuigadmalumia 14 hinanssaime sz nneae Tgue g
a L&Y (% 3 [] % [
Wodwes NuIaaTmma dnNe liansanuquuaeyMaveiagFmlald lvuiaminu
YR A % [ =S a 4 a S a2 o o A [
lavdunianisnszatedivesiagdiuialumningueswedamesh lidiin nsnszaieain bia
o Y a 1 [ Y] =1 a gj I~ [
mldinamamenguiuve siagaswialuluTeneuIndatiunmailuglassasemnizae
usaveInaa@an I 1 Ulsz AnTainaaaa (Bisht et al., 2020; Dimzoski et al., 2008)
a A Aa aAad o a = < 1 =< 9 1< Y < J
WAFANTINMWWOATINAUTAFIUANANINLAY W5 30DLT I oI Ua THA LT I9 0
= A ) [ Aa A a a A Aa < 1 =
useapsanaaio i llnausunarafdnginnneaanAn e FTANUAIULUYILTIADLUTIA Y
Y
11NN ONNINITHANTZHINNAITANFIN NN AVINAUTATIUANUNAITANFININ
a a a ] Y o Y S R <3 1
woduananueda ansonamdnulasdrsauysal Fuduaunguesnundausiaons
Aaanag (Hongsriphan et al., 2013; Phasawat et al., 2014; Qiu et al., 2016)
A v @ ) Y
21NNTT18MUNAVO Candido HazANE (2009) UTTYNUFNTTONAU ITNdooaaY
9 a a an Y] 9 A A < 1 = T 1 &
I8lusssuma vinwed Inswaunuduleneslina muadanswonsAg0g52 1119 20-27 MPa 49
9 1] < 1 = A a 9 a a a
A9AnABINUNaNAToUA NV InouTInIved luTonen Indan lannneduananusda,
ana A - =) [ = 0?1’ =) = = % d’d
wealINAUTAFIUA LAz AT INIANT 3 wiia unav, laenniseu uazludulysa Nlanw
I ] = 1A ' A a A vAa A A A 1
LALTIABLTIAIDGNTIN 20-30 MPa nafe T Tonen Indalaui@Finaniissnedons
o 9 I % 4 9 Y Y a .
Wl 1 iluussysuainszosdu lindesaars lalusssuana (Candido, Castronuovo, &

Miccolis, 2009)
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5.1.2 aniiamennsouved lulanonlnan

[ =

mﬂwamiﬁﬂymnﬁﬁmamm%’aummnmﬁmaﬂmma unay, 1ldennisou
uazluduilyse) ad U lumanadndanin pLA sauldemafin/asunlas Wvesauiianms
anudouiieAunaIaAnF1mw PBS WU wanadndanmmeauananeda uaznaiaan
Famwwoainaudadiuauaagumginaoud 165 1az 111 °C Fiaoaadosturiungil

YDINAAANFINNTN 2 FilA TASHIQUNYUNADVYOINAFANTINNHDALAAANIDTAD Y
1us19109-117°C (Arjmandi etal., 2015; Deng & Thomas, 2015; Jia et al., 2014; Ashish Kumar
etal,, 2019) HAZFIQUNYUNADNVOINAITANTININ PBS 98 14529 154-171 °C (Deng &
v b4 F
Thomas, 2015; Jia et al., 2014; Zhan et al., 2014) ﬂ15lWM§MﬂJ@Q§ﬁﬂﬂf’JN’Jﬁﬂl@ﬂﬁﬂ 3¥UA UTAN
<3 1 a Aa A g’/ 2 4 A a Y] =
Ifiviuguv giinasuve Inad@anFinmiiuanas uazaaasunuilomulSinaiagd)
qa: a A A A I
1and 3 ¥ila TagluTeneuIndan ldvnunauuaaimnanadain 165 °C1ilu 159 °C, 157°C
A A d%} 3 o w a
way 152 °C iofSunaunaiuaunin o ki 10, 20 vaz 30% wt. awasy, luTeneyInda

v A < 4
nldnnldennSeundainifaaadnin 165 °C1ilu 159 °C uaz 162 °C 1o suanilaon
= A 4? I o A A 9 ]
NEeWNNIUN 013U 10 uag 20 we. mudr1ay, TuleaeuIndaldvinluduls sauaas
P A & A o 4 2 -
ANAAA991N 165 °C 11U 164 °C uaz 161 °C odsualudullssamuvyuain o1l 10 uay
o 1 a' 1 [} 1 9 a
20 wt. MUEIAY NAIABMTANTUYRITATMIadwWa i naoUMAIYBINA AN T NI
a ' v A A v Y Vo
anad Taatnanglinsuazvinaoumavesidgdmiai luawnsonsuguld iy uiaminy
Y 9 v A ' A SR d Aa =<
nnoyma larn llsuniumssaiesvesdie lgne dmes Fuiunmssuniumsinananve
Aa A Ao w 3 o v 1 9 A = d%’
WaaanF N Tuy e I MAUIIA MG IUNTZVIUNITHANAIIATD I A NTATATUS LU

INAEINUDUY

5.1.3 aaug1uInenvedlulononlndn
9
INHANIANEITOBUANIINTUAD UNTNATD LA ULTILTIADUTIAIABINATR
= 1 a A a a a A Aa = <3| 4 = o & '
SEM inumara@ndinmweduananiedalisesnisuanniseuiomilnile@ednuiiui
= Aa A I A AA o < o & a a
VoNIINAIE@anF1n M PLA llunaradnnanyasudulseFuiusssusaveanaiaan

a

FINWWOALAAANILFA (Deng & Thomas, 2015) THVMZIABINUUUNAIAANTININNOAD

a

=

2
= v A = a Y I KX o ~ 1 Y] A 1 Y
audagiuanusosananuaadliiiudsdnyuziiion, couad uazdavgu lda
(Hongsriphan et al., 2013; Sharma et al., 2019) T08LaN HazA1U5VY5z04 I Tonon Indaina
[ Y
ehmsnaniaadmians 3 stia inaanmsuenilasznnaiggFuanuwaa@ans 10w

) dgll a = % 1 3 =) U a =) d‘ = é a
Tﬂﬂ'ﬂ\‘l%’ﬂlﬂﬂﬂWiﬂﬂLﬂW%ﬂU'i‘?.ﬁﬁ’H\‘i’)ﬁ@]{“]f’)ﬂ’)ﬁﬂUWﬁWﬁGlﬂGB’JﬂWWWUlMﬂ FUUUFTTUIA
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S o ' A J ) A g o Ay o
ﬁ']ﬁiﬂﬂ'lﬁwfdllﬁgﬁ’J']\jﬁ'ﬁcnllﬂ’J']NGM]‘]Ju']/GI\L]@EJ'N’Jﬁﬂsﬁjngamlﬂl‘ll%aaiaﬁﬂﬂﬁ’]31’]1111615@1]

U

aa adg v A

9

o 1 a a Aa a a 1 <
WednaId@nFinmweduandnuoda uaz warddandinwnwedaanausagiua eeelsn

= 1 a A v @ = (% Yy Y a 1
UMMz Iz NIMdanFIMunIagEIamnnliulge ladensduaisgaiu
a J . . A o A

yuadnueulalasd (Dimzoski et al., 2008; Lee et al., 2018; Yordem et al., 2011) Ml ud o u
U3z a 3211191y C-OH vousag laaiumy -C-H veana1a@niinmne auananuesa taz

an v A

Aaa < 1 a
woaDNAUTATIUA DINHANIINATEUA NSRBI RN UTEaIAnvRd Ty Tonou Tndn
o v = QSJ/ ) % = d' 1 1 1 U = d'

VIAAIINIANG 3 Bila TagdNaTanINIaN 10% wt. WUFDIINITHINIAAFINIANN
v £4
niz1eaa lu dueawardg@anFimwwodtanaAnueFATDENIN FIA W50 LNFIA15HAIL
a Jd o Y 1w @ = vy < ' A
wadnueula lasaih limaingnguiuves dagsinia ldlosauilunssieiunsngz 91
U [ =S a A a a a [ 1 [ ] Y o =~
fveeiagiiua lunmaandinwneduananueda uazdaedoulild iaaFiuaagn
4
a a a a Y < 1
A40BNINNAIAANTIN N WO ALAAANLDTA TUTUAD UNITNATOUAIIWUIILTIADUTIA
1 <3 1 @ = 4? A A [ =)
pe10 3N NUMIINZN U HaETeLANYBITAA T ANV uS N AT Fiuda
a Y c’dy 1 dyl 1 a 7 1 1
TuluToaouTnda wadanwsiiterinarsgairuunaonuenlelasdai 0.8% wt. dananons
n3zeAveITATMIalusaT AN ez InHaMsAnyauABInaveslu Tonou Indah
Y 1 a [V = =
weraa Iiiunanulszves lulenowTnda nazdnvuzsosuanavaaas 3w lUdans
[ [ = dé} d' a a A aa ad Y = ] dy Y1
N32918A1909709FIWIAT UL IANNAAANTIN WO ATINAUTATILA T9a 1150 UT 1A
MINANNAEANTININNWOA T NausaFiuaauinlTuljeauiaFinadunudangu
Y v A Ay y [ =) 3 a o Aa A a a a
o luTeaeuTndan lavindaadinaans 3 vlanunard@nFinmwoduaaaniose

(Chaiwutthinan etal., 2015)

5.1.4 lnssaramaniivedluleneulnan

wadAnIININNeALanANIEFAFIlga T Tuana (CH,0,), HazNaId@AnFININ

aa ad v A

% I @ ° . { [l g’ 1
wodlnaugagiua Faligas luana (CH,0,), 1uIag31m9n hydrophobic Al liwa Ut 1e

[

= gj a A = = 1] o & =
TaQ¥INIAN 3 Wila Ao unay, laenniFeu uazludulese sauiusaglaaligas Tuana

[ o

I .o A 3’ ' a ' 4
(C4H,,04), 11113893120 hydrophilic Hanureuings danaldmswaunani luauys ol
4 T a SN 1 [ @ = [l <
o nae Tgveanealues Wa1ansndaniznueymavesigadiuia ld eorelsnay
v Y
ansodsulgeanudinuldvesnaradandr mwiuiaadnalddanz i ldasiuaae
A 1 a S R A A
mstuasgaruutaanueulelasa daligas Twana C,H,0, lunszurumswanildanu
Y 1 A = dgl ~ VoA A 1 [
Fougeediunsoanasuoasal ugluy uindernuens iverouilss auszrivaglsveo g

a Y 1 1 a J
‘WﬁWﬁﬁﬂ%’JﬂTW NUBDUNIAVBIULNAY Tﬂ gy C=C "U’é)Qﬁﬁ'ﬂﬂ’)‘i.lﬂﬂm’ﬁ)ﬂuﬁ]u”l@hlﬂiﬂ’fﬂiﬂ‘iﬂ
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weuilszauiunUNaIaANFINNNOALAnANIEFANNY CH tagwodlNiausaguaNv
' 1 a J 4 @ ]
CH, 11az 1y —C-0-C—vosa1sgarvntasnuou la lasaaunsaieulsz enunumy OH vo9
Y] = z a I YA o oA A -1 Aa A a
Y9ITAQFINIANG 3 ¥HA 1Tunalvindwmiaiai 1356 cm™ (C-H) voInaradnainmmneaa
AANLOFA 1B 3330 cm™' (OH) vesTagFmiatinnuduanas drufinvesiagiiuianaaag
NAIMHY UL 1047 cm” (C-OH) (Gonzalez-Lopez et al., 2018; Gonzalez-Lépez et al., 2019;
Kaewpirom & Worrarat, 2014) Wa1&@@ NI MU WA TINaUFAF UANUA MWD UNFIIA AN
-1 = J [} Y A A -1 2 J 1 a
1144-1264 cm”' BT/ UN —C-O-C—1azANMIVAAN 1714 cm” FUTUny C=0 yoawaraan
18 3330 cm' (OH) ¥09389Fw1aln1uduanad (Liminana et al., 2018; Phua et al., 2013)
a = 1 dy ] dyd o < A U [ = v
msnlasunilasvesiiamartierdenwduss lumarenlseausen Nadagriviany
NAAANTINIUWOAUAAANLDTA LAZTNAAANFTINMNNOAUAAANUDTAVDIA1TAAIV

wuadnueulalasa

PLA MA PLA-g-MA
CH O / o
|| o A 1l
+—C—C—o01+— —|— —> (—C—o——
H e} |
O
(0]
PLA-g-MA o)
I i
| (—C—0
\ 0
O A
/ o O
o FAN R o
_‘_ E—— : / oH
Cellulose _Cﬂ/j 0 > S B
/w OH HO ! o o o} - o
_:ﬁ/: HO /C‘ ;/L%/!c H_L—F’E W\ -
HO — \\l-—c-jm: - -q,___dff__,:— oH -
o \\C.-I OH

M0l 64 na lnmafal§senmssenINmMIHauNaaANFIN KO ALAAANLLOTA, B15)AI

wwadnueula’lasa uazivag lae (Kaewpirom & Worrarat, 2014)
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PBS MA PBS-g-MA g 0. o
o
0 o 7 0
0 o FAN DN oH
= — . o
o 0]
n © ¢
Cellulose _ox on o
—0 Ho OH — % o OH
0 o 0 O 0
Ho a% o— HO o w0 © o—
OH _‘_ o4 OH OH o HO OH
0 o PN o o
0
PBS-g-MA - >

n n

AN 65 na Inmsfal§AzeImsenINMIRaUNIAANFIMNWO AT INAUTATILA, A15¢)

a 4
arvvtasnueulalase uazwagiaﬁ (Liminana etal., 2018)

r a
5.1.5 pszuIumMstesaaalaamsrany
Taenalin1sgesaarsveawaradndimnneavananuadaluauazi naglsy
naulu usuduvein1sgesaais (Ohkita & Lee, 2006) A8 1569 88a 18U INAAAN
= a a a a daf 1 9 A I Y] o . = 1 g
FamwnwoduanAneFAZNATUD819H1 9 1T 9910 TUTdATIWIN hydrophobic 34 live i
Ao o [ 1 4 A a a
UIVYUDI Boonmee LAZAME (2016) NTANYINITE08A VD AHUN AUND AUAAANLDTA
= 9 o Vo oA A g 1 Y
NANUYU 0.5 Wy Melaan1zdaeamsdanay wu13uN 90 MIusaiievesnIsnaa ey
Aa ] S A a 3 Id o = J A
Aveauruiauiin ey, inagwguinaanidudauun tagdvesflauldeulion
J Id ] 4 g} ' a Aaaa Aa
Tsalaudunguiesanmsgaguve i luseninnmaiialgnselelas laga
(Boonmee, Kositanont, & Leejarkpai, 2016) FaaroandeInUNanIsIteNIsdesaats Tagn13ea
auvedluTeneyIndanldanuna, warad nFINNNOALAAANLD FALAZNAIAANTINT
PBS NnoumsdafidaneudeiEon uavawindunsdei 180 Ju daunsadunamsnansou
o [ < 1 1 [ 4 a ay
VINMINUFNFUT WU vazunandlsing i uediuaudaiio 99 1nA 109 FUIIY

A d a a A a a a [ 1 I Y] dyl a
ﬂﬂﬁ@ﬂﬂlﬂu‘ﬁuﬂjw'[31ﬁ@ﬂ‘lf')ﬂWWW@allaﬂ@]ﬂlli’)%ﬂgﬂﬂﬂﬂﬁ@uqﬂlﬂuﬂﬂﬂﬂ‘ﬁ'ﬂW'JGU’[’)\‘IIIUI’[’)
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a - J 1

ﬂaﬂwi?mgﬂQaumﬂﬁagiuﬁmwLgaﬂé'ammﬁuﬁ’ﬂﬂi'aullﬂ (Siakeng, Jawaid, Asim, &
Siengchin, 2020; Then et al., 2015; Vasile et al., 2018)

msiialgisenlalas lada laeiir nazauiuluiuduiufhseniliiseliifa
Msgesaa1emaFimn vinnansnageunsdesaats lasmsddununmsihiaadunai
ﬁmm%auﬁwqwﬁu una L MEANNUNAIAAnFIMNaINIsa Ul gansdesaaieve
WA 1@ ANTININ PLA 14 (Terzopoulou et al., 2016; Then et al., 2015) lag@ 11159 8UEUAT
inalgnsenlalas lagasinnamsdnuidremaila FTIR Glucﬁqwudwﬁﬂﬁﬂﬁmg%uﬁlmjwﬁ'a
mafadl 180 Sufie 1645 em™ AT 30003650 cm’’ Lﬁﬂmﬂmﬁ@,ﬂcﬁuﬁwﬁwyz -OH 130
nau'laasonda (Mofokeng, Luyt, Tabi, & Kovécs, 2012; Then et al.,, 2015) N15aAAIUD 4
ﬁmﬂfﬂw5&ﬂ1imﬁauﬁaﬂﬂﬁﬁaﬁuwu’jﬂﬂaﬂaﬂwﬁmqmlﬁﬂﬁmﬁﬂ”lﬂﬁﬁaﬂaﬁmﬂunm
180 $1 Waiim 131 PLARH10, PLARH20, PLARH30 1182 PLAPBSRH30 qmug%aﬁmﬁﬂ"lﬂiu

[

Y [ Y
o 9 9 9 1 Y a
0A31 4.8%, 6.5%, 6.3% 1A 8.0% AW AU 1INTOYAT AU INTDUIT IANMINLTUYD
[ y a 1 L a [ 4 y
TaaFu1aNNINEITUNAdIHaADNa INN1TdosaaIsYRINAIaANTINI N IneNad W Tl
4 [ Aw A o v Aav 1 A A v A 4? a 9
deandenuuITengmindue laginIdemudy o sudunmsmuyuvesllsmnandule
a Y 1 a A 1

5350 AaIWa 1¥ AT d0 8aa18vBINATANTIN WINUVY (Gallardo-Cervantes et al., 2021 ;

9 Y

Y a a aa A v Aa 1 Y v
Huang et al., 2018) NaHMst@uNae@anFINMnealInausasuadina lHonsn1sanaived
g‘ o = I A ~ " Y o [ Aa A
miinilasunaaa i 6.3% 1314 8.0% 1199 1nmMIHaun LN AU NN aAnTIN N
woduanAneFANUNMaANFIM NN AINAUTATIUA, MTINarananasne IHinAe g 1u

=< Y

a s A 2 =2 1 1 1 d%} A < =~
Glu°W@a!3J@ﬁLW3ﬂlu5Nﬂﬂwaﬂﬂﬂqﬁﬂﬂﬂﬁaﬁlﬂﬂﬁlﬂﬂlu LagNUNAUNNaN iy hydrophilic U

A3

=2 <

o g} a 4 Aa 1 I 1
anurouigesdeasogadui uazgaunidluauldhedumgldnisdesaarsves
' Y
WaAANTINTNINNEUY (Huang etal., 2018)
Y '
UDNIINUNITEDIF A1UDINAITANFININIITINITOATIVAOVIINFNL AFINA N
(% [ < 1 I
ana9ve33aa Mol 30 TULTNYDINITNATOUNITAAAIVDIAMINUTIUTIADLTI ATHOUN Y
Aoudaauvea luTeneuInda PLARHI0, PLARH20, PLARH30 W121a0a9 43%, 53% Ua Y
o w 9 @ 4 o [ a
56% MUEIAL, §08a2N150AAD U YAIAIUBIHBUA UNOURIALAAAY 50%, 26% LAT 30%
o w A ) a A a a [ < [ =
aud1dy wazillerimaradndinin PBS aulu luToaen Tndanui1nuudans a6 emsan
9 A o a A =~ [ U a
uazdoeayn15oana w9avaved luTenoy Inda PLAPBSRH30 tipifioununoudsduanag
Y
37% AL 18% MNEIAU UanINTieMIgosaanen1am I nauiuae limssanig sz ring
a A % 1 Y a 1 U o ) 1 9 d’ (=}
waaanFInmAuLnavaaasdiwa Idinases N wnmh ldgnsnszaiensadui hia

' o < J I a < 1
c‘]?\‘lvnﬂlﬁlﬂ'Nllllsllﬂl,ﬁﬂ@ﬂ!ﬁﬂﬁ\iaﬂﬁﬁ Llﬁ$ﬂ']ifl@flﬁﬁ']fl"ll@\?hl‘]JIf’Jﬂ@ﬂJIWﬁ@]ﬂ'J']?JL!"INLﬁQ@] BLIN
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A1 uazdoeaynstadi o gAvIAdInIanaInITTEZINN1Tg0eda1eN T m Ay 11
d' [] a A o a ~ o a = ann
ioaninae Ty Tumnavesnanadnginimgmiae lnsgaunsdluau nielgnser laTas la

9 ! 9
Wﬁﬂ?ﬂﬂ?ﬁﬂﬂ“ﬁﬂﬁ?ﬂﬂ?ﬂ@@tﬁﬂﬂ muuﬁﬂm@wm”m Llagﬂqﬂ‘ﬂﬂ‘W§ﬂ\1"U@QIﬂﬁQﬁ%TQﬁ'\U?UNTﬂ
& dy a a 1 Y < 1 = 9y A o
"]N‘]Jﬁ'lﬂ;]UuWHW'JGUENIl‘UI@ﬂE]MIWﬂ@ﬁQNﬁGh’Tﬂ'ﬂiJLHNLLiQG]@LLiQﬂQ HaZIvgasnN1Igaald

9AU1AAAAY (Obasietal., 2013; Vasile et al., 2018; Yaacob, Ismail, & Sam, 2016)

< a v d
5.1.6 MIsnaaesTugnanaNnszag
a 4 o Aa A a a a
NIRaINTIzHved sunTuT1ae9ms naveswara@Andin mweauananoFa 11
1A 4 ] Qsl = 1 a % o
wininge 019 liwudymvessuniunnsz viumsiaduginaradn daauisaiineina
4 o 1 a o d o )
51z Tlsunsudiianems na lineasstiugindasausinsz 01918 wazdaamnsoii 'l
Jq 9 = d%' a
UszgnaldlunisnaassdadugidlulonenInda PLARHI0, PLARH20, PLARH30 1@ 2
%~ A a v o A a 1ra Jd A
PLAPBSRH30 #afinsnfasunlasguugiivesdnhmmiounszuugissouluminuiiiio
duniuden Tasainmanisnaaesdionaln ldimaadnianmweauananueFagn
1] 1 4
FUNIUMIIAGEIRIV0IT18 1% oo mulTnaunaunnI Uz dINaAeMITUNAUNS
v A @ 421 &2 Yy v & a ~ Ay Y v &
AieId N Failuma lMdesllSuasgam ginasunszuugiaio uanad uazdodllsun
S T R o 2
anavednaoiloulomulSuaunanlulyTonen Tndagaiu (Phasawat etal., 2014)
a L4 a a 1 a J
MyanszHInwesluTonon Tndauaaenmvesasauuas wiadnueula lasa,

~ ~ W da 2 I 9 A Y Y v
UARALKYNTLAYLTN, LLINKD LS NALYDIOA Lﬂu@unuﬂﬂauﬂjNQQ llagﬁqﬂ@ﬂ\jﬂ'ﬁaﬂ@]unuiu

Aa o & Aa 1 A
nszurumsnanstudesaauunaulindsnamnnn 20% wt. lu'luTonou Tnaa

5.2 aguwamside
a a % = = Qy v a d‘
1. aunsoraaluTensuInd@ann faadinamasneainmsineasiunaiaani
dooaae ldstane dLanfnNLoTA LA WOALINAUTATIUA A10IATDIHADNDAIALULULNA 82
NUBUR
d‘ Q' =Y o = 3 a 9 a A U vAa Aa
2. diousmariagdwaans 3 sta ) luwardandimw wunauliaging
= a ] ] I~ a 1 dyw =
uazgaurgivasuvesluTenonIndaanas uaed1s lsnawluTeaouIn@amaitigaiiny
<3 =1 ) o ) a I [ s 9 ay as
udansaiganedmsuih lunaaiuussydunisesame lawusssumnadaieismsdnay
o a a I~ Qy [ S Y Y 4 1
3.awnsoi luTeaouTnd@a lundaiduduauussydun ldaranso s adiugl
2 o

waraania ) Teedouly tazdmlsdmTunszurunisdavusussasum noesaarsla

U Q
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a g/’ 9 1% a [ 4 { a a a
1 luTenouIndatu lndifesnumsaausT A UANINHAITANTIN M WO DA AAN
r'd
HOBAVTANT
9 a A A 9 % = 1
4. ANIDAAUNUVB AN AANTIMWIN 1SN ATAQTINIANINNI 20% wt.

A Y a VoA a 9 A [ wAa 1 A
Lu’t’)\ifi]WﬂﬁﬂW]u“IunUENﬁﬁmmmq‘VIQﬂLGI‘JJL‘lﬂhl‘]JLW’t]ﬂi‘]_l‘]J?:\iﬁiJ‘]J@lG]N € NUITIATLUNN

4
5.3 YalaUANUY
5.3.1 YouuzimsvugiiaglulensuIndadienszuaumsanduginaradin
2 @ a ) ¥ o
1. m3vugiiag luTeaonTnd@anldvinunay, nlaenniEeu nag luduilzsa
J ' Yo 9 a9y A a8 a &
TiginsadaseliigaAnsznenialdinuiiesnnluTeseu Indamamsidonaninein
vy A o Y a 9 < Y a A o
anudonvesnszuenaaim liinams milunszuensumiumg Idnszvendammanisgadu
9
1q
A a o Y 9 an ) I A Ao
2 flonszuemnanisgaduausoud luareasnisindunaraaniil
(] a an a an Y o [ ad 9
anwansolunisivage 1su wedenau nagwed Insnau mFd mSunismsea
=
nIzUONIA
& ad 9 a A P o
3. TudumeunsisIdNNsz UeN AR NNNT nigaaduvesluTonou Tn
a I & A 9 @ A Y Y [ @ = A
daitluruasuinoudeouaneiieaninendedldussaulunisaumndsivuoungann
Y 1 < Y 1aouva @ g’/ [ 9 a wua [
i@eanenisnszau laudliiacu detunisuasmea e U ua UL Lz e Iua
9
a o @ ad
nifeluduaumsiisadenszuenia
9 i1 P4
4. mydsuaudouly uazdlsdmsunsvugdluTenouIndalidonisszis
A o & q v ¥ o = A
Ao madsuasawsanlslunsdumunisnesnduvesinfedriuou (Back pressure) 11199910
o 0911 a [} o [} J o o o 3
winlsuasganuliindeamueuss lunes vhld liaunsomnsatagdmiunsnaaugl1d
v v 1 T 9
5. ManugurgivasunITiuiiaz oo &9lin251WuAY 3-5 °C AOATIVO

Y ] )
m3dsudaiieaain luTeaeuIndadouamuananudou ldae

5.3.2 msanynely
= a U d‘ a d‘ a d‘ 1 Y] d’
1. AnEIFHAvoIaITHana iAoy 9 TudSnanuana1ean uN o 1A21Y
I o i a 2
du'ld1aTunmsneaesnay unau, nldenniEeu vaz ludulesa MlSuannniu
A vAa A < 1 %
2. iuMsAn N AFna luA AT 99 9N1IAAIe (Flexural strength)

< @ a
1AZANUYY (Hardness) ¥o 4709 luTonouInda
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3. nadoun1sdosdats Iaensdsauvesiag lulenonTndanldvinulden

=

niou uazluduilzsa

5.3.3 m3lvyseleminnlulonenlndn
1 TuTeneuTndai ld01nmanauszrinatagfnsimune auananuoda.
NAAANTINNNOALINAUTAT UA uaﬁa@;mﬁaﬁqmﬂﬂmﬂym unau, ldenniGeu uaz
Tudlzsa aunsarn hiFugliihssysasindesaasdlusssumnaeTsmsdinau i

a VA 3 [ a o s a a
M@]i@]ﬂﬁﬂlnﬂé}ﬂﬁﬁﬂ‘VNENﬁ"Ill"liﬂﬁﬂfgljunusllﬂQNﬁ@ﬂm"ﬂﬁﬂﬂ@ﬁnﬂWﬁTﬁ@]ﬂ%’JﬂTW

= a

Y [ v
2. lTuTenonIndgaamsotuglidaroniosianaraanntinis1daueglu

P4

magaanisun 2l Saiaudeuly uavdumlsvesmsiaiugliaa luTeaouTndaniing

U

Usuaanlndifesdumdiuilsveanarannsinin
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Enhanced biodegradation and processability of
biodegradable package from poly(lactic acid)/poly(butylene
succinate)/rice-husk green composites

Anan Sirichalarmkul™® | Supranee Kaewpirom'

"Department of Chemistry, Faculty of
Selence, Burapha University, Chonburi, Abstract
Thailand This work aims to study the possibility to process PLAPBS/RH green compos-

*Mould & Die Technology Division, Thai- ites into hexagonal plant-pots employing a large-scale industrial operation
German Institute, Chonburi, Thailand using injection molding. Green composites based on poly(lactic acid) (PLA),
poly(butylene succinate) (PBS), and rice husk (RH) with various RH contents
(10-30%wt.) were produced successfully using a twin-screw extruder. The com-
patibility of RH-matrix was improved by chemical surface modifications using
a coupling agent. RH was analyzed as an effective filler for PLA to develop
green composites with low cost, high biodegradability, improved processabil-
Pacuky of Science, Buragha University, ity, and comparable mechanical properties as unfilled PLA. With increasing
Thailand; Thai-German Institute, RH content, tensile modulus of the compaosites increased gradually. The addi-
Thailand tion of PBS, at PLA/PBS ratio of 60/40, improved the elongation at break and
impact strength of PLARH30 by 55% and 7.1%, respectively. The suitable
processing temperatures for PLA decreased from 220-230°C to 170-180°C
when 30%wt, RH was composited into PLA matrix and were further reduced
when PBS was applied. After biodegradation via either enzymatic degradation
or hydrolysis, surface erosion with a large number of voids, mass loss, and the
substantial decrease in tensile strength of all the composites were observed. [n
addition, the biodegradation of the composites has been improved by the addi-
tion of either RH or PBS,
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1 | INTRODUCTION lactide intermediate and a second route is polycondensa-

tion.* PLA biodegrades under a landfill process with non-
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Currently, demand for green composites is growing
because of their improved acceptability, social concerning
green products, and reduced cost of bioplastic for market
competitiveness,' Poly (lactic acid) (PLA) is one of the
most attractive bioplastics that can be obtained from nat-
ural resources, PLA is an aliphatic polvester that usually
produced from two main routes: the first route is via a

toxic residue or foreign matter left in the environment.
Besides, polybutylene succinate (PBS) is a biodegradable
aliphatic polyester usually synthesized from combining
succinic acid and 1, 4-butanediol, and has high elonga-
tion at break and toughness.” To produce fully biodegrad-
able composites, there have been increasing numbers of
research focusing on the development of green

J Appl Palym Sel 20215050652,
Iniips: i o orgy 10,1002 fa pp. 50652
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composites based on biodegradable matrix materials, such
as, PLA and PBS. Natural fibers and fillers such as pineap-
ple leaf fiber,? cellulose fibers,” bamboo,® chemical pulp,”
hemp,” almond shell flour,” and wood fibers'™!! are often
used to produce green compaosites with reduced cost.

Among agrcultural residues, rice husk (RH) is recog-
nized as waste from rice milling industries and is not yet
used to its full potential. RH is a sale at a low-price for
mixing in animal feed and being burnt to make energy as
well as silica. Like many other agricultural wastes, the
industrial applications of RH are limited. Hence, it's worth
finding alternative solutions to fully utilize this biomass.
Generally, RH contains roughly 50% cellulose, 25%-30% lig-
nin, and 15%-20% silica and can be considered as one of
the natural fillers for mechanical property improvement
and cost reduction of bioplastics.'*" This has fulfilled the
emerging concept of the circular economy by adding value
to agricultural waste. Moreover, this proper utilization can
be a choice that contributes greatly to achieving the targets
of the sustainability of waste management In the past
10 years, it was reported that the incorporation of RH into
petroleum-based  polymer matrces provides advantageous
characteristics, such as biodegradability, lightweight, and
dimensional stbility, and also makes the final products
more economically reasonable. "' Thus, these compasites
are increasingly being used as construction materials, such
as, frames for windows and doors, decks, and interior
panels, as well as automotive interior pans, such as, door
panels and trims."® During that period, the incorporation of
RH into PLA matrix was also investigated. As many other
PLA/natural fiber composite systems,*' ™™ the incompati-
bility of PLA composites due to RH hydrophilicity and PLA
hydrophobicity has been solved by chemical surface modifi-
cations using a maleic anhydrde coupling agent. As a
result, compatibility of the RH-matrix was developed lead-
ing o enhanced mechanical properties of the composites, It
was found that RH can improve the maximum tolerable,
tension, tensile strength, and water absorptivity of PLA/RH
cumpusile.sw By investigation of its complex dielectric per-
mittivity range and loss tangent, Zawawi et al™ confimmed
that RH/PLA composites can be used for microwave appli-
cations. The improvement of the thermal and tensile prop-
erties, hardness and Charpy impact strength of RH and
bleached rice husk (BRH) reinforced PLA/starch compos-
ites was assured by Mohammadi-Rowshandeh et al,*' They
confirmed that such compaosites could have potential use in
the bioplastics and food packaging industries,

Although processing and properties of PLA/RH green
composites were proposed by many research groups,
there is a limited number of publications reported the
incorporation of RH into fully biodegradable polymer
matrices to exploit as commercially-available biodegrad-
able packages, To develop an economically feasible

process for this application on a commercial scale, injec-
tion maolding, one of the most commercially used
processing techniques, is considered.** The effectiveness
of processability and biodegradation behavior of RH
reinforced fully biodegradable themmoplastics are impor-
tant issues and is a relatively unexplored research gues-
tion. To that end, this current study focuses on the
development of fully biodegradable PLA/RH composites
to reduce the impact on the environment caused by long-
lasting petroleum-based plastics, PLA/RH green compos-
ites with different RH contents (0, 10, 20, 30%wt.) were
developed by a twin-screw extruder and RH-matrix com-
patibility was enhanced by chemical surface modifica-
tions wusing a coupling agent. RH was analyzed as an
effective filler for PLA and PLA/PBS blend to develop a
green composite with lower cost and comparable ther-
mal, physical and mechanical properties as unfilled PLA.
Manufacturability was optimized with Moldex 3D com-
puter aid engineering (CAE), The CAE results were sub-
sequently used as a reference guide in the mold trial
injection process, The quantitative data for future indus-
trial product development were reported. Finally, the bio-
degradability of the PLA/PBS/RH composites was
examined by a soil burial test.

2 | MATERIAL ANDMETHODS
21 | Materials

Polylactic acid (PLA) 3251D {NatureWorks™ and Poly-
butylene succinate (PBS) FZ71PM (PTT MCC Biochem Co.,
Lid) were supplied by PTTGC PCL. Rice husk was
obwined from the Northeast of Thailand. A coupling agent,
MA, with >99.0% purity is from Sigma-Aldrich, This sub-
stance helps o improve the compatibility between RH and
polymer matrix.® GLY (food-grade, 99% purity), an internal
lubricant used for improving material flow in twin-screw
extruder and injection process, is purchased from
Chemipan, Thailand. Ca-ST and Wax-E, the extemal lubri-
cants for reduce shivering while mixing in a twin-screw
extruder and for increase melt flow mte of the mixed
compound,® were supplied by Multibax Public Co,, Ltd,,
Thailand and Oleofine Organics (Thailand) Co, Ltd.,
respectively, The chemical names of all the additives used
cannot be disclosed due to intellectual property protection.

22 | Preparation of PLA/PBS/RH green
composite

The appropriate amount of PLA, PBS, RH and other addi-
tives used for preparing green composites with various
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RH contents (0, 10, 20, 30%wt) using a twin-screw
extruder is shown in Table 1. Prior to the processing,
PLA and PBS were dried at 90 and 70°C, respectively, for
5 h. RH was washed thoroughly with tab water to elimi-
nate dust and other impurities, dried at 80° C overnight to
remove moisture, and eventually ground into powder to
produce RH powder with a particle size of <600 pm.
PLA, PBS, RH, and other additives were pre-mixed prior
to feeding into a modular co-rotating twin-screw extruder
(Labtech Engineering, Thailand). The temperatures in
the barrel were set between 90-170°C, After well mixing,
the molten composites was cooled down and pelletized
into 3-mm pellets. The resulting green composite pellets
were dried at 90°C for 5 h and kept in air-tight
containers.

In this study, RH content was limited to 30%wt.
because with high content of RH, the processing com-
plexity was encountered. Practically, as RH was intro-
duced at 40%wt., it was very difficult to tmnsport the
pre-mix composites from the feed port to the extruder
barrel of the twin-screw extruder. At this stage, some of
the absorbed water in the RH evaporated and condensed
in the feed section of the barrel. As a result, some of the
pre-mix composites could not be effectively applied to the
compression section. Too high RH content has resulted
in long processing cycles, partial degradation and high
energy consumption. As a result, the amount of RH in
our sample was limited to 30%wt,

In order to investigate the effect of PBS addition on
the increase in ductility and biodegradability of PLA/RH
composites, 28.7%wt. PBS was added to PLARH30. With
this amount, the PLA/PBS ratio is equivalent to 60/40,
According to Deng and Thomas® the ductility of
PLA/PBS blends improved with an increase in PBS con-
tent. The proposed results also revealed that PLA/PBS
with a 60/40 ratio demonstrated a co-continuous phase
structure in which certain PLA droplets were scattered
within the PBS domains, resulting in a strong ductility of
the blend. However, as the PBS content exceeds 40 per-
cent weight, only a continuous PBS phase can be
achieved and more defects can be found., As a result,
there was a dramatic reduction in elongation at the break

TABLE 1 Material compositions

of the blend. Therefore, the PLA/PBS mtio of 60/40 was
chosen in this study.

2.3 | Characterization

Chemical structures of PLA/PBS/RH green composites
were investigated using Fourier-transform infrared spec-
trometer {PerkinElmer Frontier™ FTIR/NIR system),
equipped with a multiple-reflection ATR attachment. For
each measurement, 4 scans were co-added with a resolu-
tion of 4 em™ and wavenumbers ranged from 400 to
4000 cm™,

Tensile and impact test specimens were injection
molded following ASTM D&38-02a and ASTM D256-10,
respectively, using ARBURG ALLROUNDER 370U
700-70 injection molding machine. Screw diameter and
clamping force were 22 mm and 700 kN, respectively,
The barrel temperatures were set in the range 180-200°C,
injection flow, injection pressure, and mold temperature
were 25 cm®fsec, 1200 bar and 50°C, respectively.

Tensile properties of PLA/PES/RH green composites
were measured according to the tensile test standard
ASTM D638 - 02a (Standard test method for tensile prop-
erties of plastics), using Zwick/Roell Z100 tensile testing
machine. The tensile testing machine was equipped with
a 100 kN load cell, hydraulic specimen grips and an
extensometer, The clamping of the sensor arms and the
setting of the original gage length is automatic with this
extensometer type. The tensile measurement was per-
formed with a constant crosshead speed of 5 mm/min at
25 4+ 3°C and 55 %RH. At least five specimens were tested
and the averaged values of Youngs modulus, tensile
strength, and elongation at break were collected.

Izod impact energy of PLA/PBS/RH green composites
was determined according to ASTM D256-10 (Standard
test methods for determining the Izod pendulum impact
resistance of plastics) using Charpy and lzod pendulum
impact tester (Chen Yen Testing Machine, Co. Ltd.,
Taiwan, CY-6346), The test was carfed out at 25 + 3°C,
Impact strength of a specimen was reported as Izod
impact energy per notched area (KJ/m?®). At least five

for the preparation of PLA/PBS/RH Material content (% by welght)

green composites Sample PLA PBS RH GLY Ca-ST Wax-E MA
Neat PLA 100 ] 0 0 0 0 0
PLARH10 §r2 0 &7 L7 0.8 08 08
PLARHZO TRE 0 15.7 3l 0.8 08 08
PLARH30 T8 0 215 4.3 0.8 08 08
PLAFPBSRH 30 43.1 287 I35 4.3 0.8 08 08
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specimens were tested and the averaged impact strength
values were recorded.

Tensile fracture surface morphology of the tested
specimens was analyzed using LEO 1450 VP scanning
electron microscope (SEM). Before the observation, the
surfaces were coated with a thin layer of about 10 nm of
gold via sputter coating technigue.

Thermal transition temperatures of the PLA/PBS/RH
green compaosites were examined using a differential scan-
ning calorimeter (DSC, PerkinElmer Pyris Diamond),
equipped with a cooling attachment, under nitrogen atmo-
sphere from 50 to 240°C at a constant heating rate of
10°C/min.

2.4 | Computer aid engineering
simulation and mold trial

Moldex3D computer aid engineering (CAE) simulation
was performed to explore the plastic molding process and
mold structure design. The required process parameters
were determined and were chosen to integrate with mold
structure. Product design (hexagon plant-pot) and mold
structure design were shown in Figure 1. The material
data of the neat PLA 3251D, from the materal data
library of Moldex3D, were put into the simulation?®
After that, a method was set with CAE mode and the
maximum injection pressure was set at 203 MPa (maxi-
mum injection pressure of injection machine). Then the
optimization was automatically caleulated by Moldex3D
software. CAE results can be obtained by varying injec-
tion parameters in Moldex3D software until the optimum
CAE results were obtained.

Injection mold trial process was camied out using
Toshiba EC 1805 injection machine, equipped with a
screw of 32-mm diameter. Clamping force was set at
120 ton and maximum injection pressure was 203 MPa,
Injection molding parameters acquired from CAE results
for neat PLA were inserted as followings: injection
pressure = 112 MPa, holding pressure = 50 MPa, holding
time = 3 sec, cooling time = 14sec, and mold
temperature = 40°C. The barrel-nozzle temperatures (4
zones) were set at 190, 195, 200, 210°C, and hot runner
temperatures were varied between 165 to 230°C,

2.5 | Degradability by soil burial test

Soil burial test was carried out on a laboratory scale for
180 days to examine the biodegrdability of the
PLA/PBS/RH green composites, Dumbbell specimens
(ASTM D638 Type 1) were buried in plastic boxes con-
taining gardening soil, at a depth of approximately 10 cm

(a).e«—-il
SEN
3 13
e

Cavity insert

Core insert

Cooling channel —_

SSSSSASSSASY
& £ &

SO R N
FIGURE 1 Product design of hexagon plant-pot (a) and 2D hot
runner mold structure design (b}

from the soil surface. The soil pH and temperature were
5.3 and 28 + 3°C, respectively and the relative humidity
was 85%RH. The digital photographs of the tested speci-
mens were recorded through OLYMPUS 3751 optical
microscope. The changes in  weight, chemical and
mechanical properties of the tested specimens were also
examined employing gravimetric method, FTIR, and ten-
sile testing, respectively,”

3 | RESULTS AND DISCUSSION

31 | Structural characterization
via FTIR

In-situ crosslinking between RH and PLA with MA cou-
pling agent during the preparation of PLA/PBS/RH green
composites via a twin-screw extruder at high temper-
tures was investigated by FTIR and the results are shown
in Figure 2 (Figure S1, for clarity). RH shows typical
absorption bands of cellulose at 3330 em™ (—OH
stretching), 2890 and 2970 cm™ (C—H wvibration) and
1047 em™" (C—OH stretching) and the absorption peak of
silica at 780 cm™! (Si—0—Si stretching).*® Typical absorp-
tion bands of neat PLA were found at 2999 cm™' (asym-
metric stretching vibration of C—H from —CH,),
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1752 em™ ! {(—C=D stretching of aliphatic ester), 1454 and
1386 cm™! (asymmetric and symmetric bending vibration
of C—H from —CHj3), 1356 cm™ (bending vibration of
—CH), 1182 and 1082 cm™' (asymmetric and symmetric
stretching of C—0—C), and 1043 em™' (stretching of
C—DH).E'H

During melt blending at high temperatures in a twin-
screw extruder, MA can graft onto both RH and PLA
chains. FTIR spectra analysis indicated that the
crosslinking occurred between the methine (—CH)
groups of PLA and the vinyl groups (—CH=CH—) of MA
through creating a new C—C linkage. Moreover, the
crosslinking between C—OH groups of RH and the anhy-
dride groups of MA was also taken place. As a result,
there was a reduction in the intensity of a peak at
1356 cm™ (bending vibration of —CH) in PLA, and the
reduction in both the intensity of a peak at 3330 cm™'
(stretching vibration of —OH) and a peak at 1047 cm™
(C—0OH stretching) in RH., This change was observed in
the FTIR spectra of PLARH10 and PLARH20, Although
the reduction of —CH vibration peak was found in
PLARH30 and PLAPBSRH30, the intensity of stretching
vibration of —OH was enhanced and shifted to relatively
higher wavenumbers, This was due to the stretching of
intermolecular hydrogen bonds of hydroxyl groups in
RH.* Besides, the presence of the wide absorption peak
was due to the existence of moisture in the sample that
was not completely removed due to the hydrophilic char-
acter of RH. Conclusively, the FTIR results showed the
successful crosslinking of RH onto PLA backbone with
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FIGURE 2 FTIR spectra of RH, neat PLA, neat PBS, and
PLAJPBS/RH green com posites | Color figure can be viewed at
wileyonlineli brary.com|

the use of MA as a compatibilizer. The results are in good
agreement with those reported in literature 73

FTIR spectra of neat PBS shows typical absorption
peak at 2947 em™', attributed to the asymmetric
stretching vibration of —CH,— groups. The peak at
1714 cm™" was attributed to the C=D stretching vibration
of ester groups. The peak at 1330 cm™ was assigned to
the symmetric stretching vibration of —CH,— groups.
The peak at 1150 em™ resulted from the stretching of the
—C—0—C— groups in the ester linkages. The peak at
1046 em™" was due to —0—C—C— stretching vibration
and bending vibration of C—OH in carboxylic acid groups
was found at 918 cm™, It was reported by Phua et al >
that MA can be grafted onto PBS via the reactive grafting
process that was carried out in an internal mixer at
135°C for 7 min. Furthermore, this reaction can be
evidenced in FTIR spectra, showing obvious signals at
the transmittance bands of 1780 and 1849 cm™ in the
grafted PBS, while these bands were absent in the neat
PBS. However, in our study, there was no evidence of
such the chemical reactions occurring in PLAPBSRH30.
This may be due to the relatively less amount of PBS in
the composite compared with the amount of PLA.

3.2 | Morphology

Tensile fracture surface morphologies of neat PLA, neat
PBS, and PLA/PBS/RH green composites are shown in
Figure 3. Not surprsingly, neat PLA displayed a clean
and homogeneous surface, indicating its brittle behavior.
This is typical for semi-crystalline PLA.** On the other
hand, neat PBS showed tear marks on tensile fractured
surface (ascircled in Figure 3(b)) and that can be consid-
ered as its ductile behavior,** Blending RH and other
processing additives into the pristine PLA (Figure 3(c-e))
resulted in the rough fractured surface due to the phase
separation between RH and PLA. Moreover, RH was
meagerly covered with the PLA matrix indicating unwell
filler-polymer adhesion. However, the adhesion between
the two phases can be improved by the addition of MA
coupling agent.** By blending 10%wt, of RH into the
neat PLA, the sufficiently well dispersion of RH particles
were observed throughout the PLA matrix, The aggrega-
tion of RH particles themselves as well as the paps
between RH and PLA matrix were hardly detected
{as circled in Figure 3{(c)). This was because MA modifi-
cation lessened the selfaggregation ability of RH by par-
tial substitution of the hydroxyl groups. This result
pointed out that the addition of MA partly improved the
dispersion of RH in PLA matrix, The crosslinking of RH
onto PLA backbone with the use of MA as a com-
patibilizer enhanced the interface bonding strength
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FIGURE 3 SEM micrographs
showing the microstructures of tensile
fractured surfaces of neat PLA (a), neat
PBS (b) and PLARH10 (¢), PLARH20
(d), PLARH30 (¢), and PLAPBSRH30 ()
green com posites

1o

T

between RH and PLA, preventing RH particles from
being pulled out from PLA matrix during the stretch.
However, the process did not completely change the
hydrophilic nature of RH. With the addition of
20-30%wt. RH, some aggregation of RH particles and
gaps between RH and PLA matrix were witnessed
(as circled in Figure 3(d-f)). Furthermore, RH particles
were pulled out from PLA matrix during the stretch. The
possible reason was that the amount of MA was fixed at
0.8%wt., while RH content increased from 10%wt. up to
30%wt. Hence, only a fixed quantity of RH was in-situ
cross-linked with PLA matrix leaving the rest uncross-
linked. Similar findings were observed by Gonzilez
Lopez et al.” who reported that agave fiber coating with
maleated PLA (MAPLA) is an effective technique to
increase the amount of fiber that could be integrated into
rotomolded biocomposites with improved mechanical
properties with a fiber content of 20% wt. However, bio-
composites with a fiber content of more than 20% wt.
showed a decline in mechanical properties.

In general, melt blending of PBS with PLA would
appear to be an ideal route for improving the toughness

of PLA. Hence, the brittle behavior of the PLA/RH com-
posites can be improved by introducing PBS, a ductile ali-
phatic biodegradable polyester, into the system. In this
study, PBS was melt blended with PLA and
PLAPBSRH30 was produced. Like PLARH30, the frac-
tured surface of PLAPBSRH30 showed a sufficiently well
dispersion of RH particles with some aggregation of RH
particles and gaps between RH and polymer matrix.
However, the brittle behavior of the composites was
diminished by the ductile characteristic of PBS as a rela-
tively smoother fractured surface of PLAPBSRH30 was
shown. The morphological phenomenon also explained
the mechanical property improvement of PLA/PBS/RH
green compaosites, as discussed in the next section,

3.3 | Mechanical properties

It's well known that the phase morphology of a polymer
compasite is an important factor determining its mechan-
ical properties, The results of impact strength, tensile
modulus, tensile strength and elongation at break of the
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neat PLA, neat PBS and the proposed green composites
are plotted in Figure 4,

A rigid PLA shows impact strength, tensile modulus,
tensile strength and elongation at break of 26,1 KJfm?®,
2.4 GPa, 574 MPa and 2.1%, respectively. The values are
in the range of those reported in literature,***** From
the plots, it can be seen that impact strength, tensile
modulus, tensile strength and elongation at break of PLA
decreased apparently by 18%, 20%, 59%, and 52%, respec-
tively, with the addition of 10%wt. RH in the PLA/RH
composite, These results are what expected on adding a
hydrophilic, rigid filler to a hydrophobic, rigid, brittle
polymer. Although 0.8%wt. of MA coupling agent was
introduced to the composites, it is worth noting that the
composites’ strength decreases as a consequence of the
lack of sufficient interfacial bonding. The irregular shape
of RH also decreased the strength of the composites due
to its inability to support stress transfer from the polymer
matrix.* Furthemmore, the agglomerates of RH particles
in the PLA matrix was responsible for those dropped
values,™ With increasing concentration of RH in the
composites from 10 to 30%wt., the tensile modulus of the
composites increased gradually, while other mechanical
properties are maintained. The hard and rigid characters
of RH may be responsible for the increased tensile
modulus,

To improve the ductility of the composite, PBS was
introduced into the PLARH30 system. The effect of PBS
on the mechanical properties of PLAPBSRH30 in com-
parison with PLARH30 was investigated and the results
were shown in Figure 4. The figure shows that PBS can
enlarge the elongation at break and impact strength of
PLARH30 by 55% and 7.1%, respectively, However, when
being compared with PLARH30, tensile strength and ten-
sile modulus of PLAPBSRH30 were cut by 19% and 29%,

0= Tensile strength (hPa)
Tensile modnlus (MPa)
@ Elomgation at break (%o}
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0
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o " —
N E — T m—s o - |

204 T

T T T T T
PLA PLARH1S PLARH G PLARH}0 PLAPBSRHO PRS

respectively, This could be related to the nature of PBS
itself, providing its inherent flexibility, high impact
strength (29.6 KJ/m®), low tensile strength (35.7 MPa),
and low modulus (862 MPa).**¥ Even though SEM
micrograph (in the previous section) shows that PBS is
compatible with PLA, naturally PBS and PLA are not
miscible. The decrease in the tensile strength and tensile
modulus may also be due to the poor interfacial interac-
tion between PLA and PBS, leading to the incomplete
stress transfer between the phases.

Conclusively, an agricultural waste as RH can be
recycled for producing biodegradable preen composites
with acceptable mechanical properties. The addition of
PBS to PLA/RH composites was a worthy choice for
increasing the elongation at break and the impact
strength of the composite,

3.4 | Thermal properties

Differential scanning calorimetry (DSC) measurement
wis carfied out to observe the effect of the addition of
RH on thermal transition properties of PLA/RH compos-
ites as well as the effect of the addition of PBS on
PLA/PBS/RH composite. The thermal transition behavior
of PLA/PBS/RH composites, especially melting tempera-
ture (Ty,), had to be considered in the preparation of the
composites as well as the production of bioplastic pack-
ape using injection molding. Fipure 5 shows the typical
DSC thermograms of PLA/PBS/RH green compasites,
Meat PLA shows T, at 165°C, while neat PBS shows
Ty at 111°C. These DSC results are in good accordance
with those reported in the literature, From literature, PBS
has a melting temperature range of 109-117°C*"*"
while PLA has a melting tempermture range of

T
[mpaet strength (k')
a

T T T T T T
FLA PLARHI0 PLARHIY PLARH3 PLAPESRH3D PES

FIGURE 4 Tensile and impact properties of neat PLA, neat PES, and PLA/PBS/RH green composites [ Color figure can be viewed at

wileyonlinelibrary.com |
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FIGURE 5 Typical DSC thermograms of the neat PLA, neat
PBS, and the green composites [Color figure can be viewed at
wileyonlinelibrary.com |

154-171°C." 345342 Wwith the addition of RH, T, of PLA
shifted to lower temperatures with respect to RH content.
That is the T,, of PLA moved from 165°C to 159, 157, and
152 °C when RH content increased from 0 to 10, 20, and
30%wt., respectively. It is well known that T, depends
primarily on molecular weight, chain branching, inter-
molecular attraction, and steric effects. The addition of
RH with an irregular shape may interfere with the crys-
tallization process of the PLA, creating difficulty in chain
rearrangement and disrupting the intermolecular attrac-
tion between the PLA chains themselves. Moreover, the
chain mobility of PLA has been increased, owing to the
plasticizing effect of GLY plasticizer.® This is cor
responded with the increased impact strength, as dis-
cussed in the previous section.

The melting endothermic peaks of PBS component
and PLA component in the PLAPBSRH30 composites
were found at 100 and 149°C, respectively. As we men-
tioned eardier that even though PBS is compatible with
PLA, naturally PBS and PLA are not miscible. As a result,
the composites show two melting peaks, indicating that
PLA and PBS were thermodynamically immiscible.*’ The
substantial decrease in Ty, of PLA in the PLAPBSRH30
composite does suggest that PBS has some restricted mis-
cibility with PLA. In comparison, the existence of PBS
had a significant impact on the T, of PLA, Qiu et al.*!
also reported that T, of PLA decreased from 148 to
145°C when 30% percent of PBS was added to the
PLA/PBS blend. Like what happens in PLA, RH is
believed to be responsible for the declining in T, of PBS.
Overall, the DSC results suggest that the processing tem-
peratures for PLA/RH composites is supposed to be
reduced accordingly, as RH content increased. Further
reduction in the processing temperature is expected when

PBS was introduced into the compaosites, as discussed in
the next section.

35 | Manufacturability

To assess the potential for industral use of green com-
posites, the study of the possibility to be produced by the
conventional manufacturing process is very important,
Injection molding i a processing method to achieve
molded products by injecting heat-molten plastic mate-
rals into a mold, and then cooling and solidifying them.
The method is suitable for the mass production of prod-
ucts with complex shapes and is widely used in the plas-
tic processing industry.

To study the possibility to process PLA/PBS/RH green
compaosites into finished products, especially employing a
large-scale industrial operation using injection molding,
computer aid engineering (CAE) simulation was applied.
Basically, during processing, the dynamic behavior of the
main material penetration in an injection molding is a
complicated issue, involving many factors such as flow
rite, material properties and mold design. The interac-
tions between these factors result in the difficulty to
achieve a uniform distribution by simply changing the
process condition parameters, Therefore, applying CAE
simulation is a reliable way to quickly identify and fix
potential problems before manufacturing.®™* In this
study, a hexagonal plant-pot mold was designed and
injection molding parameters suitable for PLA material
were  optimized by  Moldex3D CAE  simulation
(Figure 52). The material data of neat PLA obtained from
the supplier, for example, melt flow index, melt tempera-
ture range, viscosity, Poisson's ratio, PVT diagram, heat
capacity, thermal conductivity, freeze temperature, and
s0 on. were put into the simulation, The optimum values
of injection molding parameters obtained from CAE
results are tabulated in Table 2. Subsequently, the CAE
results were used as reference puidance in mold trial
injection process for all PLA/PBS/RH green composites.

A mold tdal is a process by which a new mold is opti-
mized to produce the desired products as efficiently as
possible. In our study, Toshiba EC 1805 injection
machine, equipped with a 32-mm diameter screw, was
used for mold trial. The machine has a maximum
clamping force and a maximum injection pressure of
120 ton and 203 MPa, respectively. Durng the trial pro-
cess, hot runner temperatures were varied between
165-200°C, while other injection parameters were fixed
as the same quantities as those used for processing of
neat PLA, At least 10 plant-pot samples were injection
molded for a fixed hot runner temperture. The suitable
temperatures for producing hexagonal plant-pot with



6SYSY9ITESE

—
o]
c
c
-
H
=3
(0]
]
-
]
o
=
%)
=
o
o
o
o
t
=3
(0]
]
-
]
~
[
(0]
Q
<
i
o)
o
o
N
al
o
[~y
=
=
w
N
=
-
~
0
(0]

\Q
[y
w

SIRICHALARME UL axm KAEW PIROM

125

acceptable appearance (Figure 53) were recorded and
shown in Table 3,

As seen in Table 3, the suitable hot runner tempera-
tures decreased when RH was composited into PLA
matrix. Moreover, as the RH content increased such the
suitable processing temperatures reduced accordingly.
The further reduction in the suitable hot runner tempera-
tures was also found when PBS was blended into the
composite, This was because the melting temperature of
PBS is relatively low compared with that of PLA and
PLA/RH composites. As far as we know, enhancement of
processability of agricultural residue reinforced thermo-
plastics is an important issue, as the addition of heteroge-
neous  fillers reduces the flow properties of the
composites considerably. In contrast, our results revealed
that the flow properties of the PLA/RH composites
improved when RH content increased, resulting in the
reduced processing temperatures. However, this phenom-
enon could also be attributed to the inclusion of GLY, an
internal lubricant, because the mtio of RHLGLY was set
at 51 for all composites in order to facilitate

TABLE 2 Summary of optimum injection molding parameters
for neat PLA, obtained from Moldex3 D CAE simu lation results

Optimum injection molding parameters

Clamping force (ton) 15.6
Injection pressure(MPa) 364
Halding pressure (MPa) 19.1
Haolding time (sec) 1,64
Cooling time (sec) 14.2
Maold tempera ture (*C) 40
Melt temperature (*C} 188

Appli.Ed P01y=1|l-r|1:.e;1:_W] LEY I 9 of 14

manufacturing, During manufacturing, GLY helped to
minimize friction and adhesion between polymer-RH,
RH-RH and EH-metal and to increase the flow charac-
teristics of the composites. Therefore, the incorporation
of processing aid, for example, GLY plasticizer, Ca-ST
and WAX-E lubricants, was believed to be responsible for
such improved processability by reducing the viscosity of
the molten composites as well as their melting tempera-
tures. ™" Therefore, processability enhancement, while
retaining and/or improving the performance properties,
of the PLA/PBS/RH green composites was achieved and
was considered as an economical process and can be an
added advantage for the agricultural waste composite
industry.

3.6 | Biodegradability study by soil
burial test

It has been previously reported in the literature that PLA
can degrade to carbon dioxide, water, and methane in
the environment over a period of several months to
2 years, depending on the environment to which it is
exposed.*™*® Generally, the degradation of PLA in the
soil is slow and takes a long time to start.™ To date, the
slow degrmdation of PLA due to its hydrophobicity could
be improved by the introduction of hydrophilic fillers
into PLA matrix.'"* In this present work, RH, the hydro-
philic agricultural waste, was introduced into PLA and
the biodegradability of PLA/PBS/RH green composites
was studied by measuring their visual change, chemical
structure alteration, reduced weight and deteriorated ten-
sile properties in a gardening soil burial test, lasting for
180 days. The results are presented in Figure 6-7.

TABLE 3 Injection molding parameters used for hexagonal plant-pot mold trial

Green composites
Injection parameters FLA PLARH10
Clamping force (ton) 16 16
Injection pressure(MPa) 12 112
Haolding pressure (MPa) 50 50
Haolding time {(sec) 3 3
Cooling time (sec) 14 14
Maold temperature (*C) 40 40
Barrel temperature (zone 1, *C) 190 190
Barrel temperature (zone 2, *C) 195 195
Barrel temperature (zone 3, *C) 0 200
Mozzle tem perature (zone 4, *C) 210 210

Haot runner tem perature & C) 220-230 190-200

PLARH20 PLARH30 PLAPBSRH30
16 16 18
112 112 112
50 50 50
3 3 3
14 14 14
40 40 40
190 190 190
195 195 195
200 200 200
210 210 210
1B0-190 170-180 165-170
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To visualize the morphological changes that occurred
due to the degradation process in gardening soil, digital
images, and optical micrographs of neat PLA and
PLA/PBS/RH green composites before and after soil
burial test were taken and shown in Figure 6. Before the
soil burial test, the neat PLA had a smooth and clear sur-
face. After 180 days of testing, surface roughness, and
pores emerged on the surface of the PLA. In comparison,
there was a small change in the color of the specimen
from transparent to opaque white. A similar finding was
also proposed by Boonmee et al*' who researched the
deterioration of the 0.5 mm PLA sheet under simulated
landfill conditions. They discovered that at the end of
their burying test (90 days) the PLA surface had been

Before After

PLARH20 PLARHI10 PLA

PLARH30

PLAPBSRH30

completely rough with several micro-pores and the film
color had changed from transparent to white due to the
absorption of water during hydrolysis. In addition, it was
clear that all the PLA/PBS/RH composites exhibited a
relatively smooth surface before the soil burial test. After
180 days of biodegradation, surface erosion, as well as a
large number of voids, were observed. RH also appeared
clearly due to the loss of the polymer matrix layer. This
indicates that the surface of all the composites can be
partially consumed by the microorganisms presenting in
a soil environment. Besides, hydrolysis by absorbed soil
water is believed to be taken part in the biodegradation
process, which is in good agreement with FTIR results
(as discussed in a later part of this section). Hence, this

Before After

0.2 mm—

0.2 mm—

0.2 mm=—

0.2 mme—

0.2 mme=—

FIGURE 6 Digital images (a-j) and optical micrographs (100x magnification) (k-t) of neat PLA and PLA/PBS/RH green composites
before and after soil burial test for 180 days [Color figure can be viewed at wileyonlinelibrary.com)
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FIGURE 7 FITR spectra of PLA/PBES/RH green compaosites before and after soil burial test for 180 days [Color figure can be viewed at

wileyon linelibrary.com |

observation confirmed that all the green composites can
be degraded by burying in gardening soil. The similar
results were also presented by several authors,''**% It
should also be noted that the deterioration of the com-
posites has been improved by the inclusion of RH. This
was because the surface roughness, pores, and surface
degradation of all PLA/PBS/RH composites can be
observed maore clearly than those of the neat PLA.
Siakeng et al®® reported a similar pattern in findings in
their study of accelerated weathering and soil burial
effects on biodegradability, color, and texture of coir/
pineapple leaf/PLA biocomposites. They concluded that
the degradation rate of PLA was lower than that of coir/
pineapple leaf/PLA biocomposites after 250 h of acceler
ated weathering,

FTIR spectra of the dumbbell specimens of PLA/PBS/
RH green composites before and after a 180-day soil
burial test were displayed in Figure 7.

After soil burial test for 180 days, the characteristic
peaks of all the composites can be found at approxi-
mately the same wavenumbers as those seen in freshly-
prepared samples, accept for a new peak at 1645 em™",
originating from O—H bending of the unresolved
hydroxyl group of the absorbed water usually carried by
cellulose.'"* The other new broad peak was found at
3000-3650 cm™?, corresponding with inter- and intra-
molecular hydrogen bonds of hydroxyl groups of
absorbed water. Hence, this result strongly supports that
the biodegradation of the PLA/PBS/RH composites car-
ried out via hydrolysis.

The study of weight loss after soil burial test revealed
that all the PLASRH composites loss their weights after
undergoing 180 days of soil burial test. PLARHI0,
PLARH20, PLARH30 and PLA/PBS/RH30 showed the
weight loss of 4.8%, 6.5%, 6.3%, and B.0%, respectively.
These results confirm that the degree of weight loss
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FIGURE & The tensile strength (a) and elongation at break
(b}of the PLASPBS/RH green composites before and after soil
burial test for 180 days [ Color figure can be viewed at
wileyonlinelibrary.com|

slightly increased with increasing RH content. Thus, the
degradation mechanism seems to be partly influenced by
the presence of RH. The findings are in strong alignment
with the results suggested by other researchers con-
firming that the increase in natural fiber content has
increased the degradation of biodegradable polymers,**7
In comparison, PBS raised the weight loss of PLARH30
from 6.3% to 8.0%. This may be due to the incorporation
of PBS into PLARH30 not only the immiscible blend of
PLA/PBS naturally formed, but also the reduction in the
crystallization of the two polymers.™ This leads to an
improvement in biodegradation in the amorphous area of
the polymers. In addition, hydrophilic groups in RH eas-
ily absorbed water and soil microorganisms and
expanded the water and microorganism interaction
region with the PLA/PBS mixture. This phenomenon
makes it possible for PLAPBSEH30 to hydrolyze and dis-
integrate and thus increases weight loss.*™®

Figure 8 reveals the deteriorated tensile properties of
the composites during the biodegradation, It can also be
seen from the figure that both tensile strength and elon-
gation at break of all the composites drastically dropped

within 30 days of soil burial test and continued to decline
with a relatively slow rate. Within the first 30 days of the
test, the decrease in tensile strength of PLARHI0,
PLARH20, and PLARH30 showed 43%, 53%, and 56%
reduction of their initial values, respectively. Likewise,
the lessening in elongation at break of PLARHI0,
PLARH20, and PLARH30 showed 50%, 22%, and 22%
reduction of their initial values, respectively. Hence, ten-
sile strength and elongation at break of the composites
were considembly reduced when the RH content
increased. Moreover, when PBS was introduced to the
composites, the decrease in tensile strength and elonga-
tion at break of PLAPBSRH30 was found at 28% and 18%
of the initial values, respectively. This may be due to the
poor stress transfer throughout the interphase of either
PLA or PBS to RH particles, caused by their poor interfa-
cial bonding strength, and also by the high stiffness of
RH particles that hardened the composites by limiting
the mobility of the polymer chains, Furthermore, as the
biodegradation proceeded, the low interfacial adhesion
between polymer matrix and RH particles would create
numerous voids, as discussed in the morphological
changes, leading to the poor stress transfer between the
phases bringing about the low tensile strength values.

After 30 days of soil bural test, the tensile strength
and elongation at break of all the compaosites continued
to decrease with time as the biodegradation proceeded.
This was because, with the degradation time allowance,
more water entered into the composites, the chemical
bonds of polymer matrix were destroyed either by micro-
organism or hydrolysis. Therefore many voids and strue-
ture defects appeared on the surface of the composites
resulting in the decreased tensile strength and elongation
at break of the composites * 313334

4 | CONCLUSIONS

Green composites based on biodegradable thermoplas-
tics, that is, polvllactic acid) (PLA) and poly(butylene
succinate) (PBS) and agricultural waste, that is, rice husk
(RH) with various RH contents (0, 10, 20, 30%wt.) were
produced successfully by a twin-screw extruder, RH was
analyzed as an effective filler for PLA and PLAJPBS
blend to develop green composites with low cost, high
biodegradability, improved processability, and compara-
ble mechanical properties as unfilled PLA. Tensile modu-
lus of the composites increased gradually, with
increasing RH content from 10 to 30%wt, while other
tensile and impact properties are maintained. Addition-
ally, the elongation at break and impact strength of the
compaosite was boosted when PBS was incorporated into
the composite. As RH content increased, the lowered Ty,
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of PLA was observed, suggesting the reduced processing
temperatures required for PLA/RH composites. Unsur-
prisingly, the results from mold trials showed that the
suitable temperatures for processing PLA/RH green com-
posites into  hexagonal plant-pots decreased from
220-230°C for neat PLA to 170-180°C for 30%wi.
RH-filled composites. Moreover, as low as 165-170°C
processing temperature was achieved when PBS was
blended into the composite. According to biodegradabil-
ity study by gardening soil burial test, the biodegradation
of PLA/PBS/RH composites proceeded via either enzy-
matic degradation, caused by microorganisms presenting
in soil environment, or hydrolysis by the absorbed soil
water. Furthermore, the biodegradation of the compos-
ites was accelerated by the addition of either RH or PBS,
Mass loss, surface erosion as well as a large number of
voids were observed due to the loss of the polymer ma trix
layer, FTIR confirmed the hydrolysis degradation of all
the composites by showing two new peaks at 1645 cm™,
originating from O-H bending of the unresolved
hydroxyl groups of the absorbed water and at
A000-3650 cm ™', comesponding with inter- and intra-
molecular hydrogen bonds of hydroxyl groups of the
absorbed water. Both tensile strength and elongation at
break of all the composites significantly deteriorated
within 30 days of soil burial test and continued to
decrease with relatively slow rates. Many voids and struc-
ture defects establishing on their surface resulted in the
decreased tensile strength and elongation at break of the
composites.

ACKNOWLEDGMENT

This work was partially financially supported by the
graduate scholamhip from Faculty of Science, Burapha
University, Thailand; and the research grant of the pro-
ject to develop the potential of advanced mold makers to
support the industry of the future, Thai-German Insti-
tute, Thailand. The authors would like to thank PTT
Global Chemical PCL., Poomjai Engineering Co., Ltd.,
Mastip (Thailand) Co. Ltd., Multibax PCL. and Olecfine
Orpanics (Thailand) Co., Lid. for their priceless support.

CONFLICT OF INTEREST
The authors declare no potential conflict of interest.

ORCID
Supranee Knewpirom 1 https: /forcid. org/0000-0002-9915-
8793

REFERENCES

[1] M. Misea, V. Nagarajan, D. Reddy, A. Mohanty, in Proe. 2011
The 18th International Conference on Composite Materials,
University of Guelph, Canada 2011

[2] B, Dimzoski, G. Bogoeva-Gaceva, G. Gentile, M, Avella, M.
Errion, V. Srebrenkoska, J. Polym. Erg. 2008, 28, 369,

[3] U. Saeed, M. A. Nawaz, H. A. Al-Turaif, & Compos. Marer.
2018, 52, 2641, hitps:/ /dolorgf10.1177/002 1998317752227,

[4] 8. Kaewpirom, C. Worrarat, Fibers. Polym. 2004, 15, 1469,
https:ffdolorg 10,1007 /s1 222 1-014-1 4680,

(5] M. S Huda, L. T. Drzal, M. Misra, A. K. Mohanty, K.
Williams, D, F, Mielewski, nd Eng. Chem. Res. 2005, 44, 5593,
https:ffdoiorg/ 10,1021 fieQd BE B4,

[&] 1. Posada, L. Jaramillo, E. Chamorro, L. A, Garcia, J. Compos,
Mater. 2015, A0, 3229, https:ffdol.org/ 10,1177/
O021998315616274,

|7] & Yang, X. Feng, Y. Bi, Z. Zhou, I. Yue, M. Xu, L Appl. Polym.
Sei. 2016, 133, 44241, hitps//dol.org /10,1002 /app.44 241,

|8] B. Khan, H. Na, ¥. Chevali, P. Warner, H. Wang, . Mater. S
Technol. 2017, 34, 387, hutpsiidolorg/10.1006/),jmst.2017.
03,004,

[9] P. Limifiana, D. Garcia-Sanoguera, L Quiles-Carrillo, R
Balart, M. Montanes, Compos. Part B Eng. 2018, 144, 153
hittps://doLorg/ 10,1016/ compasitesh, 2018 0 2,031,

[10] A. Csikds, G. Faludi, A. Domjin, K. Renner, ]. Moczo, B.
Pukanszky, Eur. Polw. L 2015, 68, 592, https,/fdoi.orgfl10,
1016/j.eurpol ymj. 201 5.03 032,

[11] Y. ¥. Then, M. Ibrahim, N, Zainuddin, H. Ariffin, B, W,
Chieng, W, Yunus, BioResources 2015, 10, 2949, https://doi,
org/ 10.15376/biores, 10,2, 2945-2068,

[12] 1. Antonio, A, Tadeu, B, Marques, I, Almeida, V. Pinto, Constr,
Builde, Marer. 2018, 176, 432, https//doiorg/10,1016/),
conbuildmat. 201 8,05 028,

[13] R. Arjmandi, A. Hassan, K. Majeed, Z. Zakaria, Inr. I Polym.
Sel 2015, 71, 534, hllpﬁ:;";"dulut‘g;"lﬂ.l'l 55/ 2015/ 501471,

[14] 1. H. Kwon, T. Han, Compos. Part B g 2013, 44, 728
hittps:/ fdol orgf10,1016/] compasitesh, 2012.01.045,

[15] Q. Zhao, B. Zhang, H. Quan, R. Yam, K. Yuen, R. Li, Compos.
Scl. Technol. 2009, 69, 2675  hitps,/fdoiorg/10.1016/).
compscitech 200908009,

[16] H. 5. Kim, B. H. Lee, 8. W. Choi, 5. Kim, H. J. Kim, Compos.
Part A Appl. Sei. Manuf 2007, 38, 1473, hitps;//doiorg/10.
1016/ compositesa, 2007.01, 004,

[17] M. E. Gongzilez-Lopez, A, A. Pérez-Fonseca, R, Manriquez-
Gonzdlez, M. Arellano, D, Rodrigue, 1. R, Robledo-Ortiz,
Polym. Compos. 20019, 40, 2132, https/fdoiorg/10.1002/pc,
24997,

18] M. E. Gonzilez-Lopez, J. R. Robledo-Ortiz, R Manriquez-
Gonzdlez, 1. A, Silva-Guzmin, A, A. Pérez-Fonseca, Compaos.
Interfaces. 2018, 25, 515 hupsy/dolorg/10.1080/ 09276440,
20181439622,

[19] 1. Hua, 2. Zhao, W, Yu, B, Wel, Adve Mater. Res. 20011, 230-
232, 1231, htps:ffdolorg’ 10,4028 fwww scientific.net/AME,
230-2321231.

[20] N. Zawawi, A. Ismail, K. Abdan, M. A, Mahdi, Key. Eng
Marer. 2001, 471-472, 86K https.//dolorg/10.4028/www,
scientific.net/KEMA71-47 2868,

[21] 1. Mohammadi-Rovshandeh, P. Pouresmaeel-Selakjani, 5. M.
Davachi, B, Kaffashi, A, Hassani, A, Bahmeyi, J. Appl. Polym,
Sei. 2014, 131, 1. hitps://doi.orgf10.1002fapp.A1095,

[22] N. Navratilovd, A, Naplava, Mater. 5ci. Technol. 2005, 11, 48,

[23] C.H, Tsou, W, 8 Hung, 5, Wu, I, C, Chen, C. Y, Huang, 5 H,
Chiu, C. Y. Tsou, W. H. ¥Yao, 5. M. Lin, C. K. Chu, C. C. Hu,



6SYSY9ITESE

—
o]
c
c
-
H
=3
(0]
]
-
]
o
=
%)
=
o
o
o
o
t
=3
(0]
]
-
]
~
[
(0]
Q
<
i
o)
o
o
N
al
o
[~y
=
=
w
N
=
-
~
0
(0]

\Q
[y
w

uond | W LEy-Applied Polymer

130

SIRICHALARMEUL anp KAEW PIROM

SCIEHCE

K. Lee, M. C. Suen, Marer. Sei. Medziagotyra 2014, 20, 446,
hitps: fdoi orgf 10.5755/j01. ms 20.4.60 34,

[24] O. 8 Yordem, A. G. Simanke, A. I. Lesser, Polym. Eng. Sci.
2011, 51, 550, https:/fdol.org/10.1002fpen. 21 §aQ,

[25] Y. Deng, N. Thomas, Eur. Polym. I 2005, 71, 534, hitps:/fdoi.
orgf 10.1016f] eurpoly mj. 201 5.08.0 29,

[26] M. Stanek, D. Manas, M. Manas, 1. Javorik, in Proc 2011
International Conference on Automatic Control Modelling &
Simulation, Lanzarote, Canary Islands, 2011

[27] H. Obasi, I Igwe, I. Madufor, Adv. Mater, Sci. Eng. 2003, 2013,
1. https:/ /doi.org/10,1155/201 3/ 326538,

[28] L. K. Lagzari, M, V. G, Zimmermann, D, Perondi, V. B,
Zampieri, A 1. Zattera, R M. C. Santana, Mafer. Res. 3019, 22,
1. hllpﬂih"fﬂul.ul‘gﬂﬂ.ls‘ﬂﬂ‘!ﬂﬂ—ﬂ?}mt‘—mlg—m?.

[29] B. W. Chieng, N. Ibrahim, W. Yunus, M. Hussein, Polymers
2013, 6, 93. hitps://doi.org/10.3390/ polym 6010093,

[30] N. Ibrahim, M. K. Ab Wahab, D. N. Uy Lan, H. Email, Hio-
resources 2007, 12, 3076, hitps/fdolorg/10.15376/biores. 12.2,
3076-3087,

[31] M. Yaacob, H. Ismail, 5. T. Sam, Bioresources 2006, 11, 1255,
hittps:f fdoiorgl 10,1537 6/hiores. 11.1.1 255-1 268,

[32] L. Zhou, H. He, M. Li, 8, Huang, C. Mel, Q. Wu, fnd Crops. Prod.
2018, 112, 449, htipsif/dolorg/ 10,1016/, nderap.2017.1 2044,

[33] T. Sudiarti, D, Wahyuningrum, B, Bundjali, 1. M, Arcana, 10F
Conf. Ser: Mater. Sci. Eng 2017, 223, 12052, https:/fdoi.argf10,
LOBR /1 757-R09X /22 3/1 /01 2052,

[34] ¥. 1. Phua, Express. Polym, Lett. 2013, 201 A7), 340, https:/fdoi,
orgf 10,31 44 fexpress poly mlett, 2013,31,

|35] M. Hongsriphan, T. Burirat, P, Niratsungnern, S Trongleng,
A, Mer Mater. Miner. 2013, 23,41,

|36] 5. Sharma, A. Singh, A. Majumdar, B. Butola, 1 Mafer. Sd.
2019, 54, 8971 htips://dolorg/10.1007/s10853019-03521-9,

[37] M. E. Gonzilez-Lipez, A. A. Pérez-Fonseca, E. O. Cisneros-
Lapez, R. Manriquez-Gonzilez, D. E. Ramirez-Arrecla, D.
Rodrigue, 1. R. Robledo-Ortiz, J. Polym. Emd. 2009, 27, 61.
hittpsyf fdalorgl 101007 /5109240 18-1308-2.

[38] A, Kumar, T. Venkatappa Rao, 5. Chowdhury, 5. Reddy, Int
J. Biol. Macromol. 2018, 121, 588, hitps.//dolorg/10.1016/j.
ijhiomac, 201810057,

[39] S, Sareeladdanon, P. Potiyaraj, Adv. Marer. Res. 2004, 1025-
1026, 221, hitps:ffdoiorg 10,4028 fwww scientific.net /AMER,
1025-1026,221.

[40] C. Phasawat, V. Bullet, B. Pimpan, 5. Chuayjuljit, T. Bullet, T,
Leejarkpal, J. Polym. Environ. 2014, 23, 144, htips:/f dolorg/10,
1007 #5109 2401 4068940,

[41] T. ¥. Qiu, M. Song, L. G. Zhao, Mech. Adv. Mater. Mod. Pro-
cess. 2006, 2, 7. hllpﬁff;"dul.ul‘gflﬂ.] 18G/5407 5901 6-0014-9,

|42] W. lia, R. H. Gong, P. 1. Hogg, Compaos. Parf B, Eng. 2014, 62,
104, hitps:ffdoi.org/10.1016f].com positesh. 301402024,

[43] 1. Zhan, Y. Chen, G. Tang, H. Pan, Q. Zhang, L. Song, Y. Hu,
I Appl. Polym. Sci. 2014, 131, 1. httpsy// doLorg/1 0,100 2/app. 40335,

[44] R. Jeziorska, A. Szadkowska, E. Spasowka, A. Lukomska, M.
Chmielarek, Adv. Mater. Sci. Eng. 2018, 2008, 4571368, https:/f
dod.org /10,1 155/2018,/4571 368,

[#5] 8. Biatasz, T, Klepka in Proc. 2019, MATEC Web Conference
200149, 252, 050146,

[#6] D. Miranda, A. Nogueira, Mater. Res. 2019, 22, 20180564,
https:/fdoiorg 10,1 590,/ 1980-5373-mr- 20 15-0564,

[#7] E. A, T, Al-Mulla, A, FL Suhail, 8. A. Aowda, Ind. Crops. Prod
2011, 33, 23, hitps:/fdoiorg/ 10,1016/ indcrop. 2010.07 022,

[48] J. Lunt, Polym. Degrad. Stab. 1998, 59, 145,

[49] T. Ohkita, 5. Lee, L Appl Polym. Sci. 2016, 100, 3009, https://
doiorg/10.1002fapp, 23425,

[s0] Z. N, Terzopoulou, G, Z Papageorgiou, E. Papadopoulou, E.
Athanassiadou, M. Reinders, D, N, Bikiaris, Polym. Compas,
2016, 37, 407, https:/{doi.org/10,1002/pe. 23154,

[51] C. Boonmee, C. Kositanont, T. Leejarkpai, Erviron. Nat
Resour, 1 2006, 14, 1. https:/fdoiorg /10,144 56/ ennt j. 2016 8,

[52] M. Asim, M. Jawaid, R. Siakeng, Polymer 2020, 12, 458
hitps:/fdoiorg 10,3390,/ pol yml 20204 58,

(53] A. Qasim, Int. I Tech. Res. Appl. 2019, 3,91,

|54] C. Vasile, P. Daniela, M. Ripi, R. Darie, A. Mitelut, E. Popa,
P. Popescu, M. Draghici, M. Popa, Compos. Part B Eng.
2018, 142, 251. hitps:/fdolorg/10.1016/].compositesh. 2018,
01.026,

55] 1. P. Mofokeng, A, S Luyt, T, Tibi, J. Kovics, & Thermopladt.
Compos.  Mater. 2002, 25 927, httpsy/dol.org/10.1177/
OROZA5711423291,

[56] Z. Huang, L. Cian, . Yin, N, Yu, T. Liu, I}, Tian, Palym. Test.
2018, 66, 319, https://doiorg 10,1016/, palymertesting 201 8,
02003,

[57] M. Gallardo-Cervantes, Y, Gonzilez-Garcia, A A, Pérez-
Fonseca, M. E. Gonzdlez-Lipez, R Manriquez-Gonzidlez, D.
Rodrigue, 1. R. Robledo-Ortiz, 1. Appl. Polym. Sci. 2021, 138,
50182, hitps:/fdolorg/10.1002fapp. 50182,

58] P. Chaiwutthinan, V. Pimpan, 8. Chuayjuljit, T. Leejarkpai,
I Polym. Environ. 2015, 23, 114, htpsy/doiorg/10.1007/
510924-014-0688-0,

[549] 8. Liu, G. Wu, X. Chen, X. Zhang, I. Yu, M. Liu, Y. Zhang, P.
Wang, Polymer 2009, 11, 1015 hnpsyfdoiorg/10. 3390/
polym 11061015,

SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Sirichalarmkul A,
Kaewpirom S, Enhanced biodegradation and
processability of biodegradable package from poly
(lactic acid)/poly(butylene succinate) frice-husk
green compaosites, J Appl Polym Sci. 2021;e50652.
https://doi org/10.1002fapp.50652




6SYSY9ITESE

—
w
c
c
-
H
=3
(0]
]
-
]
o
=
%)
=
o
o
o
o
t
=3
(0]
]
-
]
~
[
(0]
Q
<
i
o)
o
o
N
al
o
[~y
=
=
w
N
=
-
~
0
(0]

\Q
[y
w

<[PCTr-10]-

PPMA-P2 210

Effects of rice husk on manufacturability of bioplastic plant-pot

from poly(lactic acid)/rice husk green composites

Anap Sirichalarmbul“ Phatsakon Taweewat? and Supranee Kaewpirom'
'Department of Chemistry, Faculty of Science, Burapha University, Chonburi 20131
Mould & Die Technology Division, Thai-German Institute, Chonburi 200040
Phone +66 3810 3066, Fax +66 3839 3494, "E-Mail: kacwpirod@ bun,ac.th

Abstract

This research focuses on the effect of ground rice-husk content on efficiency of plant pot manufacturing using
injection molding process. Polylactic acid (PLANrice husk (RH) green-composites with various RH contents (0, 10,
0 %owt) were prepared using a twin-screw extruder, Computer aid engineering (CAE) (Moldex 3D} was used to
simulate an application mnge of injection molding processes as well as optimize product design and manufacturability.
The results showed that hexagonal shape was selected as the best geometry design of plant pot. Besides, an optimum
melting temperature for good quality plant pot products varied with rice husk content, The melting temperatune

decreased with increasing RH content, With an addition of 30 %wt RH, a capital cost of green-compaosite pellets and

plant pot products reduced significantly, when compared with that of the neat FL A,

Kevwaords: Poly(lactic acid), Rice husk, Green-composite, Injection molding, Twin-screw extruder.

L. Introduction

To our knowledge, green-composite material,
composed of bioplastic and natural material, is one of the
answers o diminish plastic waste m the environment,
This is because preen composite material is completely
biodegradable and  environmentally  friendly [1]. In
addition, the use of low cost natural materials makes
green-composite materials more attractive owing to its
low cost.

Polylactic acid (PLA) is a biodegradable and eco-
friendly aliphatic polvester with good mechanical
properties, PLA has become a popular material due to it
being produced from renewable resources, PLA is usual by
produced through two main routes: an indirect route via a
lactide intermediate, and a direct polvmerization by
polycondensation [2].

Rice husk is a waste product from rice milling and
always sold at a cheap price for mixing in animal feed
and being burnt to make energy and silica [3.4], Rice
husk comsists of 30% cellulose, 25-30%4 lignin, and 15-

20¢% silica. Therefore, it can be considered to use as
reinforcing material as well as cost reduction filler,

In this study, polvlactic acid (PLAWrice husk (RH)
green-composite pellets with various RH contents (0, 10,
30 %awtl) were prepared using a twin-screw  extruder.
Product design and manufacturability of neat PLA plant
pot were optimized with Moldex 3D computer aid
engineering (CAE). The CAE results were subsequently
used as reference guidance in the mold trial injection
process. Hexagonal plant pot was then produced from the
PLA/RH green composite pellets by injection molding
process, Finally, the capital cost of green-composite
pellets and plant pot products were analyzed.

1. Experimental Methods

2.1 Materials

PLA biopolviner 32510 (Nature Works®) was
supplied by PTTGC PCL. Rice husk was obtained from
the Mortheast of Thailand. Processing additives, e.p.
additive A (an internal ubricant for improving material

flow in twin screw extruder), additive B {an external
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lubricant for reduce shivering when mixing with twin
screw) and additive C (a coupling agent that help to
impmove the compatibility between RH and PLAY} were
supplied by Multibax PLC and Oleofine Organics
(Thailand) Co., Lid,

2,2 Preparation of green-composite

The appropriate amount of PLA, RH and additives
used for preparing PLA/RH green-composites is shown
in Table 1. PLARHIO and PLARH3 are green-
composites with 10 %wt RH and 30 %wt RH (with
respect to PLA weight), respectively,

Prior to the processing, PLA was dried at 90°C for
5 hours to remove moisture, RH was also dried at 80 °C
overnight and ground into powder and finally sieved 1o
obtain BRH powder with less than 600 micron particle
size. Then PLA, RH and additives were dry-mixed before
feeding into a twin-screw extruder, The temperatures in
the barrel were set between 180-200 °C. Afler well
mixing, the molten composites was cooled down and
pelletized into 3-mm pellets. The resulting PLA/RH
green-composite pellets were dried at 90°C for 5 hours

and kept in airtight containers,

Tahle 1 Material compositions for preparing PLA/RH

green-composite,
Sample Material content (%% by weight)
FLA EH Additive
A B C
MNeat PLA 100 0 0 0 0

PLARHIO | #7.14 | 8.71 1.75 1.6 L5

PLARH30 | 7176 [ 21.53 | 4.31 1.6 (.8

2.3 CAE simulation obtained from Maoldex 3D
2,31 Pre-process

Pre-process was carried out using 4 steps as
follows. Step 11 A cavity model was imported by
converting the CAD 3D part model into a step format
before importing to Moldex 30 R15 designer. After that
the e-Design function of Moldex 3D B13 designer was
used to generate 30 mesh, Step 2: A runner svstem was

built by converting the CAD 3D hot runner model into a

step format and imported to Moldex 30 R15 designer,
Step 3: cooling system was built by generating moldbase
and spiral cooling channel in the core insert, Step 4; solid
mesh was created on level 4 (estimated element count:
600k ~ Im} and exported to a solid mesh file,
2.3.2 Analvsis

The analvsis procedure was divided inte 2 steps.
Step 1: a new project was created in both classic mode,
by setting 3D solid model solver [e-Design] function, and
injection molding mode, Step 20 a new run was created by
importing solid mesh file. The material data of the neat
PLA biopalymer 32510, from the material data library of
Moldex 30, was then put inte the simulation calculations
[5]. After that, a method was set with CAE maode and
maximum injection was set at 203 MPa (maximum
injection pressure of injection maching), The volume in
each part of the mold was also mserted into the
caleulation, Then the optimization was automatically
calculated by Moldex 3D software. CAE results can be
obtained by varving injection parameters in Maoldex 3D
software until the optimum CAE results were obtained. In
our experiments, the plant pot designs of square and
hexagonal shapes were evaluated by Moldex 3D
software. The CAE results of each product design were
compared.

2.4 Injection molding process

Injection machine (Toshiba EC 1805) with screw
diameter 32 mm, clamping force of 129 Ton and the
maximum injection pressure of 203 MPa was used in
injection molding process. Injection molding parameters
abtained from CAE results for neat PLA weme inserted as
followings: injection pressure 112 MFPa, holding pressure
50 MPa, holding time 3 sec, cooling time 14 sec, and
maold temperature 40 °C. The barrel-nozzle temperature
(4 zones) was set at 190, 195, 200, 210 °C and melt
temperature (hot runner temperature) was varied hetween
170 °C and 230 °C.,
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3. Results and Discussion

3.1 Optimum product design

In order to optimize plant pot design and
manufacturability, CAE simulation was applied. Two
designs of plant pot, e.g. square and hexagonal shapes,
were created in CAD 3D software and imported to
Moldex 3D for simulation. The material data of neat PLA
were used in the caleulation, The CAE results revealing
the filling time, filling pressure, filling stress, sink mark
displacement and warpage displacement are shown in

Figures 1-5 and Table 2.

Table 2 Summary of CAE results

Parameter Square | Hexagonal
Filling time (s) 0.65 0.59
Filling pressure (MPa) 359 364
Filling stress (MPa) 5.6 0.68
Sink mark displacement (mm) 0.5 0.5
Warpage displacement (mm) 0.77 0.73

(a) (b)
Figure 1 Filling time (a) 0.65 and (b) 0,59 sec,

(b)
Figure 2 Filling pressure (a)35.9 and (b) 36.4 MPa,

|
|
!
|
|

Ziiiiiiii':

iiiiiig

(a) (b)
Figure 3 Filling stress (a) 5.6 and (b) 0.68 MPa,

I ‘
(a)

B
(b)

Figure 4 Sink mark displacement (a) 0.5 and (b) 0.5 mm.

E E
|

(b)
Figure § Warpage displacement (a) 0.77 and (b) 0.73 mm

According to Suhas [6], the parameters are defined
as follows. Filling time is the time used for completely
filled the mold cavity with the molten plastic, Filling
pressure is the pressure used for injecting molten plastic
into the mold cavity, Filling stress is the stress caused by
the flow of molten plastic in the mold cavity, Too high
stress causes defects such as stress crack and warpage [6].
Sink mark displacement is the shrinkage size of the
product after completion of the injection process.
Warpage displacement is the warpage size of the product
after ejection of mold cavity

CAE results show that square shape exhibits
longer filling time than that of the hexagonal shape.
Although the results of filling pressure, sink mark
displacement and warpages displacement of both square
and hexagonal shapes are not significantly different, the

filling stress of hexagonal shape is significantly lower
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than that of square shape, This is because a hexagon is
the shape that best fills a plane with equal size units and
leaves no wasted space, Therefore, in this rescarch waork,
hexagonal shape design was chosen for plam pot

manufacture,

3,2 Effects of RH content on processing temperature

In our trials, melt tempemtures used in injection
molding process were set between 170 °C and 230 °C
with 100 *C decrement. Ten samples were prepared for
each processing temperature, At 170 °C, molten neat PLA
was too viscous and could not be injected into the mold.
PLARH IO showed short shot defect (Fig. 6), while and
PLARH30 showed pood processing ahility with pood
quality without any defects,

Figure 6 Short shot defect found in PLARHIO at a
processing temperature of 170°C,

At 180 °C, neat PLA showed short shot defect,
while a smaller amount short shot defect was found in
PLARHIO, In case of PLARH3I, the good quality
product was obtained with some demolding problem, Fig,
T shows a crack localed on the surface of the plant-pot

and extended completely through the substrate.

Figure 7 Demolding problems of PLARH30, at a
processing temperature of 180 *C, due to a crack,

At 190 °C, neat PLA showed less short shot than
that found at 170 °C. Both PLARHI0 and PLARH30
showed good quality products with a little sink mark as

shown in Fig, 8,

Figure 8 A pood quality product of PLARH30, at a
processing temperature of 190 °C, with a little sink mark,

At 200 °C, neat PLA showed sink mark defect,
while PLARHI0 showed pood quality product with a
litthe sink mark, However, for PLARH3, big flow mark
and sink mark were obviously observed as displaved in
Fig. 9.

Figure 9 Big flow mark defect found in PLARH30 at a
processing temperature of 200 °C,

At 210 °C, the level of sink mark in neat PLA
increased. PLARHI0 showed good quality product with a
litthe sink mark, However, the molten PLARH30 was not
solidified in the mold after cooling (Fig, 100, This mav be
dug to the degradation of PLARH3 that caused the
reduction in its molten viscosity,

At 220 °C, the sink mark defect in neat PLA
increased, while PLARHI0 was not solidified in the mold
after cooling and the molten PLARH30 was leaked out
from the hot mnner tip (Fig. 11) and could not be

processed.
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Figure 10 PLARH30 product afler being injection

molded at a processing temperature of 210 °C.

At 230 °C, the sink mark defect in neat PLA
further increased. Both molten PLARHIO and molten
PLARH30 were leaked out from the hot runner tip and
could not be processed.

Therefore, it’s worth noting that if processing
temperature is at 210 °C or higher, the molten composites
cannot be solidified in the mold after cooling. This may
be due to the degradation of PLA at high temperatures, It
was reported by F. Signori et al. [7] that the degradation
of PLA progressively increased as processing
temperature increased. Moreover, there are many factors
that affect thermal stability of PLA, eg., moisture
promotes hydrolytic degradative pathways, and oxygen

triggers thermal oxidation,

Figure 11 Molten PLARH30 was leaked from hot runner
tip at a processing temperature of 220°C,

Basically, short shot defect was caused by too
small injection pressure, With too  small injection
pressure, the molten material could not be injected into
the mold cavity, From the above experimental results it's
worth noting that with an increase in melt temperature at
a fixed pressure, the material viscosity reduced, resulted
in the decreased short shot defects [8].

When RH was added, the melt temperature was
found to be lower compared with that of the neat PLA.
The higher the RH content, the lower the processing
temperature was. This may be due to the effect of both
RH and lubricant A that make the PLA chains move
casier,

Normally, sink marks in injection molded plastic
parts develop when material is in the region of thick
features such as ribs or bosses shrinks more than the
material in the adjacent wall [9]. It was found in Fig. 12
that the increase in RH content helped to decrease the
sink mark defects, This was due to RH acted as a
reinforcing material that prevents PLA from shrinking,
Therefore, the addition of RH can reduce shrinkage and

diminish sink marks.

Figure 12 The sink marks (from left to right) in neat PLA,
PLARHI0 and PLARH30.

3.3 Capital cost analysis

The capital cost of both PLA/RH composite
pellets and plant-pots was calculated and the results are
displayed in Fig, 13 and Fig. 14, respectively, It's clearly
seen from the figures that with 10%RH addition,
PLARHIO shows higher capital cost than the neat PLA,
This was owing to the cost of additives used in the
composite preparation, With further increase in RH
content up to 30%, PLARH30 showed the lowest price
among the three matenials, Hence, RH can be considered
to use as a reinforcing material as well as a cost reduction
filler in PLA/RH green-composites at the appropriate

amount of 30%wt.
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PP MA-P2
E 160 1460 154
T E 40
i = |0} 111.2
a
= L)
- neat LA PLARHIO PLARH30

Figure 13 Price per kilogram of neat PLA and preen-
composite pellets,

Price per piece
]
x)

h

neat PLA - PLARHIO  PLARH30

Figure 14 Price per piece of plant-pots made from green-
composites,

4. Conclusion

Computer aid engineering (CAE) (Moldex 3D)
wis successfully used to simulate the application range of
injection molding processes and o oplimize product
design as well as manufacturability of plant-pots from
PLARH green composites. With an increase in melt
temperature, the material viscosity reduced, resulting in
the decrease in short shot defects of the products. The
widdition of RH can reduce processing temperature, |essen
shrinkage and diminish sink marks of plant-pots. The
higher the RH content, the lower the processing
temperature and the lower the degree of shrinkage and
sink marks was, Unquestionably, BH can be considered
to use a3 a reinforcing material as well as a cost reduction
filler in PLAMRH green-composites at the appropriate
amount of 30Fwwt,
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® NatureWorks

Ingeo™ Biopolymer 3251D Technical Data Sheet

Injection Molding Process Guide

Ingeo biopolymer 32510 is designed for
injection malding applications, This
polymer grade has a higher melt flow
capability than other Ingeo resin grades
cumently in the marketplace. The higher
flow capability allows for easier molding
of thin-walled pars. It is designed for
injection molding applications, both clear
and opaque, requiring high gloss, UV
resistance and stiffness,

Processing Information

Typical Material & Application Properties

Ingeo biopolymer 32510 can be
processed on conventional injection
malding equipment. The material is stable
in the molten state, provided that the
drying procedures are followed, Mold flow
is highly dependent on melt temperature.
In order to control melt temperature, it is

recommended to balance screw speed, back pressure, and
process temperalure, Injection speed should be medium to

fast.

Process Details

Physical Proparties Ingeo 32510 ASTM Method
Specilic Gravily 1.24 n7g2
MFR, g/10 min (210°C, 2. 16kg) B8O 01238
MFR, g/10 min (180°C, 2. 16kg) 35 01238
Relative Viscosity 25

Crystalline Melt Temperature [*C) 155-170 03418
Glass Transition Temperature [°C) 55-60 D3418
Clarity Transparent

Mechanical Properties

Tensile Yield Strength, psi (MPa) 9,000 (62) De3g
Tensile Elongation, % 35 D638
Notched |zod Impact, ft4bfin (Am) 0.3 (16) 0256
Flexural Strength (MPa) 15,700 (108) oTa0
MNotched lzod Impact, ft4biin (Jim) 0.3 (16) D256
Heat Distortion Temperate (*C) 55 E2002

ota: Thase are staring points and may nead i be optimized.

Processing Temperature Profile

Startup and Shutdown

Ingeo biopolymer 32510 is not compatible with a wide
variety of other resins, and special purging sequences

should be followed:

1. Clean extruder and bring temparatures to steady state
with low viscosity, general purpose polystyrene or

polypropylene.

2. Vacuum out hopper system to avoid contamination.

3. Introduce Ingeo biopolymer into the extruder at the

operating conditions used in step one.

4. Once Ingeo biopolymer has purged, reduce barrel

temperatures to desired set points,

5. At shutdown, purge maching with high viscosity

polystyrena or polypropylens.

Ingeo and me Inges g am Fademans of regislenad Fademarns in me USA and omer counties,

Melt Temp. 370-410°F 188-210°C
Feed Throat TO°F 20°C
Feed Temp. A30-350FF 166-177°C
g;’:t'g’:”b" 360-380°F 182-193°C
Metering Section 370-400°F 188-205°C
Nozzle 370-400°F 188-205°C
Mold T5°F 25°C
Screw Speed 100-200 rpm
Back Pressure 50-100 psi
Mold Shrinkage 004 infin, +/-.001

Page 1ol 4

MW 3I251I0_051915W1
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140

DW'"EI Dirying Curve for Equilibrium Maisture Level Palylactide Pellers,

Inline drying is recommended for Ingeo g Dryersaciup: LIS clnls paliets; Dimapol = =1C)

biopolymers, A moisture content of less [ [T T T T 1T 1
than 0.010% (100 ppm) is recommended =0 _ |

to prevent viscosity degradation. Polymer ol SIS [
is supplied in foikined boxes or bags g 2000 fywet PG| ZSE (MO RN LY, |
dred 10<250 ppm. The resin shoudnot. | & 1750 FANSér- === PR, Crmeie A (|
be exposed to atmospheric conditions g 1500 \ C; i sl isimim. i —
after drying. Keep the package sealed £ 1250 LAY ~ Ci

until ready to use and promptly dry and I pp0 L "., g

reseal any unused matedal. The drying £ s N s S

curves for both amorphous and 500 LY s _'_' T

crystalline resins are shown to the right. 150 \.\‘- -...-‘__-:“--..._.'_'._-:::._:.._-: =t
Note: Amomhous polymer must be died nu I 2 3 4 H & 7 8 [ T T T R |

below 120F (50C).

Dirying Time, Hrs

Food Packaging Status

U.S. Status

On January 3, 2002 FCN 000178 submitted by NatureWorks
LLC to FDA became effective. This effective notification is
part of list currently maintained on FDA's website at

http:fwww fda gov/food/ingredients pac kaginglabeling/
packagingfes/notifications/default.htm

This grade of Ingeo biopolymer may therefore be used in
food packaging materials and, as such, is a permitted
component of such materials pursuant to section 201(s) of
the Federal, Drug, and Cosmetic Act, and Pars 182, 184,
and 186 of the Food Additive Regulations. All additives and
adjuncts contained in the referenced Ingeo biopolymer
formulation meet the applicable sections of the Federal
Food, Drug, and Cosmetic Act, The finished polymer is
approved for all food types and B-H use conditions. We urge
all of our customers to perform GMP (Good Manuf acturing
Procedures) when constructing a package so that it is
suitable for the end use,

European Status

This grade of Ingeo biopolymer complies with Plastics
Regulation 10/2011 as amended. Mo SML's for the above
referenced grade exist in Plastics Regulation 1002011 as
amended, MNatureWorks LLC would like to draw your
attention to the fact that the EU- Plastics Regulation
10/2011, which applies to all EL-Member States, includes a
limit of 10 mg/dm? of the overall migration from finished
plastic articles into food. In accordance with Plastics
Regulation 1042011 the migration should be measured on
finished articles placed into contact with the foodstuff or
appropriate food simulants for a perod and at a temperature
which are chosen by reference to the contact conditions in
actual use, according to the rules laid down in Plastics
Regulation 102011,

Inges and he Ingeo bogs 4 rademanks of registened wademarks in e USA and omer countries.

Please note that it is the responsibility of both the
manufacturers of finished food contact articles as well as the
industrial food packers to make sure that these articles in
their actual use are in compliance with the imposed specific
and overall migration requirements.

This grade as supplied meets European Parliament and
Coungil Directive 94/62/EC of 20 December 1994 on
packaging and packaging waste heavy metal content as
described in Article 11,

Should you need further clarification, contact NatureVWorks
LLC.

Bulk Storage Recommendations

The resin silos recommended and used by MNaturélV orks
LLC are designed to maintain dry airin the silo and to be
isolated from the outside air. This design would be in
contrast to an open, vented to atmosphere system that we
understand to be a typical polystyrene resin silo, Key
features that are added to a typical (example: polystyrene)
resin silo to achieve this objective include a cyclone and
rotary valve loading system and some pressure vessel relief
valves, The dry air put to the system is sized to the resin flow
rate out of the silo, Mot too much dry air would be needed
and there may be excess instrument air (-30°F dew paint)
available in the plant to meet the needs for dry air. Cur
estimate is 10 scfm for a 20,000 Ib/hr rate resin usage.
Typically, resin manufacturers specify aluminum or stainless
steel silos for their own use and avoid epoxy-lined steel,
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Safety and Handling Considerations

Safety Data Sheets (SDS) for Ingeo biopolymers are
available from NatureWorks, SDS's are provided to help
customers satisfy their own handling, safety, and disposal
needs, and those that may be required by locally applicable
health and safety regulations, SD3's are updated regulary;
therefore, please request and review the most cument SDS's
before handling or using any product.

The foillowing comments apply only to ingeo biopolymers;
additives and processing aids used in fabrication and other
matenals wsed in finishing steps have their own safe-use
profile and must be investigated separately.

Hazards and Handling Precautions

141

auto ignite. For polyesters such as PLA, themal
decomposition producing flammable vapors containing
acetaldehyde and carbon monoxide can oocur in almost any
process equipment maintaining PLA at high tem peratune
over longer residence times than typically experienced in
extruders, fiber spinning lines, injection molding machines,
accumulators, pipe lines and adapters, As a rough guideline
based upon some practical experience, significant
decomposition of PLA will occur if polymer residues anre held
at temperatures above the melting point for prolonged
periods, e.g., in excess of 24 hours at 175°C, although this
will vary significantly with temperature,

Combustibility

Ingeo biopolymers have a very low degree of foxicity and,
under normal conditions of use, should pose no unusual
problems from incidental ingestion or eye and skin contact.
Howewver, caution is advised when handling, storing, using,
or disposing of these mesins, and good housekeeping and
controlling of dusts are necessary for safe handling of
product. Pellets or beads may present a slipping hazard,

Mo other precautions other than clean, body-covering
clothing should be needed for handling Ingeo biopolymers,
Use glowes with insulation for thermal protection when
exposure to the melt is localized. Workers should be
protected from the possibility of contact with molten resin
during fabrication.

Handling and fabrication of resins can result in the
generation of vapors and dusts that may cause irritation o
eyes and the upper respiratory tract. |n dusty atmospheres,
use an approved dust respirator,

Good general ventilation of the polymer processing area is
recommended, Al termperatures exceeding the polymer melt
temperature (typically 175°C), polymer can release fumes,
which may contain fragments of the polymer, creating a
potential to irritate eyes and mucous membranes, Good
general ventilation should be sufficient for most conditions,
Local exhaust ventilation is recommended for melt
operations. Use safety glasses (or goggles) to prevent
exposure to particles, which could cause mechanical injury
to the eye. |f vapor exposure causes eye discomfort,
improve localized fume exhausting methods or use a full-
face respirator,

The primary thermal decomposition product of PLA is
acetaldehyde, a material also produced during the thermal
degradation of PET. Thermal decomposition products also
include carbon monoxide and hexanal, all of which exist as
gases al nomal room conditions. These species are highly
flammabile, easily ignited by spark or flame, and can also

Ingeo and the Inges logo a® Fademarks of registened vadem ans of NatureWorks in the USA and other couniies.

Ingeo biopolymers will burn, Clear Lo while smoke is
produced when product burns. Toxic fumes are released
urnder conditions of incomplete combustion. Do not permit
dust to accumulate. Dust layers can be ignited by
spontaneous combustion or other ignition sources, When
suspended in air, dust can pose an explosion hazard,
Firefighters should wear positive-pressure, sell-contained
breathing apparatuses and full protective equipment, Water
or water fog is the preferred extinguishing medium, Foam,
alcohol-resistant foam, carbon dioxide or dry chemicals may
also be used. Soak thoroughly with water to cool and
prevent re-ignition.

Disposal

OO NOT DUMP INTO ANY SEWERS, ON THE GROUND,
OR INTO ANY BODY OF WATER. For unused or
uncontaminated material, the preferred option is to recycle
into the process otherwise, send to an incinerator or other
thermmal destruction device, Forused or contaminated
material, the disposal options remain the same, although
additional evaluation is required, Disposal must be in
compliance with Federal, State/Provincial, and local laws
and regulations.

Environmental Concerns

Generally speaking, lost pellets, while undesirable, are
benign in terms of their physical environmental impact, but if
ingested by wildlife, they may mechanically cause adverse
effects. Spills should be minimized, and they should be
dleaned up when they happen, Plastics should not be
discarded into the environment.

Product Stewardship

NatureWorks has a fundamental duty to all those that use
our products, and for the environment in which we live. This
duty is the basis for our Product Stewardship philesophy, by
which we assess the health and environmental information
on our products and their intended use, and then take

Page 3of 4
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appropriate steps to protect the environment and the health
of our employees and the public.

Customer Notice

Mature\Works encourages its customers and potential users
of its products to review their applications from the
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standpoint of human health and environmental quality. To
help ensure our products are not used in ways for which they
were not intended or tested, our personnel will assist
customers in dealing with ecological and product safety
considerations. Your sales representative can arange the
proper contacts. NatureWorks literature should be consulted
prior to the use of the company's products.

NOTICE:
Mo freedom from infringement of any patent owned by MatureWorks LLC or others is to be inferred. Mo infarmation in this
publication can be considered a suggestion to infringe patents.

The technical information, recommendations and other statements contained in this document are based upon tests or
experience that MatureWorks believes are reliable, but the accuracy or completeness of such information is not guaranteed.
Many factors beyond MatureWorks control can affect the use and performance of a NatureWorks product in a particular
application, including the conditions under which the product is used and the time and environmental conditions in which the
product is expected to perform, Since these factors are uniguely within the user's knowledge or control, it is essential that the
user evaluate the NatureWorks product Lo determine whether itis fit for a particular purpose and suitable for the user's method
of application. In addition, because use conditions are outside of MatureWaorks control and applicable laws may differ from one
location to another and may change with time, Customer is solely responsible for determining whether products and the
information in this document amre appropriate for Customer’s use and for ensuring that Customer’s workplace, use and disposal
practices are in compliance with applicable laws and regulations. MatureWorks LLC assumes no obligation or liability for the
information in this document.

NATUREWORKS MAKES NO WARRANTY, EXPRESS OR IMPLIED, REGARDING THE INFORMATION CONTAINED
HEREIN OR ITS PRODUCTS, INCLUDING BUT NOT LIMITED TO ANY WARRANTY AS TO ACCURACY OR
COMPLETENESS OF INFORMATION, OR ANY IMPLIED WARRANTY OF MERCHANTABILITY OR FITNESS FOR A
PARTICULAR PURPOSE.

NOTICE REGARDING PROHIBITED USE RESTRICTIONS: Unless specifically agreed to in writing by NatureWaorks,

N atureWorks LLC will not knowingly sell or sample any product inte any of the following commercial or developmental
applications (i) components of or packaging for tobacco products, (i) components of products intended for human or animal
consumption, (i) any application that is intended for any internal contact with human body fluids or body tissues, (iv) as a
critical component in any medical device that supponts or sustains human life, (v) in any product that is designed specifically
for ingestion or internal use by pregnant women, (vi) in any application designed specifically to promote or interfere with
human reproduction, (vii) in microbeads, including those used in personal care/cosmetic applications, or (vii) to manufacture

bottles or bottle pre-forms in North America.
® NatureWorks

15305 Minnatonka Bhvd ., Minnatanka, MM 55345

For additional infarmation please comact MatureWarks via aur
website on the tab called FAL's or by clicking hara.
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BioPBS™ FZ71PM Technical Data Sheet

Extrusion Coating

Product Description

BioPBS™ is bio-based polybutylene succinate (PBS) produced from polymerization of bio-based succinic acid
and 1,4-butanediol. Alike LDPE, BioPBS ™ is soft and flexible semi.crystalline polyester with excellent
properties suitable for cast extrusion and extrusion coating such as compostable paper cups.

Features:

« Similar processability as LDPE

« Processable in existing LDPE extrusion coating machine

« Excellent adhesion to paper

« Superior heat sealability

« Excellent printability without pretreatment

*« Low coating thickness

« Suitable to use with hot food and beverages up to 100°C

« Food contact approved by FOA(FCN No.1574and JHOSPA, comply to EU10:2011

« OK COMPOST certified by Vincotte in European Union, BPI in North America and ABA in Australia
« Renewable content certified by DIN CERTCO, JBPA and USDA

Properties Test Method Unit FZ7T1PM

Density ISO 1183 gem? 1.26
MFR (190°C, 2.16 kg 1SO 1133 @10 min 29
Melting Point ISO 3146 °C 115
Yield Stress ISO 527-2 MPa 40
Stress at Break ISO 5272 MPa 10
Strain at Break ISO 5272 % 170
Flexural Modulus 1SO 178 MPa 630
Flexural Strength I1ISO 178 MPa 40
Izod Impact Strength (23°C) ISO 180 kJim? 7

Heat Deflection Temperature (045 MPa) ISO 751 °C o5
Rockwell Hardness IS0 20392 R Scale 107
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Process Information
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Recommended Processing Parameters

Melt Temperature 240-245°C
Feed Throat 130°C
Barrel Temperature 180-235°C
Adapter Temperature 245°C
Die Temperature 245°C
Chill Roll Temperature 20-25°C

Supplied form, storage condition and drying condition

BioPBS™ pelletis dried and packed in aluminum-lined packaging before delivering to customers.

Do not store outdoors. Keep dry at ambient temperature. Avoid humid environment, heat and direct sunlight.
Use material within 6 months after delivery date, in order to prevent possible material quality deterioration.

Pre-dry of the unopened BioPBS™ is not necessary. It is recommended to keep packages sealed until ready
to process and using up the whole 25-kg bag. Unused material should be tightly sealed, kept away from open
air, and pre-dried Temperature 80°C for over 5 hours) to moisture content of less than 1,000 ppm preferable
less than 700 ppmy prior to using next time.
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