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PROCESSING AND PROPERTIES OF POLYLACTIC ACID AND CASSAVA STARCH BLEND

ABSTRACT

Starch, as an inexpensive and renewable natural material, is used as filler for
environmentally friendly plastics. In order to achieve homogeneous melt blending of cassava
starch with polylactide (PLA), urea and glycerol is used in combination as a plasticizer to
create a thermoplastic starch (TPS) with lower melting point and crystallinity. To enhance the
dispersion affinity in TPS/PLA blend, triethyl citrate, tributylacetyl citrate and styrene maleic
anhydride are used as compatibilizers. TPS/PLA blend is compounded by twin screw
extruder and their properties such as impact strength and tensile modulus, thermal stability
and morphology are studied. The results indicate that the thermal stability and impact
strength of TPS/PLA blend increase while tensile modulus decreased with increasing TPS
content. Up to 60% TPS can be incorporated into the blend with acceptable tensile modulus
but the plastic containing 70% TPS is relatively fragile. Triethyl citrate gives plastic blends

with superior mechanical properties comparing with the other compatibilizers.
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S70G30U0 70 0 30
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S70G24U6 70 6 24




' o a v a J a a a
3. ﬂWi!ﬁ":iEJ?JSUENWﬁﬂJﬁ&TT'JNWI@3TNWEﬂﬁWIﬂﬁ@]'lg%ﬂﬂwa"lﬁﬁll%ﬂW@mLﬁﬂ@]ﬂLl@“b’ﬂ

a

) a a a 4 a 4 ~ = I
3.1 hweduananuedauazimes lunwadandmsy llouNguugll 70 esraaiFoailunal
4952139
o a a a o a J aa 4 Y A
3.2 NOAUAAANLDTA  NDS IUNAAANTNTY  LAZADUUWNTL lalsD s I INANAIBAT D4
high speed mixer AIEBATIAIUAINAITIN 5
° 7 Y A d A "y v o & 2
3.3 i lllenngagdranieuenngadriadnganieunudaailuiia
o T oW ] <3 Aa A ~ 9 1 | A a 'd ojdy
4. hasdedudanaiadniinini lannmsnaasd llasrnaeuainig o e dnsziinandil
a 4 A a
4.1 WAEHaUTANANUTOU dremaiia TGA
[ o
42 nadgevanyueN1INeNos 1ad (Morphology)
;2
43 asnaovlassadavesiurdIdremaiia SEM
Y v
4.4 nagoUANIATINavDIFUNATR UG o' ld
- Impact Strength AUNIATIIUNTNATDU ASTM D256

- Tensile MUNINTIIUNTNATOU DES2-91



Y @ 1 1 a a a o o a 4
ﬂ"li]\‘lﬁ 5 9A31FIUNIHANTTHINNOALAAANLDTANVINDS LUNAIAANTATY

% weight
Code
Polylactic acid Thermoplastic Starch Compatibilizer
Triethyl Citrate as compatibilizer
PS5T0.5 50 50 0.5
PS5T01 50 50 1
PS5T02 50 50 2
PS6T0.5 40 60 0.5
PS6TO1 40 60 1
PS6T02 40 60 2
PS7T0.5 30 70 0.5
PS7T01 30 70 1
PS7T02 30 70 2
Tributylacetyl Citrate as compatibilizer
PS5B0.5 50 50 0.5
PS5B01 50 50 1
PS5B02 50 50 2
PS6B0.5 40 60 0.5
PS6B01 40 60 1
PS6B02 40 60 2
PS7B0.5 30 70 0.5
PS7B01 30 70 1
PS7B02 30 70 2
SMA as compatibilizer
PS5S0.5 50 50 0.5
PS5S01 50 50 1
PS5S02 50 50 2
PS6S0.5 40 60 0.5
PS6S01 40 60 1
PS6S02 40 60 2
PS7S0.5 30 70 0.5
PS7S01 30 70 1

PS7S02 30 70 2
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S70G24U6 70/24/6 4.7 5.2 0.5
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Glass Transition
Onset 65.04 °C
Midpoint 77.91 °C

Sample: TPS (S70G27U3)

()
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Glass Transition
Onset 63.69 °C
Midpoint 76.10 °C

Q)

05
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Glass Transition
Onset 61.65 °C
Midpoint 72.09 °C

T T T T T T T T T T T T T T T 1
!30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 19  °C
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S70G24U6
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Triethyl citrate Triethylbutylacetyl citrate Styrene Maleic Anhydride
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PS5TO1 PS5B01 PS5S01
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PS6TO1 PS6B01 PS6S01

PS6T02 PS6B02 PS6S02
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2.3.2.1 auianmanuanuiou (Thermal stability)
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(M) FUINUNATDY Impact Strength AL (V) FUNUNATDU Tensile
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3 19 3 TGA Thermogram U934 TPS/PLA blend s Tributyl acetyl citrate (B)

31 Compatibilizer 13191 (7) 0.5%, (V) 1% 1ag (A) 2%




TGA®@ 0.5% S compatibilizer

TGA@ 1% S compatibilizer
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Temperature ('C)
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Temperature (‘C)
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g‘ljﬁ 4 TGA Thermogram ¥83 TPS/PLA blend s Styrenemaleic anhydride (S) 1)

Compatibilizer TU1/5u181 (1) 0.5%, (V) 1% Lag (A) 2%

TGA@ 0.5% T compatibilizer

(n)
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Temperature ('C)
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qi.'llﬁ 5 TGA Thermogram U934 TPS/PLA blend % Triethyl citrate (T) T

Compatibilizer TUUTu18L (1) 0.5%, (V) 1% Lag (A) 2%
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PS5B0.5 194 11.3 PS5S0.5 205 13.1 PS5T0.5 202 12.0
PS6B0.5 177 13.5 PS6S0.5 174 14.8 PS6T0.5 183 13.8
PS7B0.5 163 15.8 PS7S0.5 173 18.4 PS7T0.5 175 15.8
PS5B0O1 192 12.6 PS5S01 195 12.6 PS5T01 199 11.5
PS6B01 186 13.4 PS6S01 190 13.3 PS6TO01 179 14.7
PS7B0O1 179 17.9 PS7S01 180 15.7 PS7T01 133 16.3
PS5B02 197 12.7 PS5S02 193 13.0 PS5T02 198 12.3
PS6B02 181 13.1 PS6S02 169 15.0 PS6T02 183 13.3
PS7B02 165 16.6 PS7S02 182 15.2 PS7T02 141 14.6
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Sample code modulus Sample code modulus Sample code modulus
(MPa) (MPa) (MPa)
PS5B0.5 384.96 PS5S0.5 315.86 PS5T0.5 408.68
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PS7B0.5 73.01 PS7S0.5 72.94 PS7T0.5 246.64
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PS7B01 129.84 PS7S01 65.79 PS7T01 494.72
PS5B02 383.90 PS5S02 290.70 PS5T02 526.24
PS6B02 247.90 PS6S02 169.96 PS6T02 338.04

PS7B02 160.83 PS7S02 52.35 PS7T02 230.23
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IRLBLAN AT (hydroxypropyl starch), WagWaltalan RONTD (phosphorylated starch)

gasrlunadizingi enldidusanianldansrwmd (lildsunisdsudy), aanian

ﬂ%’uﬂ‘gamomﬁ WIDVAINRNVDIFIWET

Tunstfudynsudsaniwaaseanss aanizlasnsiddouldidu TPS 21938m3lagn
WunnmunuludadeIneins wuwaa1 a9 ldun191n 53301 @013ulITN WA BN INENLTIND
WAFA lTlTas

1 & a (dwd a [ a 6 A [
?@&!G‘V\lﬂ Ell]itﬂ’ﬁ‘ﬂud"lladﬂﬁiﬂiz@]ﬂguﬂaﬂ’]imiﬂu adnlznauwadLNaIThata gAY

@ a P @
vL@Wl’]x‘l"Ii’Jﬂ’]W“n‘lJﬁﬂaU@l’Jﬂ

(N) Wasuandn wada (polylactic acid)
@) tNa3LUNBEAN FAST (thermoplastic  starch)  T9L@T8NINNFAITIAL
A 6 A A 1 . . .
wanad botasuian liszmeidula (non-volatile plasticizer) way

(M) &ITILANANNUENW LG (compatibilizer) atinstasnitasiia

a [ a {t:ql' = a 6 A A ' .
Waad ltrasaiunisdsedugh Aewaad lmaessian biszweidula  (non-volatile
- = {1 e v . . .
plasticizer) FINAIFTUTTnaUANWITURER ladeaia laug (amide functionalized compound) L8

81503 naUWITUUEA LA LT% WaANWITUKEA waanagaaa (polyfunctional alcohol)

a ' A ¥ oo v & = W 1o o = & &
@naﬂ']\ﬂl3\1ﬁqiﬂizﬂauylw{iﬁuuaavlaﬂj@'ﬂﬂLQVLN@ RIREVIIRN] (LL@]VLNQ]']T]@@%LWU\‘]) ‘V\la‘smvluﬂ,
& & & ad A & & A a &
ﬂ']TU’]vLﬂJ@, astﬁ@nvlﬂJ@l, Laﬂau-ﬂﬁWﬂiquLN(ﬂ NIDVDINFNVBIRILAN U

0819 INDANITUKES LEANDTEAE IV (LL@ivlaiﬁ‘hﬁ'@a%iLwdm) NaLTaIea, Tasinas
(sorbitol), ¥afinaa (maltitol), uuinaa (mannitol), lsanaa (xylitol), 8353naa (erythritol), latad
aulnanaa (diethyleneglycol), tasiusan lnanaa (timethylene glycol), wadiafiau nanaa, a3

L858 BLAIN (triethyl citrate) KIDVDINFNVDIRILAAD



& ! @ A A o \ & A a A
sanszanagnaad lfluaIasIalununuds wiu Tugtuuuuwadn unsua wi wiakef
AREAUBY NIFIRATTENLIATasIae1anTzvin lasitnsla 9Anunzay 1w nsldia3asan

Luan

wWoauandn uada (polylactic acid, PLA) anate3anldlagdsnsfiduinmunuludays
SNEIMT $8819LT% LASINIINNIALAAAN Uaz/mTe 9N nilesRanieunniiaas D-uan’ng
(laun lauaalnu n3e loadnlawasvas D-uandn wada), L-uan ne (laun louwanlnu wia la
adnlatnasves L-uandn wada), wla D.L-uaang (laun loadnlawasves D- uaz L-uaadin
wada), LAz VBINFNLITAN D,L-UaAING (VaINaNLITAN D,L-uaa e Usenauels D- and L-

LAA MANFNNWIUEATIEIN 1:1)

< a & v @ & o ' a v @ [
Taona'ly wadtuaseauautTINURASTIalas N13lTa1I T8RN A WLTIN W b

vy ege A ' a C vda v a 6 6 = J
(compatibilizer) Tig3tioiivaNudnuldnioaldaradulanafimaiuuuning nIauuugs
2 o ¢ o Ao ad o ] o ’ e o ° v o o & o =
FglauranluluuasnannissTumanasaaainunasiuasnaasn1vin i nusansT ke laan
laluluwwaingnlaneawadlatununiwe nIaunuguasnarinusiansafiazifial jiTenu

1 a 6 2
m&vlamaﬂsﬁam AIFANTT LA

€¢:i 1 a Aaaa [ aa |nl > 6 aa
laluluwasnladanisiiadjisonenadunsaarivandanldduas, nsaasuandan

waulalasd AN, LaFINAIUAINTADLATAN WIAUAINRNUVDIFILARIH

datwvaduanlalasdfivainzay yuds udlddnaegines) sadnuaunlalasd, e
wlalaswman uanlalasd, wuidn wenlalasd, nmlafin uenlalasd, wan waulalasd uas

LWEAWIAN waula lave

o ' & Aaa a o oA P WM 1o o LA
G10819UBINTANITUANTAN LA la laTa L ANAINIANIZRN TIND (Lm"l,mnﬂ@agl,wm)
N3AazAIAN NIANLAAN Lease lalaIwsan wada mmjm%ﬂ nsadmlafin NIAUIEN LaZNIA

LUDAWIAN

(= ' 6 aa a = ' 1o o oA aa
AIBUNNVBILARINBIVBINIADSAIANNILRUNSKRY JIUTI (LL@IVLN%’]TW]SQLWEJG) vLﬂﬂ‘Ii@]N

LIBIAILAN

a 1 d'l ai Y 0; a A va Qs
mimmmaauﬂﬂlﬁﬂﬂ@mﬂﬂluqmm%mmwmamﬂ magnmanlwgummj’lmmu
saiyludadeinpmauusanlaifindunindesnisazdiud g mantfadnadmnzianzas

) a 6 ¥ 3 ot v v A (2
LD meu@mﬁflﬂjmﬂmaamiﬂ‘suﬂgaqmauummua uan

winld laszyliiduednau Sumesnaadloefezusanidu %wt (Fasazlay

IN) NRNAUTALNIRVa NS IUNARAN FANTD



winldldszyliiduadnidu BSuinmwvesssmisdnanudinuldazusaadu %wt (Soy

azlasiinin) NFUWUENLNIATINY2I89AUTENaUNINNG

' =3 a o‘gl/dl a 6 a 6 a [l
ﬁl@l‘!x‘]‘ﬁiﬂ Ell]izﬂ'ﬁ‘ﬁud“ﬂﬂdﬂﬂiﬂiz@iﬂg%ﬂ@ﬂﬂﬂ@]iﬂ&l adnlsznaunadLNaIThAta gAY

@ a Aa & . a
VL@‘Y]’N?j’Jﬂ’]WV]Na@]']TﬁNﬁN 3] %Jluﬂimm’s;{d

(3 A a 6 6 a 6 A [l v =
luﬂﬂHMZ%uG%adﬂﬁiﬂSZ(ﬂEﬁ aaﬂﬂszﬂauwaamai%umaﬂamﬂ@mammw

Uyznauaiy

(N) WaRLaA&N wada
@) tNB3SLIUNAIFAN FA1ST TILATONINATANTT 60-80%wt 'y
wand lomasohan lsenedula 20-40%wt, uay

' a v @ o - \ @ P2 P
(M) FTILLANANNENW LG (compatibilizer) atinstaanitaniia

Taanwana@ lmasrian lutzmaidnla Utznauaiaa1TlsznaunwITuunas ladaluLa

[ A A VY o 6 v & o a ¥ o &
lud wIaa1INaNTad R1UTENaUNNITUREA LladauLa lud NUNaANITURES Laanagaas
TauNNlszrIdwaaa lermasiUSanm 30%wiw

a &4 a & AV oo x> &
lugﬂLLUUﬂ’l‘Jﬂiz@]Hﬁ“ﬂWa’la@lvlﬁmﬂjai a’]iNaﬂJ"Uaﬁﬁ’]iﬂizﬂauqnw{ﬂfuuaﬂvlﬂeﬁ(ﬂaEJLavLﬂJ@

o9

6 o 1

NUWDANITIIER LAANATARR AATIEIRIALINNENVBIRITUINaLNWITU LA badauLa Ludda
WaANITUUAR Laanadaas Aa 29:1 14 2:1 laannalszrea aa 3:1 09 9:1 uazlaunnlszraa
ﬁq@ﬁa 4:1

Tustunylaguaanisdszding svhodnanudinuldddiinm 052 %wt lasnns

1se596Aa 0.5-1 Y%wt

lusnwmezla guasnisdszdeg aandmwlagihninvasweduandn uada danasly
WaRAN §0N37 Aa 3:2 v 3.7 laaiwsdszasn fo 1:1 D9 2:3

dalUfidadiatnuaasfiagduuude guainisledes laodldjmuenazndunmsdna

VAUIAVBINIU =AY

NISLAILNLNDILNNATEAN §AN132 (thermoplastic starch, TPS)

anzn it lunstasan TPS

qmﬁgmumsamﬁmm% 135 °C

o s o
A LN TaULAIRAN T 8 119



= A : a
AMAULIIVBDILATDINTN 140 32U U IN

IR M BN TR 5 4N
a d'l a ai
TRALAIDIIN an3ana
qmﬁ{]ﬁiumswau 120 99 140 °C
a Al 6 al 6 A dl 1
ARAVDINAFA Ll s WRRA Lrirasahan biszivreinla

USUN MV INANRA bteras 20 D9 40%wt

P & @ , a a @ \ a e
139N 1 LLa@ﬂaﬁﬂﬂizﬂﬂUﬂaﬂ TPS (?TTN@Y)E]U'TGLIJ?EJUL‘Y]UU LS @qaﬂqﬁmﬂﬁﬂqiﬂiz@]ﬂiu

fatng % wt % wt VBINAER 1B
YRIRANSY nalTasen asun g
gagnlIsuIney 100 - -
A 70 0 30
B1 70 3 27
B1 70 6 24

a I3 e U
NFAUAIREUANUANNAINIIN

DSC wasluwniuvad TPS tuiinamudninasisuidos swnuili uaaasiees (differential
scanning calorimeter, DSC) lagnszyinmelaussenmedlulasiaunlasltaasmsiinanuian

10'C/wnfi luga9gmnnil 30 - 200 'C

DSC wasluunsuugasliidunszuiunmafiandnadiuaaslugdn 1 lasaziui Tg

A & = o a & ¢ a X
LWNTuLaﬂuaE]Vﬁhlﬂlhlnmma\‘]ﬂ'\lsuquN@LWN"llu

a A a =
ANINIILNANAN

a [~ €

anIMsiananIalasinalanTasunIIFeng (X — Ray diffraction, XRD) @134 2

ugaIANINMAanENTaY TPS anunstlszdugi

A13991 2 LRAIANIMINANENVEI TPS anumIUseding



A A a =2 A A a 2 A
ANINITILNANAN (%) ANINIILNANINT

RRLRN e e 4 wiaswulasly (60 )
T 1 1 60
(%)
ghadaTaunay 20.28 - -
1 2 6.2 6
2-1 2.3 5.1 2.8
2-2 4.7 5.2 0.5

N3LA38NVDINENDDY TPS/IPLA

PLA waz TPS gﬂﬁﬂﬁuﬁaﬁqmﬂgﬁ 70 'C 1281 4 T1N9 NWIWET PLA Laz TPS @9nan?
mwauﬁ'umsiamﬁumwLiﬁﬂ‘”u"l,ﬁ@i”amﬂ%aawaumwﬁaga mimauﬁvl,@i”gﬂé’@%‘@ﬁwm%aaé’@

Jaan3e RARIWYDIRIINRULFAI LI U190 3
AATAEIBLALINRLNTEI PLA:TPS a3l laadue 3:2 09 3:7

A15191 3 LAAIAARINVDIANTNENVDI PLA waz TPS

Aa89 ssEasiaana il ansamlag
%lagiwin HHA dwiinaas
PLA:TPS

A()-1 0.5

A(l)-2 1 lasiansa Sian 1:1
A(l)-3 2

A(Il)-1 05

A(Il)-2 1 lasiansa Siasn 2:3
A(ll)-3 2

All)-1 0.5

A(ll)-2 1 lasianta e 3.7
A(lll)-3 2

B(1)-1 0.5

lasifiseziofia
B(1)-2 1 . 1:1
Fiam

B(1)-3 2

B(I1)-1 0.5 lastrfinazioiia _
B(I)-2 1 FLasn 23




B(I1)-3 2
B(lI)-1 0.5 L
lastrinaziafia
B(ll)-2 1 . 3.7
FLan
B(IIl)-3 2
C()-1 0.5 d )
fla5u 3adn
cl)-2 1 B 1:1
wanlalasa
cl)-3 2
c(i)-1 0.5 d )
fla3n uLadn
c(ll)-2 1 B 2:3
wawlalasa
c(i)-3 2
(-1 0.5 } )
gla5u 1adn
c(liny-2 1 B 3.7
waulalaye
c(lin-3 2

NIATITAANIT ANIIAINIDWADIVDINEN TPS/PLA

O Thermal gravity analysis
TGA wasluunsy laulasmsianegs thermal gravity (Thermal gravity analysis, TGA)
d' o a v nl s v v °
smmmumsmsﬂmmimsm'ﬁ"lmmaavl,uimmu I@]ﬂﬂ’]ﬂwwam’]mﬂ%m'}mau 10C

daun Iﬁl,m@l”aaammﬂqmugﬁ ADIUNTENIDY 600 C

O AITHNIINaaN A (Melt flow index, MI)
a a 5&’ A =
asrzfimmasulng (M) vasveinan TPS/PLA anamidszdnghuaaslugin 4 ez

= @, v & a { 2 &
L%uvL@]’)’]LLaﬂﬂsL%L%ujqﬂ’] Ml a@ad@]’mﬂi&l’]mmad TPS ﬁLWNTu

ﬂ1i%tﬂiﬁ$ﬁgm§1%aﬂ 8

mwmmm‘”u@amﬂ (micrograph) U8328IHEN TPS/PLA anunslssdinugi meag"lugﬂ
§ & v v a . .
73,4 U825 smvlmrmﬂaaaﬁga‘nﬁﬂﬁaLaﬂmamwummu (Scanning Electron Microscope, SEM)

@Taazhdgmﬂﬁauﬁfamaariauﬁﬁmﬁmﬁ:ﬁ

FougunislssaoAfazednan TPS/PLA axliiuiioy Junsinaunlaifounay uas

WwalasIni I@mnﬂgﬂﬁ 3, 4 LAY 5 AW INNUAIVDIVINEN TPS/PLA NUFA&1UU0I TPS

A A

X a v A akf & a : Aa a
&nﬂ"ﬂullLL%QI%%VI"ﬂzNWT&NQV]LﬂHﬁaGLWaLLﬂ$m§T§$ Ll,a::mqm’mmadﬁm‘?ﬁ&lgﬂ‘iﬂdﬂwﬂﬂﬂ@



A15191 4 u,amqmwgﬁmmmm“'uﬁaﬂmﬁfﬂmﬂ"l,ﬂ 5% LLazﬁmﬁfﬂﬁmﬁaagﬁ 400°C @089

nay A
. . ﬁmﬁnﬁmﬁaag
A0819 Te,
’ (%)
A(l)-1 202 12.0
A(l)-2 183 13.8
A(l)-3 175 15.8
A(Il)-1 199 115
A(ll)-2 179 147
A(l)-3 133 16.3
A(l)-1 198 12.3
A(Il1)-2 183 13.3
A(lN-3 141 14.6

A1519N 5 LLamqm%{]ﬁm‘saam@hLﬁaﬁmﬁfﬂmﬂﬂ 5% LLa:ﬁmﬁfﬂﬁmﬁaagﬁ 400°C a9

Ny B
s ﬁmﬁnﬁmﬁaag
A8 Te,
(%)
B()-1 194 113
B(I)-2 177 135
B()-3 163 15.8
B(Il)-1 192 12.6
B(Il)-2 186 13.4
B(I1)-3 179 17.9




B(Il1)-1 197 12.7
B(Il)-2 181 13.1
B(lll)-3 165 16.6

A1519N 6 LLamqmﬁgﬁmsamﬂ@hLﬁaﬁmﬁfﬂmﬂﬂ 5% LLa:ﬁmﬁfﬂﬁmﬁaagﬁ 400°C 1089

nay C
L ﬁmﬁfnﬁmﬁaagj
LY Te,
(%)
C(1)-1 205 13.1
C(l)-2 174 14.8
C(1)-3 173 18.4
C(IN)-1 195 12.6
c(i-2 190 13.3
C(l1)-3 180 15.7
C(llN)-1 193 13.0
C(llN)-2 169 15.0
c(llN-3 182 15.2

NIIAIITHENI A LTINaDIUDINEN TPS/PLA

O AIAMNATRNIBUTINTLUNN (Impact strength)
MINARBUANANUMUMBLTINTZUNANTZYNAY ASTM 256 lagle Pendulum impact
tester (Zwick 4105, 1Z0D/2.7J)

O AINBRAANTIIAI (Tensile modulus)

msmaauﬁmagé’aﬂﬁﬁam:ﬁmm ASTM D882-91 lagia3ad Universal Testing

Machine (Instron 4206)



ldl e A o [ 1
AN 7 LL&@G&NU@]L‘H\‘]T}QTQG@]?QU%‘]T’]QN A

AANMNAWBMB® e
L ATNDARAULIIAY
PRI WIINITUNA
) (MPa)
(KJ/m?)
A)-1 8.07 408.68
A(D)-2 13.20 420.69
A(l)-3 8.05 246.64
A(Il)-1 4.40 582.93
A(ll)-2 6.07 362.25
A(Il)-3 163 494.72
A(IIN-1 1.55 526.24
A(lIN)-2 11.20 338.04
A(lIN-3 1.50 230.23
@151971 8 LRAIRULALTINAYDIAIBENINGY B
AANNATUMB .
L ATNDARAUIIAY
A8819 WIINTEUNN
) (MPa)
(KJ/m?)
B(1)-1 1.80 384.96
B(1)-2 1.70 327.30
B(1)-3 2.48 73.01
B(I1)-1 1.90 347.59
B(Il)-2 248 184.33
B(I)-3 1.38 129.84
B(lll)-1 2.20 383.90
B(ll)-2 3.90 247.90
B(IIl)-3 147 160.83




ldl e A o [ 1
M1379N 9 LL&@GﬁNU@]L‘HGﬂﬂ“Hﬂ\‘i@naiﬂ\‘]ﬂﬁju A

AIANMNAWBMB .
L ANDARAILIIA
M@ WFINTEUNA
) (MPa)
(KJ/m?)

C()-1 278 315.86
c(l)-2 225 195.89
C(1)-3 238 72.94
C()-1 7.43 302.35
C(In-2 11.38 328.95
C(l1)-3 3.03 65.79
C(llN)-1 278 290.70
()2 12.00 169.96
cin-3 5.02 52.35

[ a a 1
Ao El?ll L‘il%l%rﬂﬂﬂa

Eﬂ‘ﬁ 1 u§a9 DSC wasluunsuvad TPS Fig.3 DSC thermograms of TPS

zﬂﬁ 2 LLammsmﬁmsmau"Lm (Melt flow index) U83123INRN TPS/ PLA blend #14n13
Uszfnsil Fig.4

zllﬁ 3 LLﬁ@]\‘m’]‘Wﬁ’]El’i]’mﬂE\?E]\‘]’ﬂﬂﬂiiﬂﬁ&gﬂ@]iﬂuuﬂﬂE‘TLLﬂWHE]{'I"llE]ON&SJ TPS/PLA ija
duastRuanugiwld 0.5% Tagtinnsin (N1931&3% 100 um)

zllﬁ 4 LLﬁG]x‘]ﬂ’]Wﬂ"]ﬂ"i]’mﬂ§ad@aﬂ§3ﬂﬁ§L§ﬂﬂiﬂ%LLUUaLLﬂWllE]d VaIVaINFN TPS/PLA
Wodwmsthonanuanuld 1% lagimnin (M1931&I% 100 pm)

:‘Jllﬁ 5 LLﬁ(ﬂx‘]ﬂ’]‘Wﬂ"]ﬂ‘i]’mﬂﬁad"gaﬂiiﬂﬁagﬂ@liﬂ%uﬂﬂE‘TLLﬂWIJE](‘I VaIVaINFN TPS/PLA
Wodwmstonanuanule 2% lagsimein (¥1931&2% 100 pm)

aaq a &l a
‘)ﬁﬂ’lisl%ﬂ’]‘iﬂizﬂﬂﬁﬂﬂﬂﬁﬂ

A o A & v o o o ’~ &
muauﬂu“n"l,@ﬂma"laLLa’ﬂummamﬂﬂ@stlmiﬂimwﬁimawgsm

Y A A A
Yanadns

6 Aa 6 A 1 % a %
1. asnUsznauwedmesrfindasaas lan1siiniw dsznauaae
(3) WaAuaA®AN Wada (polylactic acid)
- , 4 o
@) WaslUNAFAN aATT (thermoplastic starch) TIL@IVUINNTANTT 60-80%wt AL

wanad botasuian lszmaidula (non-volatile plasticizer) 20-40%wt, way



10.

11.

12.

13.

' A v o [% - ' v A A
(®) ETTILANANULINWLG (compatibilizer) atntasnitiniia

Taunwanad losasrnan vzwaidula dsznaudiuansdsznaunwstwwas lad
dealua (amide functionalized compound) RIDRINENVDI F1IUTZNOUNWITUUES Lo

doalud NUWaAWITULER waanagaaa (polyfunctional alcohol)

6 a 6 a 1 (% a v A A nn:i d' ‘d‘ &~ %

asasznauwafNasTRat o RAY IANIITINN aNTadadansN 1 lagNa1TUsznaunNwITw
& o & A & & & & & A &

waaladarutalud aa Wasulud a1sunlud aztsanlud BIarIINENVAIFITLRET

6 a 6 A 1 U = v A A Ad‘ A dl
asnlsznauwafinasiataagay laNI9TINTW anuTanadnin 1 wia 2 layavlsznaun
WaTwwan ladanutatug Aa a1sunlua

6 a 6 A 1 v = ¥ A A a v % & ] v d‘y d'
asnlIznauwaflasuiataaga1e laNI9TININ auTanadnsla latanihinawniing laan
WaANITUUAR LaaNaTaan AaNALTATAR

6 a 6 a 1 (% = v A a a v U d! 1 v .f(
asailsznauwadiyasriatasgats lan19BinIn anutatadnstalatanitenawniing lag
AWRFA LmtrasUUIu1 b 30%wt

& A ¢ A ' o a v A A A v o P v & A
asndsznauwafinasuiatasray lan19TIN NN NTa D aaNsTa laTankanawAtn g laadn
AATEIBIADINNENVBIFNTUIZNaUNWITUHAR LATA2ILLD LA AN ANITUNAR LARNDTAAE
fn 29:1 D9 2:1

6 a 6 a 1 (% = v A a a v L2 dg 1 % nqll ni
asaisznauwaflasanatasray lanisiinwanutafagnsvalatanieniawniing lagn
AATEIRIADINNENVBIFNTUIZNaUNWIT AR LTA2LLD LIAA AN ANITUNAR LARNDTOAS
fo 3:1 D9 9:1

6 a 6 a 1 (% = v A a a v v dg 1 v an ci
asasznauwaflasanatasray lan1eFin nanutafadn 5o latarihinawrtih laan
AATEIRIADINNENVBIFNTUIZNaUNWITUUAR LTA2ILLD LUAA AN ANITUNAR LARNDTOAS
Ao 4:1

6 a 6 A 1 v = Y A A a v U é 1 v gl' ai
asasznauwaflasanatasray lan1sBrnTweuTatadgnivalatanienauniing lagn
Ecm‘ﬂhslLﬂumml,%ﬂ”uvlﬁgﬂl,ﬁanmﬂ FLaIn wada tasinas wia uadn wanlalase lawe
et

6 a 6 A 1 v = v A A a v £% A 1 v gl' A
asaisznauwafNasanatara1Y laN19TIAINENN TadaaNSTa laTankina Rk laan

Aa 6 a 6 A a a 6 a 6

Yadn wanlalasa lanadwas s slasu WLadn wanlalase lanadiuas

6 a 6 A l Y =\ v A A nd‘ = v A A a v %
asaisznauwaflasanatasray lan19tinInaINTanad&NTN 1 09 10 Tadadnivalada

d IQ a a =) =) =) =) =)

it laaNTaIn wade Lagnas aatasanda TLaIn wia lasifiaesiona Samn

6 a 6 A 1 U = v A a Ad‘ = v A A % %
asnlsznauwafilasuiatagrae laNNTININaNNTatadNsN 1 9 11 Tadadnsvalada

‘:SI A:in a 6 A a a

Wit LlaaNTLaTn wade Lagnas Anlaslanda SLan

6 a 6 A ] v A ¥ A a a v U d 1 % -jl/ ai
asnlIznaunaflasuiataaRa8 NN NN NTa D adNTTa laTanikariawAtnh las

RITIULANNANUTN W A TUSH s 0.5-2 Y%wt



14.

15.

16.

17.

6 a 6 A 1 U = v A A Aa v % A 1 v ; dl
asnlsznauwadiwasrhatasaaylanisiin weutateanstalataninauning laon
R1ITIULNNANUTN AW LA TSN 0.5-1 Yowt

6 a 6 A ] v = v A a Aa v U é 1 v gl/ ai
asnlsznauwaflasuiatasray laN1IITIATNANNTa D e ANTTa lataniianauniing laan
AATEIRLADINNENUDINDALAAAN LaTa datnasluwaIz@n 8013y Aa 3:2 A9 3:7

6 a 6 A l U = Y A A a v U d! 1 L% ‘&’ n:i
asndsznauwafilasTiatosgae laNIITINTNANNTa D AN B 0 laTanihInawrin laan
% 1 ?,’ = a a a ] a 6 A =S
ATEIRIALINNENVAINDALAAAN LaTa datnaIluNaI’AN §ANST Aa 1:1 D9 2:3

& Aa ¢ a i Y a v A A Aawv o - v X ~
asndsznauwadiwasrhatasaanylanisiin weutataanstalatanienauning laun
FA13T Aa AT FANIT
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Abstract

Starch, as an inexpensive and renewable natural material, is used as filler for environmentally
friendly plastics. In order to achieve homogeneous melt blending of cassava starch with
polylactide (PLA), urea and glycerol is used in combination as a plasticizer to create a
thermoplastic starch (TPS) with lower melting point and crystallinity. To enhance the
dispersion affinity in TPS/PLA blend, triethyl citrate, tributylacetyl citrate and styrene maleic
anhydride are used as compatibilizers. TPS/PLA blend is compounded by twin screw
extruder and their properties such as impact strength and tensile modulus, thermal stability
and morphology are studied. The results indicate that the thermal stability and impact
strength of TPS/PLA blend increase while tensile modulus decreased with increasing TPS
content. Up to 60% TPS can be incorporated into the blend with acceptable tensile modulus
but the plastic containing 70% TPS is relatively fragile. Triethyl citrate gives plastic blends

with superior mechanical properties comparing with the other compatibilizers.

1. Introduction
Polylactide or poly(lactic acid) (PLA) is one of the most important biodegradable polyesters
derived from renewable agricultural resources which is a potential sustainable alternative to

petrochemical-derived plastics in many applications. Polylactide has good biocompatibility,



thermoplasticity, processability, and good physical properties, such as high strength and high
modulus [1-2]. Currently, PLA is still much more expensive than the common industrial
plastics [3]. Starch is interesting filler for biodegradable plastics because it is a naturally
occurring biodegradable material, low cost, readily available and renewable. Furthermore, its
thermo-processability using conventional plastic processing equipments have been realized
[4]. However, by itself, pure starch is highly crystalline which is not infusible and impossible
to be thermally processed without the addition of a plasticizer [5]. One of the most frequently
used plasticizers for starch is glycerol because of its ability to destroy and retain the ductility
of thermoplastic starch (TPS) [6]. PLA and starch were combined by reactive blending with
some agents during the melt extrusion process [3]. However, hydrophobic PLA and
hydrophilic starch are thermodynamically immiscible, leading to poor adhesion between the
two components, and hence poor and irreproducible performance. Various compatibilizers
and additives have been investigated to improve the interfacial interactions of these blends. In
starch/PLA blend, PLA chains were grafted with maleic anhydride through a free radical
reaction conducted by reactive extrusion. These compatibilized starch/PLA compositions
showed improving mechanical properties. Compatibilizers were also used for the starch/PLA
blends, such as poly(vinyl alcohol) (PVOH), poly(hydroxy ester ether) (PHEE) and dioctyl
maleate (DOM) [3].

Hence, this research aimed to study the blend PLA with cassava starch in order to
improve mechanical properties of PLA/TPS blend.
2. Materials and methods
2.1 Materials

PLA resin used was NatureWorks 2002D purchased from Nature Work (USA). The
polymer has MI as 4-8 g/10min. Cassava starch was obtained from Bornnet Corporation.

Glycerol was commercial grade obtained from Thanachem (Thailand). Urea, triethyl citrate,



tributyacetyl citrate were reagent grade purchased from Merck (USA). Styrene maleic

anhydride was used reagent grade purchased from Chemical Innovation (Thailand).

2.2 Preparation of thermoplastic starch (TPS)

Glycerol and urea were blended with cassava starch which dried at 135 °C for 8 hr at various
compositions (Table 1) in high speed mixer at 140 rpm for 5 min. The mixture was manually
fed in to a single screw extruder. The temperature set along the extruder barrel from feed

zone to die were 120, 140, 140, 130 °C.

Table 1 Formulation of TPS and sample codes

Code % Weight

Starch  Glycerol Urea

S70G30U0 70 0 30
S70G27U3 70 3 27
S70G24U6 70 6 24

2.3 Preparation of TPS/PLA blend
A compatibilizer was mixed with PLA and TPS which were dried at 70 °C for 4 hr in the
high speed mixer. The proportions of mixtures and their product codes are given in Table 2.

The mixture was then extruded though a twin screw extruder.



Table 2 TPS/PLA blend and sample codes

Code % Weight

PLA  TPS Compatibilizer

Triethy citrate (T)

PS5T0.5 50 50 0.5
PS5TO1 50 50 1
PS5T02 50 50 2
PS6T0.5 40 60 0.5
PS6TO1 40 60 1
PS6T02 40 60
PS7T0.5 30 70 0.5
PS7TO1 30 70 1
PS7T02 30 70 2
Tributylacetyl citrate (B)
PS5B0.5 50 50 0.5
PS5B01 50 50 1
PS5B02 50 50 2
PS6B0.5 40 60 0.5
PS6B01 40 60 1
PS6B02 40 60 2
PS7B0.5 30 70 0.5
PS7B01 30 70 1
PS7B02 30 70
Styrene maleic andydride (S)
PS5S0.5 50 50 0.5
PS5S01 50 50 1
PS5S02 50 50 2
PS6S0.5 40 60 0.5
PS6S01 40 60 1
PS6S02 40 60 2
PS7S0.5 30 70 0.5
PS7S01 30 70 1

PS7S02 30 70 2




Figure 1. PLA/TPS blend extrudate.

2.4 Characterization of TPS and TPS/PLA blend

TPS

The degree of crystallinity of TPS was determined by X—Ray powder diffraction
technique (XRD). The thermal behaviors of TPS were recorded by a differential scanning
calorimeter (DSC). Measurement was carried out under a nitrogen flow using a heating rate
of 10 °C/min within the temperature range of 30-200 °C.

TPS/PLA blend

TGA thermograms of thermoplastic starch were characterized by a Thermal gravity
analysis (TGA). Measurement were carried out under a nitrogen flow using a heating rate of
10 °C/min. The samples were heated from room temperature to 600 °C. Melt flow index of
TPS/PLA blend was measured by a melt flow index tester at 190 °C. The impact strength test
of TPS/PLA blend was measured in accordance with ASTM 256 using a Pendulum impact
tester (Zwick 4105, 1ZOD/2.7J). Tensile property of the TPS/PLA blend was characterized by
a Universal Testing Machine (Instron 4206) to determine the tensile modulus of PLA/TPS
blend by ASTM D882-91. The morphology of TPS/PLA blend was characterized by

scanning electron microscopy (SEM). The samples were coated with gold before analysis.



(@) (b)
Figure 2. TPS/PLA blend specimens for (a) Impact strength and (b) Tensile modulus

measurements.

3. Results and discussion
3.1 Effect of various plasticizer on TPS
In the formulation of TPS, glycerol/urea content had degree of crystallinity shown as
Table 3. The result showed that TPS with glycerol 24%wt. and urea 6 %wt. (S70G24U6) had

low re-crystallization.

Table 3. Degree of crystallinity of TPS

Degree of Degree of
crystallinity crystallinity
Sample
(%) change
Code
(for 60 days)
1day 60 days
(%)
Starch 20.28 - -
S70G30U0 2 6.2 6
S70G27U3 2.3 5.1 2.8

S70G24U6 4.7 52 0.5




The crystallization process of starch can be confirmed by DSC thermograms of TPS (Figure
3). From Figure 3 showed the glass transition temperature (Tg), it could be seen the Tg of
TPS slightly increased with urea content. The result indicated increasing urea content led to

increase glass transition temperature of TPS.
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Figure 3. DSC thermograms of TPS.

3.2 Characterization of TPS/PLA blends
3.2.1 Thermal properties
Table 4 shows the decomposition temperature at weight loss 5%wt. (Tsy) and

remaining weight at 400°C with different compatibilizer content. It can be seen that the



decomposition temperature (Tso,) decreased with increasing TPS content maybe due to

evaporation of glycerol which it was mixed in TPS led to decomposition temperature of blend

reduced. But the remaining weight increased with TPS maybe due to grafting reaction occurs

during extrusion in single-screw; it improved interfacial adhesion between TPS and PLA

[Wang Shujun et al., 2005]. Thus, Thermal stability of TPS/PLA blend was improved with

increasing TPS content.

Table 4. Decomposition temperatures at 5% weight loss (Tse) and remaining weight at 400

°C of TPS/ PLA blend

Remaining Remaining Remaining
Sample Sample Sample
Ts06 Welght Ts04 WEIth Ts06 WF,‘Ight
code code code

(%) (%) (%)
PS5B0.5 194 11.3 PS5S0.5 205 13.1 PS5T0.5 202 12.0
PS6B0.5 177 13.5 PS6S0.5 174 14.8 PS6T0.5 183 13.8
PS7B0.5 163 15.8 PS7S0.5 173 18.4 PS7T0.5 175 15.8
PS5B01 192 12.6 PS5S01 195 12.6 PS5T01 199 115
PS6B01 186 13.4 PS6S01 190 13.3 PS6T01 179 14.7
PS7B01 179 17.9 PS7S01 180 15.7 PS7T01 133 16.3
PS5B02 197 12.7 PS5S02 193 13.0 PS5T02 198 12.3
PS6B02 181 13.1 PS6S02 169 15.0 PS6T02 183 13.3
PS7B02 165 16.6 PS7S02 182 15.2 PS7T02 141 14.6




3.2.2 Melt flow index (MI)

Figure 4 showed the Melt flow index (MI) of TPS/PLA blend. MI decreased as the
TPS loading. This maybe interaction occurred between PLA molecules and starch molecules.

This is in agreement with G.H. Yew et al. [G.H. Yew et al., 2005].
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Figure 4. Melt flow index of TPS/ PLA blend with different compatibilizer (a) Tributyacetyl

citrate (b) Styrene maleic anhydride (c) Triethyl citrate.

3.2.4 Mechanical properties of TPS/PLA blends

The research of L. Averous et al. found that adding a high flexible material allows impact
strength increased [L. Averous et al, 2000]. Thus, from table 6 showed that impact strength
tendency increased with TPS maybe due to increasing of high flexible thermoplastic starch
content led to reduce brittleness.

But the blends comprise with 60%wt of TPS showed impact strength decreased maybe due to
the phase separation between TPS and PLA.

Based on type of compatibilizer was found that the amount of compatibilizer was low, blends
comprise with the triethyl citrate (T) had impact strength more than the blends using styrene
maleic (S) and/or tributylacetyl citrate (B) as compatibilizer. While the amount of
compatibilizer increased, the impact strength of the blend using styrene maleic anhydride was

higher than the blend using triethyl citrate and/or tributylacetyl citrate as compatibilizer.




For tensile modulus, increasing of TPS content led to reduce tensile modulus with
corresponding to research of N.St-Pierre et al. [N.St-Pierre et al., 1996] maybe due to starch
granule is hydrophilic while the PLA is a hydrophobic, not the interfacial adhesion, such as
hydrogen bond between the PLA and starch, and the blends are softened thermoplastic starch
material by observations from the impact strength increased.

Based on type of compatibilizer was found to tensile modulus of triethyl citrate was
higher than the blends with tributylacetyl citrate and/or styrene maleic anhydride as
compatibilizer maybe due to triethyl citrate improves the interaction between molecules of

the PLA molecule of starch.

Table 5. Mechanical properties of TPS/PLA blend

Impact  Tensile Impact  Tensile Impact  Tensile
Sample Sample Sample
strength  Modulus strength  Modulus strength  Modulus
code ) code ) code )
(KJ/m%)  (MPa) (KJ/m%)  (MPa) (KJ/m%)  (MPa)

PS5B0.5 1.80 384.96 | PS5S0.5 2.78 315.86 | PS5T0.5  8.07 408.68
PS6B0.5 1.70 327.30 | PS6S0.5 2.25 195.89 | PS6T0.5 13.20 420.69
PS7B0.5 2.48 73.01 | PS7S0.5 2.38 72.94 | PS/T0.5  8.05 246.64

PS5B01 1.90 347.59 | PS5501 7.43 302.35 | PS5T01 4.40 582.93
PS6B01 2.48 184.33 | PS6S01  11.38 328.95 | PS6TO1 6.07 362.25
PS7B01 1.38 129.84 | PS7S01 3.03 65.79 PS7T01 1.63 494.72

PS5B02 2.20 383.90 | PS5S02 2.78 290.70 | PS5T02 1.55 526.24
PS6B02 3.90 247.90 | PS6S02  12.00 169.96 | PS6T02  11.20 338.04
PS7B02 1.47 160.83 | PS7S02 5.02 52.35 | PS7TO02 1.50 230.23




3.2.3 Morphology

The SEM micrographs of TPS/PLA blend with different of TPS content are shown in Figure
5. The blends comprise with 50, 60 and 70 wt% of TPS at 0.5, 1 and 2%compatibilizer,
respectively. The SEM images show that there are three types of surface morphologies i.e. (a)
rough surface with evenly distributed spherical granules, (b) smooth surface without starch
granule, and (c) surface with cracks and voids. The plastic blends PS6T0.5 and PS5T02
having high tensile modulus of greater than 400 MPa and impact strength greater than 10
KJ/m? showed mostly rough surface with evenly distributed spherical granules. On the other
hand, the plastic blends PS7B0.5 and PS7B02 having poor mechanical properties also
showed morphologies of smooth surface without starch granule, and surface with cracks and
voids. The results support that triethyl citrate (T) is more efficient as a compatibilizer helping

distributing the starch granules resulting in plastic blends with better mechanical properties.



(b)
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Figure 5. SEM images of cross section samples of TPS/PLA blends at 400 and 800 magnifications
showing 3 types of morphologies (a) rough surface with evenly distributed spherical starch granules, (b)

smooth surface without starch granule, and (c) surface with cracks and voids.



Conclusion

The results obtained in this work led to the following conclusion:

1. Increasing of urea content or decreasing of glycerol content led to have low re-
crystallization and increase in glass transition temperature of TPS. Hence, the resulting TPS
had good properties with glycerol 24%wt. and urea 6 %wt. (S70G24U6).

2. Decreasing of decomposition temperature with increasing TPS content maybe due to
evaporation of glycerol which it was mixed in TPS but thermal stability of TPS/PLA blend
was improved by increasing of TPS content.

3. Melt flow index (MI) reduced with increasing of TPS content in TPS/PLA blend. So
that, increasing of TPS content in TPS/PLA blend led to increasing of viscosity of TPS/PLA
blend.

4. The morphology of TPS/PLA blends with increasing of TPS content more 50%. The
surface was two-phase structure and roughness. It had particle larger and irregular shape.

5. As the increasing of TPS loading led to enhance impact strength but reduce tensile
modulus.

6. TPS/PLA blend with ratio of TPS/PLA 60/40 and triethyl citrate 0.5% (PS6T0.5) and
TPS/PLA 50/50 and triethyl citrate 1 % (PS5T01) was better mechanical properties than

other.
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