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The objective of this research is to study and improve the
crystallization rate of PLA using sulfonate salt nucleating agents. In this work, the
sulfonate derivatives which is ~sodium dimethyl 5-sulfoisophthalate (SSIPA),
synthesized followed the method of Timothy Oster, have been used as nucleating
agent compared to the commercial sulfonate nucleating agent for PLA, potassium
dimethyl 5-sulfoisophthalate (LAK-301), and commercial sodium salt nucleating agent
for PP, Bicyclic[2.2.1]heptane-2,3-dicarboxylic ‘acid disodium salt (HPN-68L). with the
nucleating agent content of 0.5wt% and 1.0wt%. The DSC results showed the
increase of crystallinity after mixed 0.5wt% of SSIPA with PLA from 16.68 to 55.94%
for PLA L105 and from 20.78 to 48.87% for PLA 3251D. The isothermal DSC results
indicated the significant improvement of rate of crystallization of PLA after
introducing SSIPA. The half-time crystallization (t;,,) of PLA reduced from 60.7 to
2.3 min for PLA L105 at 140°C and from-65.2 to 2.3 min for PLA 3251D at 130°C. The
nucleating efficiency of SSIPA on PLA was as good as LAK-301 with the %NE of 32.83
and 25.51% for PLA L105 and PLA 3251D, respectively. The XRD patterns revealed no
difference between neat PLA and PLA with SSIPA indicated that SSIPA have no effect
on crystal structure of PLA. Tensile modulus of PLA increase with the addition of
SSIPA into PLA while elongation at break, tensile strength and impact strength of PLA
drop. From the discussed results, it can be concluded that SSIPA was the effective

nucleating agent for PLA.
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wesedugunseliUsunandniien Jadudedadanisideulildasnsaldaulundndana

Apan1snsaumuansouls snsunlelymsnsinsanuanidivesnednaninuedadl

ad aa

181833 NHouldiueg19uINABNSIaISADNAN FIVILTIADATINITANKNANVDINDALAARN

waTALSITULALYIN I aNTAR I nawazaNUANIIA NS auRTY FaladinisAnwitaziinisldanu

'
1 = = =2

asneananvalnvalesia [1-14] Mﬁﬂuﬁuﬁa LAK-301 [3, 7, 14] ansnananduduans

[ s

aunusvenzlsuRngaluius TANA1SANEILALII89IUKNAYDINSIASAINAUNDALAARN

9

a 1 d" = 1 [ a a a a 5 I a = o’::l'n:{
LBTALNTARIGY) FadlnaumnANAURLIdaTDINEALARRNLETA LAK-301 duluansdunsdni
ANABUUAIFINIINBALAARNLDTA FaUlUTUYDINITLEUAIINANIIZNADULVAIVDINDALA
ARNLETA LAK-301 %ﬁé’ﬂwmmﬁuﬁ;wqmﬁﬂuwaaL@J@%MaaummLLagﬁwuﬁﬁﬁLﬂuﬁaLﬂﬁaa
Tinoduanfnuedaianisanndniaziinnisiiuls spherulites Javinlin1sannanuInodLe
ARNLOTALEITU

a o r-:’ljd o = 4 1 = %} 6 a U d'
N iidvimsfnwinisldaisnendniszinneuiusvesezlsunandalviuai

fuaszadutazludanndvd uansnonanvonedianfiniadn LasAnuNaunIaIsnanan

'
wva

Trpaudaena aulin1enusou audin1snNNaNYaINaawanRNLOTN LasdugIuYel

=b

1ASIAS1NANVDINDALAARNLITA

1.2 InqUszaeAvaINTITY
121 Wieduaneiansnendnussnnindeluiovestalrlunmniisnisves Timothy
Oster [15] sl duansnonanlusuive
122 fiefnwinavesasnendndeaudiing audhiniseinuioulasaamaninisnn

NANUDY PLA



1.3 WUIANIUIRY

131

1.3.2

mMsinansUsznoundelufieuvasiamnvzdieyitli PLA $8n51n1snnudniigy
T waranunTaUTuuTanRneNeulavoumids sunsauseul

a1susenaundalaifeuvesdanndaunsizilsarunsavinviniduaisnenanls

Wiguwinduasnenantudenwnalagnald

1.4 YaULIAKAZYBINNAVDIIUIFY

1.4.1

1.4.2

1.4.3

144

1.4.5

PLA in5 L105 vhmihilduinaiavan

PLA 15 3251D viwthillduiganandn

Potassium dimethyl 5-sulfoisophathalate (LAK-301) Fmthiluansnendn
Usanauilaflaiiu 1%

ansdansesh Sodium dimethyl 5-sulfoisophathalate (SSIPA) ¥iwthfiduans
rendn Usinaildlihiu 1%

Bicyclic[2.2.1]heptane-2,3-dicarboxylic acid disodium salt (HPN-68L) ¥

yiniduansnenan Ysunaunldladiiy 1%

1.5 Jumaunsaniuaulagasy

av a4 v

1.5.1 Anwenasuazauieingades

- AnwenansiasauddenineIves eudssyndldnuanuidy

1.5.2 29N UULLAZINLNUNITNAADY

- DNWUUATINLHUNTDUNIINTRA TANkAzgUN ol Tun1sneaes

1.5.3 AU

daufi 1 daasieiansnendn Sodium dimethyl 5-sulfoisophthalate (SSIPA)

1.1 W3NS 5-sulfoisophthalic acid (HSIPA) 27.6 ¢ wag Methanol 50 ¢ Tuaaa

aa

AUNAUEINABUIAT 1 AUAITHANAIY magnetic stirrer bar Tvigaumgiin 65°C

Y

wazderiu reflux condenser Wuaan 1 Halug mﬂﬁfuamqmmﬁaamﬁ 20-30°C
1.2 138Ua15 Sodium hydroxide (50% aqueous) 8.4 g, Glacial acetic acid 6.6 g
waz Dl water 60 ¢ Tuwandunauvinil 2 AUAISHANSIE magnetic stirrer bar

wazlgamalin 60-70°C Juvian 1 Halus

Y



1.3 insuenaisazatsluvind 1 asluvand 2 Tugaeszezian 10 uaf wagli
qmmﬁaﬁmauﬁ 75°C WJuian 30 wl mﬂ‘lfua@qmmgﬁmimamaamﬁ
Useane 25°C aglaansndniuaianuazinilounsy

1.4 nspsansuaudae DI water ifu (guuugivszana 0-5°0) antuvhniseulugey

a % 6

wisggyeyInIAfiaamigd 100°C WWuwian 12 Falus aglandndouidu SSIPA Tu

Y

a

Snwaziundazidendun
1.5 yinInaaauendnuaivad SSIPA Nlasmewatia FTIR way NMR
d7uil 2 w3eu PLA IUSudsedaeansnananuiingnge

a

2.1 Yuda PLA, LAK-301, SSIPA g HPN-68L ueuilgaunnil 60°C 1lutaan 12
Al
2.2 v swan PLA wagdisnendnatinnige TulSunaansnendn 0.5 wag 1.0% lag

[
o a

hnin TnelaTedusal internal mixer figaumgil 190°C Wuan 10 whil I nuun
fharsesunavimedwesildlusuiiemnismedevandfidely

daufi 3 Anwnaudt@ves PLA fiunisnanaIsnendnafindnee uaziinis
Wisuifieunafils

- FnwmgRinIsunnenusaulayIamansnIsANNansIeLatia DSC

- AnwngAnssunisanNanmIgnaesanssaukuulnailsd (POM)

- Ainwlassasnanmanaiia X-ray diffraction (XRD)

- ANWAUUATNNAMENITNAADUNITANEA (tensile test) LazaNURNITATUNIULT
AsTNN (impact test)

1.5.4 AATRLazaUNANTTIY

1.5.5 daussiuniewasnuidelumulssynivinig

1.5.6 IANISIYIUNANTTIY

1.5.7 n15aaulAsINIsIve

1.6 Uszlemnifianadnazlasu
16.1  annsaduasiedaisnendn sodium dimethyl 5-sulfoisophthalate ietluld

Wuansnenanwuea PLA 19



a

1.6.2  wans1wUsEaNSAmNsnaNanvasansnananiduasizilarazludanndlvdse

NOANTIUNITANKENYDY PLA




unil 2
’Jiimﬂiiuﬁlﬁlﬂ?“fl’aﬁ
2.1 Poly(lactic acid), PLA

2.1.1 doyavnluvaswoduaninuedn [16]

Polylactic acid (PLA) \unana@n@anin (Bioplastic) @1u15adesaangiiufie
asveulaeenlafuaziilimesdunislusssumfnendninnisldau namnaniaghud
anunsanaunuiulnllglusssusnd (renewable resource) Wi NARLNAINTY Wy T17lnn
TudUznds uardes Wudy TnonisuasselifvdulresBonduniusldouladdonus
1 (Hurdmanglaa sunsyuauntsnsin (fermentation) Tnglduuafi3s Lactobacillus
brevis lanananlu nsauanfn (Lactic acid) #1unszuiunismaaila lactide filassadig

a @ =3 o l = 19 . . )
maaiiduiwniu wardshlueu nsguaunisnedwesiswdy (Polymerization) naulu

syuvganAiislasulassaialadunediues

9

iumiinennlsd S— 120w
asuaulasaniy - us

¥ gudizuia

uar un .
Aerobygacteria Fermentation
(4] o O
M ATAUARGN NIAUARAN |,
U1 (Lactic acid) (Lactic acid) OH

OH OH

\ . . Dehydration
Enzymatich Polylactic acid #

Bveakdov n (PLA) Lactide
Hydroky ic i -“ F
Degradation T \’)HL I I
[ o |,
Ring opening

Polymerization

Al 2.1 Tpdnsmsdanevitagnisaaneiiues PLA [16]
- Fevaadl (Chemical Name) ; Polylactic acid
~ aves (Synonyms) : waaLaa#n, Polylactide, PLA
- e CAS (CAS Number) : 124-38-9

- ansiAllag1adng (Chemical Formula) : (C3H,0y),


https://enchemcom1po.files.wordpress.com/2012/09/pla-cycle.png

2.1.2 Tas9a519 a9AUsENaULATNNSEUATIZN [16]

woALaRRnuaTAduAs1ZTUaIN nsnsailensend (Ol-Hydroxy acids) wiieeet
WiououswesvemedLaninuedn fie nsauanin wieddenuaife 2-leasend Tnsiledea
wadn (2-Hydroxy propionic acid) nsauaafnilleleiuesasiguuuy fo WUUA wazuea R
Guduuudlewwes (Enantiomer) fifinuiaslasiauas (Optical active) snafu nanade ilgns
Wl wdleunuundassenluaudnlimiounu wasinssurvuasnanlsgluianisaneiy Tu

sysurifdlngnulugluuuiea-lolawes vsenuluguvemanseninaea-uazh- laly

& ' aa . . o ! = v &
BT LIYNINUBINANTIFUN (Racemic mixture, 9Rs1@7U = 1:1 1 WgULNUAIY DL) N99

'
= va a

a15Usznaulile (meso-compound) @elsifanvadnsguruiadlwanlsd (Optically inactive)

Uagiiunsndnnsauaniinandenisuinidunan dsauisalindninsndannuu3gvsidauas

(Optical purity) 7if

CHg CH,

C"l "C
/ II[IOH HO\\‘\\ \
L \C02H HOZC/ H

D4acticacid Ldactic acid

AN 2.2 1A59@519104 D-lactic acid kae L-lactic acid

N1INAANDARAARNLITNDIINTEM AL UATIEINILULATEINTAIVRULKUURETLE
InsUa (Azeotropic dehydrative condensation) UfjAigs1n1sAduniulanens (Direct
condensation polymerization) kag/®39n1589AT1ERRNIUNISIAALAALYN A (Lactide
formation) WaéLLaﬂamLa%@ﬁmﬁﬂImaqaga (11nN31 100,000 @) Tuiganmive

duanzilalagniun19Unag (Ring opening polymerization) vasiaalne



CH, 0 CH, 0

3 { Low MW prepolymer

HO I [ Opol  (1000-5000 Datltons)
O CH " o CH

H
N\ Chain Coupling
sl o Agents
Ho' € Direct condensation
g polymerization
L-Lactic acid - o Ok 3
Azeotropic dehydration condensation WOHO\)LOH
CH > [ I
HtC’\ "OH -H,0 o cH, "5 cH,
c
0
8 Polymerization through High MW polymer
D-Lactic acid P, lactide formation Ring Opening (>100,000 Daltons)
Polymerization

Low MW prepolymer Lactide
(1000-5000 Daltons)

AN 2.3 NSAWATITINEABaARNLETNIN L-lactic acid wag D-Lactic acid [17]

A A o ¢ w a v P '
Wesnnsauanfnilaoslelames aeldnanveswedmesnduasziladiulngeis
UsENaUTUIINUIUBLUDTVNALDA LoD 5N UNINLA (WadLkoa-wanAnwadn (PLLA)) 130

UsznouTunueuewesiiy voamausnain (wednuea-uanfnueda (PDLLA) lulaqiu

a A

£ Y o a a i @
ASNARNA- Lol YRINIALARRNTUSaNTUUYINlAEIN ANsHERNeALLesa1elgnanUsenau

9

Tumenausues ¥lia f Bsenedn-warinwa®s (PDLA) Tuwdsnidivd el

woduanAnuaTaiilasasismdnanuguuuy aun weana (00 sua (B) uazwnuun (y)

v
(% (3

Juagivasnusznouvesduuudlowesuea wisd woa lassaiwuudanndulaseadied
a A ~ a = a v YY) I~ a [ a o
\@fesian vaeumadNgumnil 185 semiaalded danvauzn1sdnmuwuuilundeidnses

fuagly unit cell wuy orthorhombic laedlen unit cell a = 10.683 A, b = 6.170 A wag ¢

'
=

= 28.860 A sUlassafrawdnuuuieavhuanslunmi 2.4 weduaadinuedndaillassasimani

IS a

= ' N a a a0 vo % =
38N913ULUU woanaty (A) Feaziiagamaianidelasuninuieuiigungiiussuiu

Y

'

a [ =2 a LY Y) I = 1 a (Y] d' I
120 a9rwalged anvalzNanin1sInslunaglsungInuiULuukoanualanwuenidy

seigutounituazdasusimvaiuniigluuunean Juilvllvun lattice ngindtuean

Bntiey Iaeilogen unit cell a = 10.80 A, b = 6.20 A way c = 28.80 A [18]

Y



r=28.88 A

¢

b=6.16 A

a=10.66 A

AN 2.4 LEARILATIASINANBUULBANNYDINDRLANAALITA [19]

1AT9ETNNEARUULUAAZIARINMSAsEaNANFULUULRa N TR iiuay draw ratio

Y

[ 1d = [ = £

g9 dnwaugn1sdnatslawuuiduinfeddaseadalu unit cell wuu trigonal lngazd

a 1

g s ANl uuLeaT LAz lgN ivaeuvalegil 175 asmigalgya

Y

1ASIESHIHANRUULALNIIZLAAINAIIINNANLUU epitaxial 1nedl hexamethyl
benzene 1u substrate TnafinsinEesivesansldindedesarswuy antiparallel n1389

Ty orthorhombic unit cell lagdian unit cell a = 0.995 nm, b = 0.625 nm Wag ¢ = 0.880

nm

2.1.3 aUUAYDINDALAARNLITA

s
a a a

ANNUTANTITILES (Optical purity) ¥994naaLARRNLITAFINADENNINADANTRANII

q

wa

ANUSOU auURTNNaLazauURATUNIITUHNIUTEIAYILazURILRaT (Barrier properties) Wog

v

a a daoy ¢ ! a vy a ) =
LLEW’W]ﬂLLE]“UWV]QJ?{@?{'JUSU@QLL@a-l@I‘ﬁLﬂJ@iiﬁﬁﬂ'ﬂqiaﬂag 90 NLLUUIUNLUUWSaLuaiﬂQNaﬂ

(Semicrystalline polymer) Tusgnedinesnin-lelemeslussaussnautinduiiniiy

s
a a

U3gvsidauassnasuasiuuiliudunedimesodgiu (Amorphous) wenainilamumngiinis

9



vaeNmal samgiinananiudtusazsviuanuilundniuuilduanawiudadiuveuea-le

T9uasNanasnie

dndruvaalalauasnuansenuluaislaweduasvinlinednanfinlkataNdasIzi

v
v A

Jududauvalenainrane J9@18150U5UIT5095UANUABINTANSITIULANIN9TY Ll

a A

= = o a s a o N a a aa
LU?EJ‘UL'VlEJ‘Uﬂ‘U‘WE)aLlI@TVlNaGm']ﬂ'W]QWU‘WlI']T’U']ﬂqmﬁq‘ﬂﬂﬁimiﬂmilﬁm LU NOALDNAULNLINN

a9 (PET) waz wodalpsu (PS) weduwandnwadaiinnulatazdaudfinisnienin audfdna

warauUAfUNITURIUTRIN Il nAReIiY

2.1.3.1 auvUAn1sazany

2
= v o

nsaralevaInedkanfnLedaTuedivdndiuvemiheilusdusznauly
anelanodiuesuayszauanudundn (Degree of crystallinity) wedwandnuedalyl
p A

azaneul weaneses karalsusznaulalasaisvauildivyunun wu teniwy

(Hexane) taztaUinu (Heptane) AvinaganeNnd1nsuneatanfinlednyiniu

'3
a a a

UIgMBITaUags (Poly(L-lactic acid), PLLA) lawadivihazaigdun3dnguaassiumm
wazngo 931U LA N (Chlorinated or fluorinated organic solvents) laoan ey
(Dioxane) lneanlaiaw (Dioxolane) wagisy (Furane) s18NANadLaARNLOTA
(Poly(raclactic acid) wenanazaslalufvinazatedviuneiuaninuednfidainy
UTansiduasgefilinantudatnediu fiazareliluezdlau (Acetone) Tndduy
(Pyridine) ta#iauanian (Ethyl lactate) toiiapz@inn (Ethyl acetate) wnnszlalagy
WU (Tetrahydrofuran) lagu (Xylene) lawAiadananlas (Dimethylsulfoxide) 1ou
wou-latianesunlus (N,Ndimethylformamide) waziufiatefiadlau (Methyl

ethyl ketone)
2.1.3.2 ANUANIINIYAINLAZTNNG

wodnanRnwednilinNa1es Iz UsEaa 1.25 wollesiliniunsisda
(Unoriented PLA) #A313tUs1su1nuilinuaegy (Stiffness) wagAd1uud iy
(Strength) g4 LilounlUN1UN15AeEA (Oriented) zdiantAlndiAssiunediefiay
sHNLSR (Polyethylene terepthalate, PET) wiidninedalaSudidiunisiada

(Oriented PS) s18ndalsaRsuarusein (Tensile and flexural modul) veenediug



ISP !

10

ARNLBTALIANEINIMOAIDNAUAIIUMUILUNEY (HDPE) wadlnsiiau (PP) uagne

Y

aalaTu (PS) LAAIUNUABLIINTZUNA (Izod impact strength) LazN15E6

a

Nnan

q

wan¥n (Elongation at break) dA191A11 WoRmNes¥IADUS duURANIINIEAINYDING

a a a A = A ' = o a{'
abllaren LL@"U@IVIN']UW]?@QEJ@LLaglﬂJNWUﬂ'ﬁ@Q’EJﬂ WANIANFTIN 2.1

A1519% 2.1 audRdanavesneduaninwedatmviinluanaga [20]

ausn lainunseeda | Wunshsdn
(Unoriented) (Oriented)*
mméfmmumﬁﬁaqaﬁqm 6,900-7,700 6,900-24,000
(Ultimate tensile strength, psi)
mméﬁumul,t,iﬁﬂﬁﬁ;mmm 6,600-8,900 N/A

(Tensile yield strength, psi)

m@ﬂﬁﬁLLiﬂﬁﬂ (Tensile modulus, psi)

500,000-580,000

564,0000-600,000

ANFTUNIULTINTZUNN 0.3-0.4 N/A
(Notched Izod impact, ft Ibin™)

Yovazn13Badafigaunniin Elongation at break | 31-58 15-160
(%)

AL (Rockwell -hardness) 82-88 82-88

[y

* NANTINABUTURLAUTEAUNIIAT B (Degree of orientation) WazdndIuvRY

Tolauas

4 =

2.2 WUURNAD99aAIanIVDINTSUIUNISANKNEN [21]

Tunrsliadenldndeosganssatuuulduasinanlsd (Polarized optical
microscope; POM) Ainf1uAINNUILULYBIN1I5AONEN (nucleation density) LazdnIIN1g
\Aulnuaandn (spherulite growth rate) vasildunadiuasuuuund lngfiaunefiuesazgnii

Tinaeumemudounaliinnisiuiegnndiludnaungindesnisesfinwuassnw

17 ou gaumpiineil (isothermal condition) iednmunisilasundauiienaidiuly
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Time (min)

MW 2.5 nnannmaia POM veaneduaalnafigamail 120°C 13an 60 Wil [22]

o =

1YaNAINNUTID1AANYIdNwUzLazIUInvaINaniintulaelAiaTun s AaNaNYINTY
a ~ Y] Aa a A a a Ay v o
Wiguieudvguugdlunisifiandniinaivaiy 4 aumgil #aildainnisnaaaniass

a ° = o a = = o a Y
LUINNAD GU‘L!'W]LLa3Q7u3usU@QNaﬂV]LUaEJULLU@QLU?EJ‘ULVIEJUﬂUL'Ja']IﬂEJUi%LiJu\LWQ']ﬂﬂ'J']ﬂJ

' (7 ' ' £%

24
A a = o o a =% A a « o

MINLUUVBINENTARYY SrunsTadvasnaniliiudulaiisuiuiawilvladeyaineaiu
anmsmmiﬂ'amﬁﬂLLazé’mwL%%IuﬂﬂiLﬁmwﬁﬂsuaai’aq
YNAINUIAUAIANINSLAAKNA NVBINBABSEId@1U15aRAMNLA NN LT mATlA
a = . = a o a v ) a a
LARESWUNNS (calorimetry) Bulumafianisnnusauiifeldesiunisiuisuwlagumnnl
NFWULAZIOUN AT VRN BE N UL AN AeT (isothermal mode) wavgmumniilyl
AI7 (non-isothermal mode) TunfiagvanandaniIzaauanINIsIAANANTaINAkan N
a a0 % o 2 A & v = ¢ ¢ a —
wuuganiiningaianudlalndiswasduiingiutewu nsfingradmansnisiandn
wuvgamgiind Wunshinudeuivansdegauldilunediuoinasumar ndinintuan
gunnTeg19530157 (quenching) ludwaamagiinisiinndn (crystallization temperature; T,)

9 Y

Mfeen1s ANsinanauian (Heat flow) azgniuindeyaisufiuiiaiaunszvianisiia

[

= a 2/ ' [ 3 1 Ay v = I 1 a ~ Ao
HanAnleauy el vasantuteayanlaainnisnaassgnidsuluilumUsinandniduius
Alulian (time dependent relative crystallization; X,) #18819 N5INA1TRLTUVDIUTUI
nanIsufisuiunal wandlunni 2.7a A 2.7b Wun1s@nwingAnssunisuaniuy

a a a s a a = Y i =
gauniinsiveaneduaninaigaumainisiin nanuaNANIUAIS 108-123 asrwaidudlag
Ju nsmikanspuduiussening X, Weudunan (@) waznsivl logl-n(1-X,)] Wieuiuan
(b) Toyanlaarnnsilgninluldivaunisvesensiil (Avrami’s equation) Tun1suseidiu

¢ ¢ a = a ¢ o =]
"ﬂaUﬁqamiﬂqﬁLﬂﬂNaﬂm@ﬂW@ﬁLLaﬂiV]ﬂﬂﬂLLﬁ@ﬂIuaNﬂTﬁV] 2.1
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1-X, = exp(kt") aun1s 2.1

P9 k A9 AIPINOASINISIAANEN t AD LNAINLTIU AISIAANAN N AD ANAINUDIDINS

v
=< Ql LY

(Avrami exponent) tag X, Ao 9n3dLUTuUNENILARTLBUA LA

Exo >

< Endo

o 5 10 15 20 25

Time (min)

07l 2.6 N3l DSC MsiinuEnLUVgNuiavasHaduaAlnAlud g IANKEn 108-

123°C [23]

(b)

Relative crystallinity, X,
log [-n(1-X)))

o 2 v -
3 X
S oY A °
4}
0 123°C

05 10 15 20 25 30 35
logt

A 2.7 n3lANuFURUSIEINg X, Aulia (@) wag logl-In(1-Xy)] futian (b) Tunisiin

HANLUUgMTiaIveIneduaalneg (23]

ndoyalunini 2.6 uay 2.7 ilimsiuan X, wag t lailledaguaunisi 1 Tnal waswdu

AN 2.2 Fauana
N[ (- X)) =nlnt+nk aun1sil 2.2

hteyanlaanaunisn 2 lWadinsaunisidunsdaeimvualiunu Y fe log-n(1-X,)]

wazuNU X A log t lWianunsansIua n uagean k laainAnuduvensvuazyadaunu Y
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s (3 a

YBIFUNITAUATY (AT 2.7b) Toyanisvadmaninisiiandnyilingiudnen k 8auin

1% o
= 1 ! (% (% (% 6§ o

WARIDITNITINSAANANTIEITU ddue n duduiusiunalnn1sisunisnenan (nucleation

mechanism) 1dunsguiunisnendnuuuililoldes (Homogeneous nucleation) 38l uU

a0 !

\ewnau (Heterogeneous nucleation) Fslaayalua n fA15ening 2 fie 4 awnsalsrniily

= |

Msvendnyaend@ugIuINe s egUs1veInanlatndndidnyaensiiulaluwuunnia
(rod) WUULHY (disc) w3oukUUNIINaY (sphere) Fenanslmutensidulauuy 1 0@ 2 3@
wag 3 URRINEIRU

luvesunelidilagasmsiiandnvesmedweslataauiu Fanssenudeya
Juasaanlunisiiandn (crystallization half-time; ty,,) Fnefananiananluudsos
Ay 50 99 USHaundnanuaiitindu (X, = 0.5) Inevnluual A t,, diinsieanunieuiuan

Qd‘ a = 1 a -Q! = ! U [ U a = )

gauniinldlunmsiiandn (T) nalusnnimilade A ty, WWsinRuiusnsINsiiaxEn Tu

v a0

Ao anemsnsiinuaniialalsy Gainan) Aa t, siiaides lunianduiu S19ns1n15iia

nanAnlatn (HA1tes) AT t,, adAINN G‘T\‘iﬂ?uﬂﬁlﬁmmilﬁuLLG]IQ‘LJi%Lﬂ‘VWiN6] fionadanal
Paglunsnendn Wamisanmaedeulmvesaeldlianauazadlaninansznusdonisiia
HANFeEUTaRAAUlATINNIsANYIRANERS A SIAARENHIUNTTIWATlANdBIanTIAY
wuulfuasazimaiialaaeimviiiionsaaeudasnisifulavewdn ArmmuIuuYesnIs

newdn AasfidnsnsTlupisiandn JUsanvay duguuivenveandn auvesaaanildly

AsLAANANLA

2.3 ANSANKNANYBINDALNDS [24]

<

luanaveaneslunarainuiswinanunsadnsedndliiniuegralussideunsolin

o ' ool

Jundnladlogniintigamalinnnitgumgiiviaeumad fasgaveswedwesndmudundn

| a saa

A9 LU WoALeSAU kay PTFE 91nn1sAnwsienata XRD W‘U’jwwaﬁLmaimumﬁmi‘]uwﬁﬂqq

Y

o '
! =

finsduiduedugiu (amorphous) waz d@uiiiundn (crystalline) Yuegmeriu lnadiud
[ =2 a [ LY
Jundndvwinidnunnluseauulugns

nud fringed micelle laasurenszuiunisiinugn (crystallization) 133 11An91n
dwuvedluiananate o luanaudnisesiadatuedralussdou danni 2.8 (§1e) usily
Aenasdingud lamella FaAnananuideiieiunanvemediuesesuiedn nanlunediwes

Anannisiuiivemisaneldliana aessezuszuia 10 nm Aadu lamellae Fudu
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Tassasnsiiuguvesnediuesiinnudundn Asnma 2.8 (¥71) waznuinszning lamellae
Yosnedwesinidiuneaduanaiiinnsinsessuuulidussdeu wisedugiuluegsie
Fulesiudlaeuininuesdrudundn awisadwialdananunuiniureanedwes

ANUANNITA 3.3

, p.P-p,) y
%Crystalline= —) x100 #un1n 3.3

c pa

e P Ao AuvUIUYUYEWeAWesTitald, p e Anunuiwiuvesmedimesludnumre

[

dugu wey p_ fie AnamuiuduvesweRAesnlanyaz Junaneataanysal

43

A 2.8 Msdnsedlaanalunisiieaane i (E1e) naes finged micelle wag (v31)

o] lamellae

nsfigaliieesuigdmsiiananvesediuesiunguflagnastuvilaein Llean
Han1sAnwIAgITuNANveINeAWeTaanAReITUTaDIMg Y] Wu NMstiandanlunediueasvin
TiAAuruIkiukazALLdgeu nusenuieuldduy sgalsinumnuiuia duayy
ngud) lamellae Wuilunnn

a a6 o = < H o 5 2 A [
a1sdunsdmluluanaiivwiadn dmdnluanad awnsaanndnviesylusuves
X VY 1o o a 3 H v = P i =

Hanla widmsunediwesuuinvedluianasy Umtnluanags Jsiilentanazeglusundn

Wounin druvesnedwesdsluanadnisesdiagnelidilussifeu (unordered polymer)
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wsaklilundnisend “nodwesodaigiu” (amorphous polymer) Uag dIUUBINDALLDIT
Tuanadaisesiegnsdaiusgraluseidou (ordered polymer) 13eni1 “wedwesniina

Junan” (crystalline polymer)

Jaduniidnswasansiiananvesneawwes dnsmalul

- anududeuvedassaiialuiana (Complexity)

¥
[ =2 a =

aANutdundnazinduladedmsunedwesnilasasialududou Wi

P
1 =)

a aa = A 2 1 = =
NoaLlRdau %QINNVNLLVIUVW]Lﬂgﬂﬁﬁiaﬂqumaﬂagﬁau YIDNAILANVINNIT

U
Issasegraduszidevvesansls
- 95U (Cooling rate)
= o v 2w ' v o a &
Weagnvlygudlagdiggiinlilulanavesnedwesiialunis
ISeasunTy Tontanaznadundn Seilunnndn
- mslauseu (Annealing)
n1sliarueuduneduesiasiadnsedugiuiigamgiininiiguns
waaumalissandsy a@wisanssiuliluanadasesinluil egradu
= a [~ = 2 dy
suilguwaziinunanboanedu
- odmwomedlelawti (Degree of Polymerization)
a fala I ~ a & = v \
wodlesniansldluanasminvziiloniaiadundnlaeinni
- mﬂﬁ&lg‘d (Deformation)

¢ a

n1svialvnedesnileangiledsenitinatansuddunazaungll

q Y Y

vaouvad Winn1sidegUeg et 9 Wi n1sie agvihlilulanavesediueson

v A va o =4 a [ =2 Y
28N LLﬁS‘ﬂ@LiENVLWU(ﬂﬂUZJ’m”UU Lﬂﬂﬂ’JWQJLUUNﬁﬂl@@ﬂJU

2.4 g@1snanEn
d = wa a = 0§ v a 1 vy X & = vk o«
AoansndnuaudRnaylunsmienilinedwesanninlaiiivu dawdnilanasd
uainniUnfuardnsesmeginusedeu ibinedwesnlalianunsegueaznuay
SoudTuey

asnendn lneviluanunsaudseentaidu 2 nqulvas lawn
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1. @ansnenanyni1aall (Chemical Nucleating Agents) ldnszuiunIsnaNant1u
nszvIuMAnuRisemisedl wunstdindelaneulunistiesinisiiananuas Polyesters

$IN99)
Q.Id’l

2. @1snenanyanenIn (Physical Nucleating Agents) Tnganansauusgaslaansiadl
2.1 ansnendnefiun3d deulduiniign fe Wad (Talo) Fadutunldiendu

91984 MIUTBUNBUAIINAINTOIUNTABNANAUAITRLLAITTADY 9

= a

2.2 ansnewdanduvisd arsusziavilmsilumniidiluanas wsizviilinendn

a 1

197 uaznendnlanigamiigs 1wy Calcium Lactate

RUNRRET)

nalnn1syinaILYBLaNsnanan

! =2 & A & 2 Ao [ [ v,y = = " 14
ﬂ’]iﬂ@ﬂdaﬂL‘U“Llﬂ’]i@‘léﬂ’]m/]LUMSU’ENLL“UQVIN?}maﬂ‘HMS JuUpl "a" 179 IR0 T

warafnmszna Semi-Crystalline Polymer innisisuduannin lngldouniatug 1lu

q

" ¢ " a =~ = = ] =
ﬂu&lﬂﬁ’m SLUﬂrﬁLillﬂaNaﬂ ﬁ]ﬂmmamﬁum@LLazg‘Ui’NﬂJaﬂmaﬂ

'
=

Welfieyu Semi-Crystalline Polymer finnnaniadlaesssusnfnuinnnanlaedansy

%
&Y a

i ilduansnandnagianunzay agnuInsanuaniaediaisnenaniuiialaisiniinas

= & =~ A & I Ao = o Ay
VUNVDINANNVSUYUINVIEANAIT HITUIUNIANHINNTIDNNIY

JafvasaNsnonan
1. awilddandniitluundnuasiivunalndifestu sddusnamnuiuanniu
2. ﬁﬂﬁwmaaﬂﬁamﬁﬂﬁm’]maﬁuummmgﬂiw (Dimension Stability) 7ifzu
3. Fununanadninisuadilundarqaiilndidsstu lrdgudunisinsenes
Fununanadin wdnlaneanannuslfiusianas
4. ansoulialun1Nas

5. WuRaauURdnaazaunumuiediiazangliiunanasin

PNANSUNTYBS Timothy Oster [15] laldguisn1sdansieiansuseian metal salt
Y94 dialkyl ester 483 5-sulfoisophthalic acid % 7alu ﬁ?u A9 sodium dimethyl 5-
sulfoisophthalate (SSIPA) Tneldansaduiu 5-sulfoisophthalic acid U3 123 g %N

UA38117U methanol Mt lunealuaisazatenauvad sodium hydroxide wag glacial
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a [ L3

acetic acid Tu DI water ¥u@nSusanlaluvinlmduasazldansdneusediensy ¥1nn13n5ad
a8 Di water 18y aglanandmaidu SSIPA Ganuinlandnsiusisanun 130.3 ¢ vseAndu

86.6% LazillASIASIAININT 2.9

H3COC CO5CH3

SO3Na

Al 2.9 uandlassadneves sodium dimethyl 5-sulfoisophthalate (SSIPA)

U89 Vidhya Nagarajan wazauy [7] lovin1sfnwingAnssunisanuanuay
Fugnuinevesweduaninuedalagldansusgneveglsndndalniunluansiondn Faansi
14@a potassium dimethyl 5-sulfoisophalate (LAK-301) Tpevinnsi@u Lak fidmdn 0.25-1
Wt% vN15AN®INITANNANLUY isothermal Tuaa3 140-150°C WUIIERITINITANNANUD

PLA fin5ifin Lak getunuliaduauiu uilugamgilunisanudndsngadinisanudnisa

® - PLA+0.25% Lak
T ®—PLA+0.5% Lak
=040+ v A PLA+0.75% Lak
v PLA+1% Lak

A
0.10 . ‘

Crys
(=]
e

T T T T T T
140 142 144 146 148 150
Crystallization temperature (e

tdl L v ¢ ! (% = a = dld
AN 2.10 ﬂﬁ’lWLLEIGNF’I'ﬂllﬂllWUﬁi%M'ﬂ\‘iE]G]ﬁ'lﬂ'ﬁ@ﬂﬂ\laﬂLLagamﬁﬂuNﬂ’]imﬂNaﬂ%@Q PLA vy

ATSLAYN LAK

K%

LaziloUINaNIYININISWARAMINATUY Aviami LiBAAIRILUTAI9Y WUIIAT k YOIENATS

Y

[ "y '
¥ v Y W v a1 a = 4

avrami FIAUNUSTUIRSINITANKAN YudawAnduloiy LAK aslulu PLA waziinduLile

USUNd LAK WU KAz N 39818150 U8NaNwenISAULAvaINaANLA WUI1 neat PLA d@n
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Tuga9 2 Feavenindumsiiulawuuassdf uiillednisdiy LAK A1 n dinduuneglugag 3
Fadumsiulawuuauds wiliodiu LAK G 1% a1 n nduaneglugng 2 8nass uasnanis
nAdayU DSC WU neat PLA fiUSunaundnagNuseanas 10.6% usiidle LAK 10U USunaundn

Ry 44.8-50.8%

Neat PLA

PLA+0.25% Lak

PLA+0.5% Lak

PLA+0.75% Lak

Endothermic heat flow -

60 80 100 120 140 160 180 200
Temperature (°C)

AN 2.11 NSINSIAAIILSAUASINADIINN1SNAABU DSC 99 PLA way PLA 7Ly Lak

PMNUITYVRS Yonggi Feng wazauy [3] ¥n5nNaaesn1snnnanaey PLA Tagld
asnendn 6 ¥in Wi NLN6-dibenzoyladipohydrazide (TMC-306) wagz N N''-(ethane-
1,2-diylbis(N*-phenyloxalamide) (OXA) 3 nucleation efficiency (NE) qaﬁgﬂﬂ JeU
50% %3ganin Talc Sufiev 2 i1 uarlunsdiidian fegns PLA/TMC-0.5% findsiatiy
N13ANNANANANIIN 8.1 WITIMED 0.5 W Lazangunndlun1sanNanaIn 120°C wde
100°C Fagnen157sl NE figainliasnsnisednsanisnnudnes PLA usfagisan1ssnsing
Huialiigaie 50°C/undt Tnglaisilisuuuundnaes PLA wWaeuld Feiigatldannsmaaey
WAXD

NUITPURI Xuetao Shi wazame [10] lavin1sfinwinanisvitnusiuiuvesansne
wAnuarwarainluwe flongAnssunsmnnanves PLA Suihnisfnusavesansnondnvang

= 1

yilo FalnalndifgeiuluFewesUSunanan lunisudeslvmnudniedlugumgiingm 120°C

(% '
(% a a

YSunaundanues PLA nilnsiivansnenanisdulineg useuas 30.7-31.7% wdl LAK 913

¢ @ ¢ = o 1 = =~ a g 4 ! = o A
WBIUANANT 27.3% WALAIAIILIAINITANKNANVILIININENTNONANAIDU
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a = = o ] = a  a i = a
M1919N 2.2 L‘Uif]UL‘VlEJ‘UW'JLLUﬁGﬂQ‘;] mﬂﬂﬁmﬂmaﬂwqmwﬁummﬂ%miwammiﬂawaﬂ%uw

$13)
Sample Code AHc (J/g) Xc(%) n  log(k) fos(min)
PLA2002D / 245 -403 38
PLA2/PCC 29.14 313 256 -4.23 40
PLA2/HNT 28.58 307 244 -3.79 31
PLA2/talc 29.50 31.7 205 -0.81 2.1
PLA2/LAK 2543 273 204 -0.89 7 &

Y

Feanuulavinisfingl DSC vasnaunedniuansnendninan1snaaeuneuntAfagnaoss

CY Y )

A8 LAK uae talc wuilm T,, T wagiia T, @asiiafinuiuey uina1nsnsinisannanitdn
299 PLA wagn1saniseanantuduad PLA wanuiievinnsiiunaians lawesaslulunouns
a ° v o & A A ~ A A v = v

an yline T tudnassanevavelulunsdlvespeunedanly talc Fausuanlain PLA
FULAANITANNAN AT UTEAUNTILA7 I UTENIINTZUIUNISLE UFILUUTUNSUINNAD UL

yaoumaluldfiud (60°C 1Wuan 2 uii)

First heating after quenched m mold 10°C/min PLA2

I\ PLAZLaK
ey \

A

Cooling from melting at § °C/min
PLA2

B

PLALsk

Heat flowiW/g) Exodown

PLAY Take

PLA2LakPEG
-5 - -

— o
\/
PLA2TaloPEG

P _r/_\rl_/—\
T T T

T T T T T
20 40 (1] 80 100 120 140 160 180 200

Temperature (°C)

AW 2.12 n5l DSC w84 PLA molded composite

NUATYVBY Sun Zhigiang kazame [25] lavinisduasigraisusznauazlsun@n

Falniun A methyl 3,5-Disulfobenzoate Dipotassium salt dieldiduansnenanaes PLA
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Fovliiaan halftime Tunsanwanues PLA anas wastU3sulfisunanisnaassiuansne
nAndnudade talc Fawanisld talc vhlkiaan half-time Tun1sanndnves PLA anadawde
8.47 U Iu"umzﬁlﬁu methyl 3,5-Disulfobenzoate Dipotassium salt yMALIan half-time
Tunsanadnanasmde 3.96 unit Tuvgiivsinardnisloviinaidu talc ogil 32.3% du

A13LAN methyl 3,5-Disulfobenzoate Dipotassium salt ﬁﬁmmmﬁﬂa‘gjﬁ 32.7%

%

S
H 20% Olcum_ HO/& H Methanol
185 °C,.6 h 3% 5h

HO SN0
0 0

- P
o | ! kco, NO°4

0 0°C O~
HO>S\O KO/S\O

m‘wﬁ 2.13 WARINNSALATIEI methyl 3,5-Disulfobenzoate Dipotassium salt



unil 3
WAl
3.1 Saniildluauide
3.1.1 wehuanfinuodn (PLA) 13n Luminy L105 d1m3un1stugudenisin uanlng
U3¥™ Total Corbion Thailand fiUSunas L-isomer g4n31 99% svtinisluavaieviasuivan

a

22 ¢/10 min flgamndl 190°C ¥ntin 2.16 kg
3.1.2 woduanfnwedn (PLA) 115a Ingeo 3251D ﬁ’m%’umiﬁugﬂﬁwmiﬁm HARlaY
U3EN NatureWorks LLC ansgeilasni $UTunas Lisomer g9nd1 98.6% sviinisinavaue
NapUVa7 35 ¢/10 min ﬁqm‘mqﬁ 190°C 51%1% 2.16 ke
3.1.3 @15U58n0U potassium dimethyl 5-sulfoisophthalate (LAK-301) n@nlae

U3 Takemoto Oil & Fat Co. Ussiadivu danvauzdunsazidendun

HyC—0 0—CH

0=—=S—=0
oy
i 3.1 qmﬂmﬂa%’lwm potassium dimethyl 5-sulfoisophthalate (LAK-301)

3.1.4 @15Usgneou 5-sulfoisophthalic acid (HSIPA) tuansasdulunisdunsisi

ANLIUIAND 89% 91NU3EN Wako Pure Chemical Industries Ltd. fidnwauzidunindu
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AWl 3.2 gnslassaiaves 5-sulfoisophthalic acid (HSIPA)

3.1.5 @15 methanol Wuansfedulunisdaaseyt insn analytical ANuUIans
99.7% MNUTTM RCI labscan Usenrlneg fanwsluveavaila

3.1.6 @15 sodium hydroxide [uansaeulunisdansizy tnsa analytical Ay
U3avis 99% NU3EM ROl labscan YseinAlye Sdnvamthudadutu

3.1.7 @17 glacial acetic acid tn3A analytical mmu‘%qw‘é 99.8% 21nUTEN RC|
labscan Uszwelne Ténwailureaviarld fnduqu

3.1.8 @15Us¥neu bicyclic[2.2.1]heptane-2,3-dicarboxylic acid disodium salt

(HPN-68L) wanlagudum Milliken & Company Usglnaansgorisn Sanvasidunsazidond

2717
O
| - +
O Na
- +
T—© Na
@)
A 3.3 anslasaaineues Bicyclic[2.2.1]heptane-2,3-dicarboxylic acid disodium salt
(HPN-68L)

3.2 wsesdanltlun1svugy, Insziuaznasey
3.2.1 \AS8aNAd@8Y Fourier Transform Infrared Spectrophotometer (FTIR) §u

Vertex 70 HARLABUSEN Bruker Useineeasiu
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3.2.2 \39InadaU Nuclear Magnetic Resonance (NMR) 31 ADVANCE IIl HD W@
M8 uUTEm Bruker Uszineloasiu

3.2.3 ﬂﬁ@ﬂﬁ%iiﬁﬁ@Lé‘ﬂmauLLU‘Uﬁa&ﬂi’lﬂ (Field Emission — Scanning Electron
Microscope (FE-SEM)) 3u Mira3 nanlasusen Tescan Uszmeasnsasgidn wisugunsal
1ATILVTINGI1U (Energy Dispersive X-ray Spectrometer; EDS)

3.2.0 ipdpanauneluiuula (Intemal mixer) $u MX 105-D40L50 91nUTEMATeY

e Uszwmelne

[
=3

3.2.5 m%qé’mugﬂ (Compression molding) 31 PR10-W300L350 91AU3ENLa38Y
Ve Uszinelney

3.2.6 1A3038AT Y (Compression molding) §u LP20-B 21nu3EW Labtech
Engineering Usztnalng

3.2.7 \desiinsiziandAvsmiuiaulagldaritunnsiamsaufou fu DSC |
UTEN Mettler Toledo UseinAansigeiisng

3.2.8 naeaqansseuuuulduasinanlsd (Polarized Optical Microscope; POM) ju
OPTIKA B-600 MET wiausendasniviakarurivuliainudou g1 Linkam THMS-600

3.2.9 1A3esANY SN M ETASIASIRENINNISIEEIUUYBSIELENS (Xray
diffractometer) 3u XRD-6100 nanlagus¥m Shimadzu Usemelng

3.2.10 1A30aNAd0U Universal Testing Machine 31 5969 W&nlagUIEN Instron
USEIMAANIFaILTAN

3.2.11 \P30MARBUNITAIUNIULIINTEUNN (Impact test) Ju 7614 HARLAEUITEN

Instron UsginAanigasn

3.3 Sunaunsiudse
nsnaaeswuady 3 du
3.3.1 N15§9LASIZHaNSNBNEAN sodium dimethyl 5-sulfoisophthalate (SSIPA)
ANUA5Y89 Timothy Oster [15]
3.3.1.1 w3eua135 5-sulfoisophthalic acid (HSIPA) 27.6 n$u wag Methanol 50 nSu
TuvinfunauauaAeuInfl 1 AUAISWALFIY magnetic stimer bar THgaumgif 65°C

Y

wazsariu reflux condenser 1uan 1 F9lua antuanaamgliaswil 20-30°C
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3.3.1.2 W38ua15 Sodium hydroxide (50% aqueous) 8.4 N5, Glacial acetic acid
6.6 N3 way DI water 60 n3u TurafunauwInfl 2 AUAIHALFIE magnetic stirrer
bar waglyigamaiifl 60-70°C WWutian 1 dalas

3.3.1.3 vnsneaaisavarglurind 1 adduwind 2 lugisssesna 10 wndl wagle
gaumnfiansuaui 75°C WWuiaan 30 undi ﬁ]'1ﬂﬁ?uamqmwgﬁawamauaqmwﬁﬂszuwm
25°C aglpasnaniusianwaziniiouns

3.3.1.4 nye3@sHANE Dl water WU (@auminiuseuna 0-5°0) Mnturiniseuly
Fouursgayniaiionmail 100°C e 12 $lus azldndndne Tudnwusdy
N9AZLDYAAT

3.3.1.5 thwedynildluvimsigatiiendnualsieimada FTIR Tnevldunsamiu KBr
wasihundaduskuuiswagiinsmaaey FTIR Tutisauaiy 400-4000 e wazyi
nsfigatienanvaliamaia NMR lagldsariasatelu deuterated water (D,0)
LAz TR TEUsinas g luansusenaumewmealn FE-SEM/EDS

3.3.2 N3A3EN PLA fiUSuussdeansiananatinanee

3.3.2.1 ynsuay PLA fua1snenan LAK-301, SSIPA kay HPN-68L $28LA30ana
szuuTn (interal mixen) flgaimgdl 190°C wazilaanasrseuvedluniunas 60 soU
soundl Wunan 10wl InglduSunaidisrondn 0.5 way 1.0% lnethnin Wewin
TuauAduves Vidhya Nagarajan wagamy [7] Wwiuduinnisiinaisnenanusyian

NAYAlNLUA LUUSHIUAINETD AIUITOBINUTATINITANNANYDY PLA 1@ e

dnaunnsnanves PLA Auansnendnastingneg wandlunisnd 3.1 uag 3.2



A19199 3.1 UAASEREIUNITNENUDY PLA L105 Laza1snonansingnge

PLA L105 LAK-301 SSIPA HPN-68L
Sample
(Wt%) (Wt%) (Wt%) (Wt%)
L105 100 - - -
L105/LAKO0.5 99.5 0.5 - -
L105/LAK1.0 99 1 - -
L105/SSIPAQ.5 99.5 - 0.5 -
L105/SSIPA1.0 99 - 1 -
L105/HPNO.5 99.5 - - 0.5
L105/HPN1.0 99 7 - 1

AN397 3.2 LAASEREIUNITHENUDY PLA 3251D Wazasnandnviinemige

PLA 3251D | - LAK-301 SSIPA HPN-68L
Sample
(wt%) (Wt%) (Wt%) (Wt9%)
3251D 100 - 7 -
3251D/LAKO.5 99.5 0.5 - -
3251D/LAK1.0 99 1 7 -
3251D/SSIPAQ.5 99.5 - 0.5 -
3251D/SSIPAL.0 99 - 1 -
3251D/HPNO.5 99.5 - - 0.5
3251D/HPN1.0 99 - - 1

25

3.3.2.2 NS5 8UTUNUNAADUAIENDRLUDSHANNLAAINTD 3.3.2.1 AI8LAT90A

£

Fugudwsunisnaaeunieg

3.3.2.2.1 dwsumsneaeusiundesganssaniuulduadinanlsd vinist

Y

gaumndilui 190°C 1Uuian 3 urdl wazvinisnagaluian 1wl 1y

a6

Furudnuuz duildy
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3.3.2.2.2 dwmsunisvadauieLedes universal testing machine Wag TGN
YU SFIUMLLIINIELNN Yhnstuzudenisnadn Tngliauseulud
190°C Juaan 3 unit uaznadadunan 1 wiit Fusuiidnvazdy dog
bone wazduruAimasy Tnsfinnsauaugungiusundaifud 30°C s
Snsmadusiaiovestunuegd 60°C/

3.3.2.2.3 dmunsveaausiemaia XRD vmstugUionisnada ngls
audeuludl 190°C iunan 3 wit waznadaduinan 1 unit Fuaud

[ =1 a I3
anwazLUAAN

3.3.3 NSNAFaUaANURAI9Y Va9 PLA fiNdud1snanan

3.3.3.1 AnwngAnTsumepusaumeetin DSC lnefitusoulunisnadeusadl

[
Y [

- prgaunilifionamgRisusiu 30°C Wuan 1 il

- Wikgaumnaiian 30 WU 200°C saggnsnsifingnmail 5°C/min

- Asgamgiitin 200°C wwvian 1 wid

- angaunian 200 WU 30°C mednsinsangumail 5°C/min

- AegaunALIN 30°C1luaa 1wl

- Widgaumiiann 30 Wi 200°C Megnsinisiidemugil 5°C/min

al

- A 139 200°C Wuan 1w

3

U

nsligaumgdaswsndunisiidnlsyiivniaanuseusinnistugy deyaiiendu

gauniivaoumal (T,) LavUSunanan (%X) gAuinannsiiguuiiluaed

499 TIN1FANUIUSUIUNANAUILANNANAISA 3.1

AH_ - AH =
%X = ——— dun1si 3.1

Wpa X AR,

lagA1 AH . Aeteumalldlunisanuanvusliniusou, AH,, Asteunadnldly

NIINADUNEN, Wp, AOANEIUTDY PLA Wz AH_ Asteanialnldlunisvasunanues

PLA f5lUSinaunan 100% FedlAvindu 93.7 Iasionsu [7]

3.3.3.2 AN¥1AaMIERINITANKENYDY PLA aaeinaiin DSC lulvnungumngiiag

'
al

(Isothermal DSC) lnglvigaungiiann 30 laudis 200°C fednsinisiiniusou
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10°C/min MNUUINTANgUMTioge5In59ednI1N15angnmgi 40°C/min wae

| 1
v d a

adbingamgiindesnisAnwilunal 150 wiil lunuidell samginldlunisdne

9 Y

(%
v oa a

fuinsananeumninnunlunismeaeudiemaiia DSC sunsangamnd danly
nsflves PLA filiifimaiduansnondnagldgamainisanudnlusngliaudou du
fio gaumnll 110 waz 105 °C dw¥u PLA L105 uaz PLA 32510 fililinansnondn
Tunsalves PLA L105 #i5n15tfu LAK wag SSIPA %ﬁwmimaauﬁqmmgﬁ 135,
140, 145 waz 150 °C drnilunsdves PLA 3251D fifinsiiin LAK wag SSIPA azvin

a

nsnaaeuigumgil 125, 130, 135 war 140 °C dulunsal PLA Mfin1sifia HPN g
nsnaasuNgungdl 100, 105, 110 waz 115 °C Tu PLA neaesviia lunis
ALV UALITAUNITVDS avrami bIBILASIEAATNISIWDSNIAANEAS I UNNS

Y

= = a | = . a
LWUIHUNYUNAVDINITLANATNBHAN Iﬂﬁlﬁllﬂrﬁsﬂaﬂ avrami LLﬂ@fﬂ,uaﬂJﬂ’]TW 3.2

X, = 1 -exp(kt") aun1sil 3.2
dlo X, AoUSHIINANELRNS, k AOA1PITIIDINIIANRED LAz n ABLATENAISIVeS
avrami S9anunsaviuenisdnsuznsiulnrewdn Faunsi 3.2 4111303n5U
Tnidifieldaninsadalaldiefdunisd 3.3 Faveviiliaiunse fitting deaunis
dunsailomdmnsafimesinsaarmans lngaunsamiar n 91nAuturenduns v
wazAl k mﬂﬁ;mﬁmmu y LAZEINITOAIUIUNIAT T, 30 half-time crystallization

= AN = l = i vy a
%Qﬂ@ﬂﬁ\?‘lﬁuqm@\iL'JaquLGﬂUﬂqimﬂNaﬂQSWQﬁﬂinm Iﬁﬁﬂﬂauﬂqim 3.4

In[-n(1-X)]=nlnt+nk aun1sil 3.3

ty, = (ln2/k)"" aunsil 3.4

A I

A a 1 a = 5 = A 1 < ..n = J
LIANANTUIAT Kk NTDANAINYDINTANKNANUU LLAUIUNUILLTUY min™ BILLERII1 k

5% [
LY [y 1a

I a =3 1 = a = ol = 1
WUNIFIURDINVUNUAT N LASTU UnNNU Jeufemdssuiioua k lnanse lay

Azl sUSeueududnsinisanuaninuy Feeuiuleainaunisi 3.5
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rate of crystallization = 1/’[1/2 auN1TN 3.5

3.3.3.3 AnwUszAnSninvesansneananiunisviviniidu nucleator 1agazuInIg
< I
NAapILUUEDNEIU

- Anwin1snnuantuseuu self-nucleation vas neat PLA lilanaamgiigeanias

o

° = a = o v
qu@ﬂLuﬂqimﬂNaﬂsﬂ@Q neat PLA 1uﬂﬂiwﬂquQMﬂﬂiMﬂNaﬂmﬂEj® ‘i]g'V]r]ﬂ’]{L‘Vi

gauuan 30 Wil 200°C wdvin1sangumgiiasuiil 80°C AI88NIINTAN

a

gaum)il 1°C/min wielvlddA1gamgilunisnnudnaifigaves neat PLA Tun1smn

a =

gaunginisnnuaniigeiian asvitnisieaungillulugsgumnginiia nsvasundn

Y

U19du FaluuIded drsgungininnisrasunanuisdiuves PLA L105 og

Y Y

Tutiae 170-180°C wae PLA 32510 aglumag 165-175°C Gsdoyassnanldanuans
naasIaInte 3.3.3.1 Wolvionmgfiferisiisiomisudy insanenmgiiasni 80°C
shesasmsanemgil 1°¢/min ietSsuifiugamginnnan

- muwaUszansanlunisyimidridy nucleator vasansnondnviindneg dae

a11150AURLAR83TURY fillon AILALNISA 3.6 [13]

%NE= ——— X100 funs?l 3.6

=y a =

lne T, Aogumiinnndnued PLA Wauatsnanan, T wag T

9 Y

MaX
C

]

ARRUNYIANKE

=b.

ANAAkALEIEAYRY neat PLA lpgaamainisannanildlunisAnwialdomungl
ARNIANREN 10% F9TuE9usNeINTsAnKEN

3.3.3.4 AnwngAnssunsanuanmenaesganssakuuldiadnanlsd (POM) laglyd

Fuauiduwiuiiduuis 3190 cover slip nssnauuagligamgiisowviulinig

Fou (hot stage) Inelvigaungiilun 200°C uagasliNgaumagidng 5 wiil Ny
e

ad

angamgiiegusiasnigamginyinisdne lusnul

Y

[y

Jeilldgaumail 140°C dmsu
PLA L105 uag 130°C d13U PLA 3251D @993 nguuiinnaanved PLA Hauansnie
HANTlFaINNan1TAaete 3.3.3.1 Weangungiisgamngindesal viinisa

gaunillinazyinistuiinnmmsiiulavem@nauniiuanaziinnisiule
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3.3.3.5 Anw1lAssasevemdnalgwmaila X-ray diffraction lagin3suaueiuly
anwausluurudan Tuvasindadsd Cu Ka (30 kv, 20 mA) vinnsvageulugiag 20

2-50° $REINIINNTNIAYN 12°/min

3.3.3.6 ¥A@UANUANITANEAANI8LATEINAADU Universal testing machine m1u

1INIFIU ASTM-D638 type V lagldlvan 5 kN flamednsin1shagn 1 mm/min

3.3.3.7 NA@oUaNTRANITAIUNIULIINTZUNN 1ABNITNAABUNITNTEUNNWUY
notched izod impact test muIRsgIU ASTM-D256 tHuntsnageulaenisldnou

WREUIA 1 98



unil 4
NANITNAABILAZINTAUNANITNAADY
uiTeiisuainn1sdunsizians sodium dimethyl 5-sulfoisophthalate n3o
SSIPA Wieldduansrendndmiu PLA wasfinwinavesnisidiu SSIPA songAnssunismnnuan

299 PLA W3guLilsunuasnendn potassium dimethyl 5-sulfoisophthalate %30 LAK-301

'
faa v

FaduaisnondnluBanflvdnildnwuslasiasiandensaiy wazusnantudidneyl
L) = [ v 1 = a a 6 o [ gj A . .
Wisuisudunislgasnenanlu@midlvddnsu PP dufe bicyclic[2.2.1]heptane-2,3-

dicarboxylic acid disodium salt %38 HPN-68L 8nf1e lngnan1snaaesa@1unsaLleanta

LY

2 dau il

daudl 1 n1sdunsizviansnendnysznmindedalniug sodium dimethyl 5-
sulfoisophthalate 38 SSIPA m1135n15¥81 Timothy Oster kagvinn1siigatiiondnualves
ansnenanfidnns IRl

d1ufl 2 naveInIsLRNaTsHeNan 3 Usziav adlu PLA aeswiln Tne@nwiaudinig
AINTOU, AAANAATNIIANNAN, WORNTIUNITANNAN wazauURITINAYDY PLA Aualsne

NAN

4.1 wan1sdAsIzansnananUssnmnaagalnunginsulylueulde

Tusuaded lavian1sduasigiansnenan sodium dimethyl 5-sulfoisophthalate

=

v3e SSIPA #u35ves Timothy Oster [15] iilel#ifuansnonandmiu PLA TnoujAzen

Wadukaasluning 4.1 1agna19d9LAT18% SSIPA ®1u35n15U89 Timothy Oster 714

(% 6

nszuauNILanslude 3.3.1 14U nuIndesaznalavowaniug (Yeyield) vas SSIPA fian

66.7%

o]

o] o] o
HO OH H,C-0 O-CH
Methanol ’ :
—
65°C, L h

O:?:O 0:%:0
OH OH

HsC-0 0-CHs
NaOH
75°C, 30 mins 0:s:0
O-Na+
SSIPA

AW 4.1 wanUfizen1sdunsieviansnendn SSIPA a1uisn1594 Timothy Oster
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4.1.1 wan15nsevivdvlanduvesansusenauindedalviundlemaila Fourier
Transform Infrared Spectroscopy (FTIR)

NNINAADU FTIR lduaunmiuves sodium dimethyl 5-sulfoisophthalate %3
SSIPA W3suiilsuiuansiediu 5-sulfoisophthalic acid w3e HSIPA uaadlun1nit 4.2 34
WU invesansaesiindanudonadeiu aLUﬂm%Jmaﬂa’]ﬁu’qaawﬁmzwuﬁﬂﬂs’mgﬁ
aIAAUUTEIN 1733 cm™, 1242 e, 755 cm™ wag 652 cm't GTEQLLamﬂLaﬂé’ﬂmﬁsuaamg
C=0 [26], S=0, C-H aromatic wag S-O [27] A1uaRU drufinanarsioluaiunnsuyos
HSIPA tumudindl 3393 cm! Gadufingas O-H Tulassadisves HSIPA wiilovinUfATen

a

Beusosudd Tuainasuues SSIPA wul il 3393 et wgluuazusingiafl 3065 cm™
Juunudaduiinves C-H Tulassadrewes SSIPA Gwilianunsausnlain a1snendn SSIPA
Ao Yo a1 ¢ Y Y a ] Y a = 4 o &

Mduaswlaty dvgilandunsaiunmlasadenuanlineuningse Fastududnasiluna
n1InaassnwAila Nuclear Magnetic Resonance (NMR) wag Field-Emission Scanning

Electron Microscopy/Energy Dispersive X-ray Spectrometer (FE-SEM/EDS)

% Transmittance

3393
L1
1733

1242

755

652~

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’™)

AT 4.2 LaAINaNISNAEDU FTIR U89aN5dAS1E9 SSIPA

4.1.2 wan1sngaliendnualvasasusznauindedalniundlemaila Nuclear

Magnetic Resonance (NMR)

a L v 6

N1SANAULDNANWAIVDI SSIPA NFUAT1zAlalaelY H-NMR wazld deuterated

Y

<

water (D,0) 1 UJUFIM1ara19815079819 991NN 4.3 way 4.4 Lansaidnasy H-NMR
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904 SSIPA waz HSIPA muasu awnasuwes SSIPA Wewfieufiu HSIPA wuitaiUnasuves
SSIPA Usangfimausiumiisfannaain HSIPA Ausingiaae s anasuresansiiaes
ﬁﬁﬂﬁﬂiwﬂgiuﬁwLmu'mé"]aﬁuaawﬁ’mumﬁﬂizmm 8.69 uaz 8.59 ppm Funansdalusneu
Tugumis H, uag Hy lurauuduvesasiadneansniaod d1msu SSIPA Uimgﬁﬂﬁ 3.98

aaa ]

ppm FauansdslusnouningUarsvadeames dudunsiuduimmdainnisvinujisen vy
Asuendantulasasnaves HSIPA gnivdsudueanes snsdiunulafinvesinidiumi
8.69, 8.59 LAz 3.98 ppm U89 SSIPA H9nsdulszaI 12 6 TInTIUsnIId1uYes

PuINlUsRaURILALY H,, H, kay He Tulasaasiaves SSIPA

.....................................................................................................

] 8l

ﬂ"l‘]N‘]?i 4.3 uansnanisnagey H-NMR w83 SSIPA

gB)
ﬂ"l‘Wﬁ 4.4 LEdnean1Inangau 1H—NMR U9 HSIPA

BN UIUTENBUAUNANITNAGDUNITIATIENEWLTING 1911 (Energy Dispersive

X-ray Spectrometer; EDS) flauandlun15199 4.1 Fauanausuaivedsislussnusenauves
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a15NduAs1EAle wuIensarueznaunslulasIas1alions1dIuwed C: O : Na @ S Ussun

10:7: 1 1 Yeaenraodiudunnsigiuesdusenauvedasaasneues SSIPA dawanslunin

7 4.1 Wunstuduinanunsadumsieat SSIPA lodisa

486
. 0O Kal S Ka
378
324
270
216

162

108

54

0.00 1.00 2.00 3.00 4.00

AWl 4.5 EDS spectrum w84 SSIPA

M1319% 4.1 wanes s lueaAUsENaUTDe SSIPA

Element | Atomic (%)
- 52.80
O 35.08
Na 5.80
S 6.32

4.2 NANISNAEBUANUANINAINSDUA28WmATiA DSC

5.00 6.00 7.00

8.00

9.00

NKaNIsNageUaNTRnIIAINTouslewmaila DSC lugisgamail 30-200°C g

9RTINTLLAZARQUNAT 5°C fiauNl 91NN 4.6 Fauans DSC thermograms Tudunis

[ Y 1 v & a 1 = = & < Y
LWURY WU LEUNIINUBY neat PLA V]QEI@QSUUWINU5’1ﬂQWﬂﬂ']iG]ﬂNaﬂIusUUH’]SLEJUGI'D L

NN 4.7 Fauang DSC thermograms TuTun1511A1050UATIN 2 9gnuNA cold

crystallization Tulduns1naee neat PLA Megeswiln §9UsUan3N neat PLA Nsgeswsiln 3

Fasnsanuanisvinlrluaiuisaifananlaiusednsin1siliudl 5°C aaund 1evinnis

Wuasnenanisanusila wuiidia cold crystallization 483 PLA wielU wiewuiausingiia

ATANNANTUTULEUAY UIUNI1EN5NONANTINANNTTATIURLTNTINITANNENYDY PLA 19a04
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wilald Felinan1svnassnaieiunanIsNAaesves Vidhya Nagarajan Wagamg [7] 1911015

Ay LAK-301 agly PLA Tudns1dau 0.25-1.0wt% waavinlwiia cold crystallization vl

=

wazUsingiianisanudnludunisiuduny Tuauddsd nsdives PLA 1105 Wieviinisify
LAK-301, SSIPA wag HPN-68L zifinfinnsanuaniloamiiuseunnd 140°C, 135°C uag

110°C gudsu drulunsdlves PLA 32510 levinisifiu LAK-301, SSIPA waz HPN-68L

a

wiinfiANIANKANTIgUNHUTEIM 130°C, 125°C Uag 105°C AuaIRy ansnenanvisay

]

I
a o = a 1

yipiu Joaumgiviasumadgendi 300°C Faiiansnendnianulifianisvasulusening

Y

mﬁ?u;;ﬂuaznwmaau ﬁqLﬁumﬁwwmﬂLL%@LLazﬁmﬂqﬁLﬁu nucleus Tunszuiaun1snn
wanlH PLA 1AamsiiuTnvesadnde duwaliensinisnnndnues PLA 1593unayildiianisg
mﬂwﬁﬂﬂsmﬁu dlefinnsanmnidunslunisanndn aunsedesnsnisanudnasine tne
srdanaleinfinnisnnudneed PLA i LAK-301 :ﬁﬂ’J’]ﬂJLLMﬁM%@ﬂﬂﬂﬁQj\‘iﬂ’j’]LﬁaLﬁﬁlUﬁU
ansnenanTinay muse SSIPA way HPN-68L auaisy wandliiiiudn PLA ity LAK-301

[ a

19n5IN1IANNANTIaINd Feanuisadudumenammaasuniemaia DSC Tulnungamad

Y

Astisialy Tuurensalved PLA 7iAig HPN-68L WuInUsIngiiANIsnasukanTuas sl 39
219NANNIANKANTUTARIFULUUAD O WAy 0 FULUUNAALUY o TIU N159AL58967
IS 1

rianuvuwidutoenduaglindanudssnitlunisvaeundn dwalvigamnlivaeuniand

AvNIKENIULUY 0 [28]
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a) L10s/HPN1O b)
o 3251D/HPNLO
L105/HPNO.5 -
3251D/HPNO.S
2 L105/SSIPA1.0 2 3251D/SSIPAL0
orp .
g LIOSt Iy 2 3251D/SSIPAD.S /
L2 1 Qo
L I e
: | : A
| = /A
E& L105/LAK1.0 J.\L - S 3251D/LAKL.0 SN
3] N\ B S . —
= | -] /\
LIOSLAKOS AN - 3251D/LAKO.5 AN .
3251D
L105 x
T T T T T T T T T L T LE T & T & T o T & T L] T o T & T
200 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
Temperature (°C) Temperature ("C)

AT 4.6 uana DSC thermograms Tudamsiudnves a) PLA L105 wag b) PLA 3251D

U =
NANFITNDNAN
a) LI0S/HPNIO b)
- 3251D/HPNILO
L105/HPNO.5 T [
3251D/HPNO.5 LY
L105/SSIPALO
= — 3251D/SSIPALO
s L105/SSIPAD.S g
S oy 2 3251D/SSIPAO.S
g 3 —/
S ~LL05/LAKL0 : z 3251D/LAK10
= e N = -_—
< -\\ -} ‘\/—
2 \/ 3 3251D/LAK0.5
L105/LAKO.5 - I S = — —_
AV} 3251D \
‘ [-“L—/;_\U/i T
T T T T T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
Temperature (°C) Temperature (°C)

AW 4.7 ugng DSC thermograms Tudunislfenmgiiasasil 2 a) PLA L105 uag b) PLA

3251D WENEISNONAN

A15797 4.2 wansaudAnIIrINLSeuInnIsnaey DSC 189 PLA Naua1snenan
WUIUSUIUREN WS %X, Va3 PLA L105 Wlonau LAK-301, SSIPA was HPN-68L 0.5wt%
Winduann 16.68% 1Ty 57.79%, 55.94% way 51.88% aueadu wasiilonauil 1.0wt%
iy 62.89%, 58.06% way 55.13% Auasu USuananuie %X, UD4 PLA 3251D
Lﬁawau LAK-301, SSIPA way HPN-68L 0.5wt% Lﬁlu“ﬁuﬁﬂﬂ 20.78% LJu 50.32%, 48.87%
Lay 43.87% auansy waziilonaui 1.0wto Winduilu 53.64%, 53.87% uay 49.99%
ANUEITU Fawan1sVnaesdenndestun1snaeses Vidnya Nagarajan wazmai [7] Lilovi
A1swWEs PLA U LAK-301 78n51aan 0.5wt% uaz 1.0wt% viilvuSinamanues PLA ifindy

271 10.6% LU 45.1% way 50.8% sualsu
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NANYUAFIN9)
Cooling 2nd Heating
Sample T AH, Tec AH. Tt OH, Tz AH,, 0.
QO (J/9) Q) (J/9) Q) (J/9) QO (J/9)
PLA L105 - 0.0 1115 | 332 175.2 48.8 - 0.0 16.7
PLA L105/LAK0.5% 1388 | 469 0.0 177.0 51.1 - 0.0 54.8
PLA L105/LAK1.0% 139.4 | 551 - 0.0 1738 58.3 - 0.0 62.9
PLA L105/SSIPA0.5% 1340 | 472 - 0.0 1728 52.2 - 0.0 55.9
PLA L105/SSIPA1.0% 1358 | 510 - 0.0 1728 53.9 - 0.0 58.1
PLA L105/HPN0.5% 1089 | 410 - 0.0 1716 48.4 - 0.0 51.9
PLA L105/HPN1.0% 1094 418 A 0.0 171.2 51.1 - 0.0 55.1
PLA 3251D - 0.0 1045 |~ 238 169.5 43.2 - 0.0 20.8
PLA 3251D/LAK0.5% 129.1| 440 - 0.0 167.3 46.9 - 0.0 50.3
PLA 3251D/LAK1.0% 1290 | 447 - 0.0 167.4 49.8 - 0.0 53.6
PLA 3251D/SSIPA0.5% 1261 | 420 . 0.0 167.1 45.6 - 0.0 48.9
PLA 3251D/SSIPA1.0% 1270 | 459 - 0.0 166.7 50.0 - 0.0 53.9
PLA 3251D/HPN0.5% 102.5 | 323 - 0.0 168.1 40.9 - 0.0 43.9
PLA 3251D/HPN1.09%* 1104 | 389 - 0.0 167.9 46.4* 160.9 0.0% 50.0

“lunstivag PLA 3251D/HPN1.0 AH,; Ba9AT AH.. 53uUD3RIATINE04

4.3 nansAneRaEnsNIIANKENAIEmALlA DSC Luuauuliaei (Isothermal DSC)

PnuanIsnaaevanTRIn e uieulagldinaiia DSC lulvangumgilan iefnw

a =< 4

@FARSNITANKEN 18N15aNYUNNRE N TIAEINNANIE R BLLEIE RN TANKENT

Y

#94N13 B9 Scott C. Schmidt wagany [29] lowuzihingigamgiinaasldlunsdnudmsu

1%
A =3 a

neat PLA aglutiag 105-120°C luauddeiifudendnunfigumgil cold crystallization 184
neat PLA tisansniin uazgavgiiinudmiu PLA nanarsnendnazidongungilutis
gauuianwanvesasnenanudazyiin Ao 135-150°C @115 PLA L105 ey LAK-301 uae
SSIPA way 125-140° d1m3U PLA 3251D Wein LAK-301 way SSIPA Lazd1m3u PLA wau
HPN-68L agldgaumailuyae 100-115°C lngn1silSeuiigunansmaaeeiena1ilagdieuay
ansnsndnlaldineiu aansevilalaunisnEennsmsening X, vieUSinananduimsifioy

futian 91nnsale Tuiawsnveansan wSenUsuuNanduinsnUszun 1-2% 1ueaa
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nslugnasunisfananwsatunisiintaeded (nucleation step) LazlsN@INITO&LNA
dnslutunisiiulnvesndn (growth step) laanauduseins Wl Ingannanwi 4.8 uang

n1sTgumgunIIm X, iguiulIaives neat PLA @esvilafigaunginisnnnan 105 way

a

110°C 91 Muans NI 18m5In150nNENIAE5IUY0Y neat PLA Visaesvlinfigamngdl

Y

a

105°C Wuisanifigannill 110°C usidlodunnnmd 4.9 JauansnisiSeudiaunsin X, ey

Y

fULIa1U84 neat PLA @a33lanuSunaindndusing 2% wandliiuindnsinisanudnludy

a a

nucleation step ¥84 PLA 3251D figaumgfl 110°C Huganin figaumgil 105°C Tuvauzdl PLA

Y Y

a a

L105 Nigaunil 110°C Hn31n15ananaedy nucleation step gendnfigaumnil 105°C Lilea

Y U

[
Y a

WBnties waziloNasanianuturaans wWlunIng 4.8 wanaliiui neat PLA y19803v009

a

ANKENTNgUNYH 105°C H8nT1AIANKANTUTY growth step Migandngangil 110°C uaziile

9 Y
a =2

WIguiguvlinued PLA 98nUd1 Neamgianwaniigdiu PLA L105 agildnsin1sannaniia

A1)

U9 nucleation step Wag growth step ganineenstniay

0.8

z
E
E 06+
o
Fa
&)
v
Z 044
=
L
x
0.2 —L105 @105'C
----L105 @110°C
3251D @105°C
49 | ----325ID@110°C|
. e e
0 100 200 300 400 500 600 700

Time (s)

AN 4.8 NFINANUFUNUSVIUSUUNANFUNNSAULIAIUBY neat PLA
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0.020

0.015 4

0.010 4

Relative crystallinity

0.005 4

——L105 @105°C
----LI05 @110°C
3251D @105°C
- 325D @0'C

0.000

[}] : 1;)0
Time (s)
A1 4.9 NFINANUFURUSVDIUSUIUNANFURNSIULIANUBY neat PLA AUSUNaUNEN

#UNNS 2%

NTLUTIUTBUAMNENRUSTENINN X, AULIAN8Y PLA WALA1TNaNanTlam199) uandlunin
1 4.10 wazgnsUIsuigumNuANRUSI¥YINg X, AURaIU9Y PLA Naua1snenanasinmigeg
A a 2 o o & PN i 44' ™ = a ! =

NUSUURENFNANS 2% WanslunIng 4.11 9InA WU LisSeuiieuslinvesasnonan

Wa2 PLA Min@uansnanan LAK-301 989n31n13anWanialudu nucleation step wag

a

growth step mgqﬁqm Tu PLA v13d99%1n 599a301AD SSIPA Laz HPN-68L ANa16U Lag

=Y

WallSeuNevasnananviinmenuny PLA 198095Ha 92wU31 PLA L105 22319n51n1590

Nﬁﬂﬁ@ﬂﬂdﬂ PLA 3251D 13kitu nucleation step Wwag growth step
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1.0 L —
0.8
>
8] E
.g
= 06+
=
j72]
>
-
]
2 044
=
. —— LI0S/LAKO.S @140'C
Boga —— LI05/SSIPAD.S ¢
LIOS/LIPND.S @105°C
----3251DLAKO.S @130°C
5o -~ -- 325 IDISSIPAC.S @130°C
’ 3251D/HPNO.S @105°C
S B e e S —
0 100 200 300 400 500 600
Time (s)

AN 4.10 nTANUELTUSVRIUSIIMRANENTIMSAUIAIUD PLA Nasansnonantiinm1ge

0.020

0.015 -
=
B
=
2 00104
= 0
[#]
v
2
= -
i) ——LI05/LAKO.S (@]4('0C
g2 0.005 — L105/SSIPAQS @140°C

LI0S/HPNO.S @105°C
-=--=-3251D/LAKO.5 \7,13()“(‘
-~ 3251D/SSIPAOS @130°C
0.000 5 3251I/HPNO.3 @105°C
: : :
0 100 200
Time (s)

v v

a o w6 a = ) ! = a
AN 4.11 AINANANNUTVBIUTHURNANFUNNTAULIAIUBY PLA NANAIINDNANTUARNE)

PUSHUNANAUNNS 2%

NS1NUTEUIBUANNEURUSTEUING X, AULIa1989 PLA L105 way PLA 3251D HANE15ND
NANTIUSINARNeTY wanslun g 4.12 uas 4.13 waznsmliUSoufisuanuduiussening X,
FULa109 PLA L105 wag PLA 3251D nauaisnendnudinsiee AUsuamdnduing 2%
wanslunnit 4.14 uaz 4.15 Tngwuin Tunsdlves PLA L105 way LAK-301 1 1.0wt% Huil
Fmsnsiiananiudy nucleation step 89031 winswaluyIun 0.5wt% Hufidnsnis
Andnludu growth step uazdnsnisanuaninesiuiigands Tuvmed PLA 32510 fina

[V}

LAK-301 0.5wt% qzi8n31n130nRNENNITY nucleation step Way growth step ﬁqm’h PLA
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L105 Wayl SSIPA waru#l 0.5wt% 18n31n1siARaNtUTN nucleation step g4n91 WANIIHAY

TuySuna 1.0wt% Wulignsnisiiananludu growth step wazdnsnsanaanlagsiuias

(% =

91 Tunausdl PLA 3251D fiwau SSIPA 1.0wt% 9sdidnsan1sanudniiadu nucleation step
uay growth step 71genin unsdives PLA wamansnesdn HPN-68L wuin n1sifin HPN-68L

AUTHIa 1.0wt% Tu PLA Maoswiln 9sdens1n19mnuanyiedu nucleation step Wag

growth step Aigeninu3ana 0.5wt%

1.0
0.8+
P
=
-S
E, 0.6
w1
e
Q
3 04
=
= ~
e LL105LAKO.5 @140°C
M oz ----LI0SLAK1.0 @140°C
——— L10S/SSIPAQ.5 @140°C
----L105/SSIPALO @140'C
0.0 LI0S/IPNO.S @105°C
L105/HPN1.0 @105'C
-—
0 50 100 150 200 250 300 350

Time (s)

AN 4.12 nslPNFURUSYIUSUNUNANAURNSTUNAIUaY PLA L105 NAU@1SADNANT

a 1 U
J3uun19nY
1.0 H
0.8
2
£
= 0.6+
8
wl
>
S
o 044
-
2
% 3251D/LAKO.5 @130°C
2 024 ----32511/LAK 1.0 @130°C
3251D/SSIPAD.5 @130°C
—---3251D/SSIPAL0 @130'C
0.0 3251T/HPNO.S @1 05°C
: 325 1VHPN L0 @ 105°C
T T T T T T T T T T T T
0 100 200 300 400 500 600

Time (s)
AN 4.13 NFINANUFUNUFVIUSUNURNANEUNNSAULIAUBY PLA 3251D NAU@1SABKNANT

JSUNUnN9NY
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0.020
0.015
2
E
=
7] -
2, 0.010
o
(0]
2z
5
o
° —— LI05T.AKO.5 @140°C |
e 0.0054 ----LI0S/LAKLO @140°C |
L105/SSIPAD.5 @140°C |
- ==~ L105/SSTPA 1.0 @ 140°C |
L105/HPNO.5 @105°C |
0.000 L105/HPNLO @105°C_ |
. . . ; .
0 50 100 150
Time (5)

AN 4.14 n5lPNLFUNUSYIUSUNUNANAUNNSAULIAU8Y PLA L105 NAUA1SADNANT

USunausneny AUSUIURENAUANS 2%

0.020
0.015
)
=
g
E
2 00104
>
2
o
Qo
>
=
= —— 3251D/.AK0D.5 @130°C
] 0.005 ----325IDT.AKLO @130°C
—— 3251DSSIPAD.S (@130°C
----325ID/SSIPALD @130°C
3251D/LIPNO.S @105°C
0.000 - 3251D/LPNI1.0 @105°C
T : T
0 100 200
Time (s)

AN 4.15 NSINANUFUNUSVIUSUNUNANEUANSAULIANUBY PLA 3251D NAUANSADNANT

JSunumnaniu AUSIUNANAUNNS 2%

INUUUINANLALYIINITIATIERIIUAUFNNITVDA avrami LaLUSeUigUnIsITmesN199a
ANANSYBINITANKAN INNHANITNAADU AILAAIIUAITIN 1.1 kA n.2 vinlrlaaInisines
NIAAIFASVDINITANKNAN WUIIAT N FI9TUIUDIANWULAITHUIAVBINAN d195U PLA

L105 udg PLA L105 Niiimswanansnendn azilA1egludae 3-4 Fevsuantamsidulaveswan

Y o

Tudnwaranuiifuazddnuazilunsinay endulunsdues PLA L105 figaumall 140°C NfiA1

1.4 wanadan1saulaveednludneusidufan wuneinulunsdivas PLA 3251D wag PLA



a2

a1 1« a

3251D MAnansnondn azimeglurag 3-4 snifulunsdlves PLA 32510 figamail 120 uay

Y
[

130°C Wlefinsandn ty, viienaasamideildlunsanudnagsauysal wuigumvgiged

=

[
| =

AN 1y, dAngRunuluaie Wesnaelaindsnulunisedeulmastu vilvinisiia

Y

nucleus \Anlddagiilinaanldlunisanudnaand Tunsdlves PLA finau HPN-68L ag

' [
= =< a

wuin legamalianasaziian t, Nanasaufsguuniinds a1 t,, wdanfintudnads
idesananelaluanagnaandsulumsindeudias Jsdamalvldnalunsanudnuiuniy
1AEAT ty, ﬁﬁ?wﬁqﬂﬁm%’u PLA L105 Wauansnendnyiing1ee agiian 0.46 waz 1.19 un i
135°C @1m§U LAK-301 0.5wt% wag SSIPA 1.0wt% @1ua1du way 1.40 uadl 9 105°C
d95U HPN-68L 1.0wt% d1%15U PLA 3251D wauasnendnviingnge) aziiAn 0.98 uag 1.65
Wl 7 125°C @mFU LAK-301 0.5wt% ay SSIPA 1.0Wt% A1ua1fU way 4.49 undl 4
105°C d15U HPN-68L 1.0wt% n31liUIeuiieusn t,, fugun)iived neat PLA uag PLA

NALATNONANTUARILY) WandlunIni 4.16-4.19

1| —=—L105
.|| —e—3251D .
j \\
o] >/
1 ‘®
° Gl

Half-time crystallization (min’™)

T T T T T T T
105 110 115 120

Temperature (°C)

A 4.16 wanananasmidenldlunmsnnninauysalves neat PLA



Half-time crystallization (min™")

—=— L105/LAKO.5
—e— L105/LAKI.0 A
—a— [ 105/SSIPAQ.5

v— L105/SSIPA1.0

A7 4.17 wanaanasaiienldlumsnnninauysaliues PLA L105 nauansnonan

T T T T T T
135 140 145 150

Temperature (“C)

301 wag SSIPA

Half-time crystallization (min™")

0

—=—3251D/LAKO.5

—e— 3251D/LAK1.0

—4&— 3251D/SSIPA0Q.5
v 3251D/SSIPALQ

4/// - 4
Ay e
e

SERUHEREE ol
s
T T T T T X T
125 130 135 140

Temperature (°C)

a3

LAK-

A 4.18 wanananasaienldlunsanninauysalves PLA 3251D Waua1snenan

LAK-301 uae SSIPA



aq

= LI05/IPNO.5
—e— L105/HPN1.0
—4&— 3251D/HPNO.5
—v—3251D/HPNI1.0

= -

10

o0
1

Half-time crystallization (min™)
(=2}
1
4
/
i/
/

T T
100 105 110 115

Temperature (“C)

AT 4.19 uanaanesanienldlunsenninauysaiues PLA nauansnenan HPN-68L

Tunsdlvean k nSeAIAINUBINITANRNAN Fadnulgdu min™ du 1desannidy

Y
6 a

WISIHLN DTN

FuAvAT n FRuNvaurAiag MsiUSeURguan k FaldarunsalSeuieula

k]l Y

lngnse JauUTeuiieulusy 1/t,, v3odnsinsannin Asnsinisanudnuansliluaised n.

'
= % =

1 way 1.2 Fanwudndniin1smnndnued PLA L105 axiiageninfiaungiiiediu dadu

'
=

WM512USUNUUBY D-isomer ALaaUua8nn PLA 3251D Wafa1sannskiy LAK-301 wuIn

= [

NN iitfe iy PLA NN LAK-301 0.5wt% 3d§NIINITANEENTNFINT 1.0Wt% B9813
Ws1gUTua 1.0wt% o1 uUsnageaadiniun1sUsuu1ednsnnsanuanes PLA

UIT809 Vidhya Nagarajan hagamg [7] WUNANITNAADILTULALINY Handu PLA AU

LY = | A A

LAK-301 #1U33184 0.75wt% 92803 1nsanuanigendnndsunn 1.0wtd% wWieiUSeuiiigui

UMM LNV NRUNYIAAIEIdnIINIANKENTNZINT Fedlwudlduunedfiuen

ty, BanuingaumgiviiulazUuuasnananiviniy PLA Hay LAK-301 2giignsinisan

AENT1LE9n77 SSIPA Ty PLA Tlaaeewiln @11 HPN-68L S8ms51n15anuanfisnnin LAK-301

Lae SSIPA

4.4 NAVBINITLANAIININANADTUFIULAZNOANTTUNITANNANAIENADIFANTIAULE
Twanlsd (POM)

INNINAFBUAUFIUINGIVOINANVRY PLA nana1snondnlaenisiiaamailluy

a =

200°C wazanaungled195InsImEnIIn1sanaumngl 30°C Aowil asngumnginnugn

Y



a5

£%

fideenisdnu Tunuidedldoamall 140°C d1m3U PLA L105 uag 130°C dam¥u PLA

= [

3251D uagadlfaunnnand3e Ssenmgiisanannduenmglinnndnves PLA finauiuansne
wan wazidugamaifannsadanmdfiunisiasundasemdnlddanu lagvinsidunm
mendosganssausadtnailsd (POM) wazndaufun madvia Ineainn1suaaauves neat
PLA wuin waniiulsludnvasdu spherulite fidunaldognsdnau wazldnalunsiivle

nanduanysalilunan 134 uag 124 undl @Sy PLA L105 uag PLA 3251D auaidiu

wandlun g 4.20 uay 4.21

a =

AT 4.20 uananmnsiiulavemanannmaila POM ¥a9 PLA L105 Ni9aungin1snnua
140°C

- 124 min

a

A 4.21 uassnnnisidulavednanaininaila POM 984 PLA 3251D Migaungiin1sen

Y

Nan 130°C

Slovihnsuauansiendnagnuiiisau nucleus nunuiudumn wagaunvesHEn
fvunidnasnnauldannsadunadnvaznafulalddanu uinaildlunsenndnu
auysaianadog1ann JsaenadesiunanIsmaae isothermal DSC luviade 4.3 Tng PLA
L105 wefsl LAK-301 0.5wt% way 1.0wt% ldanlunisanndnauysalidunian 3 uag 2.45
uiimudidu @ PLA 32510 Tnanlumsansdnauysaiidunan 6.15 uaz 6 Wil ienay

LAK-301 0.5wt% Wag 1.0wt% aussy Lanssanng 4.22-4.25



a6

ﬂ"lWﬁ 4.22 wansnmnsiiulavesnanannmatan POM 984 PLA L105 wau LAK-301 0.5wt%

MgauniinsanEan 140°C

AT 4.23 Lanen nnsiAulavesNananmALtla POM w9 PLA L105 Wau LAK-301 1.0wt%

] g m

VRaunNSANKEN 140°C

AW 4.24 uansnnnasiiulaYeeREnI InYIATA POM 989 PLA 3251D Hal LAK-301

0.5wt% Tgaumnfinsnnudn 130°C

.ﬂ’l‘Wﬁ 4.25 wansnunsiaulaveswanaininailn POM ve9 PLA 3251D wau LAK-301

1.0wt% figaumgiinismawan 130°C

dlelfiu SSIPA 0.5wt% uag 1.0wt% yilkiatlunisanndnauysaives PLA L105
anaadu 4.45 uay 4 Ui muadu Tuvagd PLA 32510 Tanlunsmnuanauysal 7.45
uay 6.15 ul awddu Tnenuitnadildlunisensdnasysalgndn PLA nay LAK-301 @
aonAdDIfuNANTNAGBY isothermal DSC Amsiiulnvaanlonay SSIPA wansfsnm

i 0.26-0.29
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J’]"I‘Wﬁ 4.26 LaninImNsiAuLlaveNdnanmalan POM w89 PLA L105 wal SSIPA 0.5wt%

NgauniinsanREn 140°C

Al 4.27 uansnmnsiAulaveawdnaininada POM 189 PLA L105 Wasl SSIPA 1.0wt%
flgaumniinsnnwan 140°C

7.45 min

AW 4.28 uansannisifivTnveamananmatla POM e PLA 3251D way SSIPA 0.5wt%
figamniinisnnwan 130°C

; ’5.15vmin e

ﬂ’TWﬁ 4.29 uansnnnsAulaveINanANIMALA POM U89 PLA 3251D Hau SSIPA 1.0wt%

NgauuniinsanEan 130°C

Weoviinsuay PLA Aua1snonan HPN-68L WU31 UIAUBINANTYUIALEANAILALS
annsadanaldlagaviiuindnuusnisiulnveanandudnwag spherulite Tnaiilonas PLA
flu HPN-68L 0.5wt% Uay 1.0wt% 1a1fildlunisanndnauysaiegn 42 uay 24 w1

MUEU waziilonay PLA 3251D fu HPN-68L 0.5wt% wag 1.0wt% natildlunisanadn
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auysalogi 34 uar 28 W MUAPU A mMsAulnveINEnilenas PLA U HPN-68L Lan3

fan il 4.30-4.33

.ﬂ"lW‘ﬁ 4.30 uanan nNIsiAulaveInanaINmALla POM w89 PLA L105 wau HPN-68L 0.5wt%

NgauniinsanEan 140°C

mw‘ﬁ 4.31 uansNINNIAULAYOINENAINNATA POM v99 PLA L105 wesl HPN-68L

1.0wt% Tioamgiiniannkan 140°C

.ﬂ’l‘Wﬁ 4.32 ua@nsnInnsiiulavemananvatin POM w9 PLA 3251D wau HPN-68L

0.5wt% TgauaTimInnkan 130°C

ﬂ’l‘l’\l‘ﬁ 4.33 uanINNNSLAULAVRINANANAIMATA POM U89 PLA 3251D Hau HPN-68L

1.0wt% Tigamniinsnnnan 130°C

INNMNNITNAFDUAIEmMATiA POM Wud1 vulatdustugudnalsafg venan

(average spherulite diameter) wagAIUMUILLUTDIHELARYE (nucleus density) WHoviNT
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NAL PLA fUa1snaNan Juunnvendntidnadad 1 avaiay 3991nNan1sna@auYad neat PLA

WuIUIAYeIFURIUAUENA1LaA BB PLA L105 wag PLA 3251D ilf1 222.6 way 210.7

= A Y

um FeflanlndiAgsiunanisnageuved Amiralal jalali kagaay [30] Felavuintduniu

a

AUINANAdeYaY neat PLA Usednad 220 um fgaungiinaaey 130°C Tuvaei PLA way
a13nenAn LAK-301 wag SSIPA 1 vuiadurAudnasaisvesndniianasaulianunsa
Funaladalau WaNa15IAMUNUILULYDY nucleus WU AUAUILUUYDINANTDY PLA
Wenanansnanantuiiudusgiaunlunsdivesaisnandn LAK-301 kag SSIPA dadunisus
UBNINANSABNEAN LAK-301 hag SSIPA arunsavinvuniidu nucleator AU PLA 1@ weily
= 19 1 = 2} 1 = q’ d‘*’ = @ v d'* dl'
NSUNANNUAITABNAN HPN-68L LU UL UUYDINANALTULNEanTes FadlaUsenau
S€AUNANIINAFBUNDUNTN wandliiiuI1 HPN-68L vinvtniiduansnandnlalumivin LAK-

301 ey SSIPA

4.5 nsAneUszAnsamnsiut iy nucleator vasansnandn
msfnwUszavs At syimtTiu nucleator vesansnendn Wusnndaialesu
AnuANdedlunsUSUiauaIsNenNan YanwiteaInnsAnNYIdNUANIIAINNSD LAY
Adnsn1sannan Iasn1sundsuaz3uainn1sfneinisiin nucleus aoile (self-
nucleation) 184 neat PLA LﬁaﬁﬂquQﬁMﬂmgﬂgﬂqmLLﬁ%mAWE‘jWUEN neat PLA Tun1sn

a =

a = o a Min o v ¢ au & v
finnuansdian (T, sgvinshisunglauvaesumaindnauysal luanddedasly

Y

QU

&)

1% U a

QU LUN 200°C Lagyin1sanauniluni 80°C A8dngIn1sangumgil 1°C siauyl Faxa

)

nsnageukandlumI9N 4.5 Uag 4.6 WUIRUNYIRNWANAEARET 123.38 Uay 118.20°C
dmu PLA L105 wag PLA 3251D anuanau tun1smgamginseanuangsan (T.7) 9

lngnslvigaungiauinnisvasuninuiediu Jegngungidunnainuanisnaass DSC lu

Faa07 4.2 lusuidedazldoumniilugae 170-180°C 1Sy PLA L105 wag 165-175°C

9 Y

al

d1m3u PLA 3251D §591nan5197 4.3 uae 4.4 wuingamgiinnudngaiignves PLA L105 oy

71 171.20°C uaz PLA 32510 ogffl 165.75°C lnsgamgiifisnsnudugumgifisinisinndn

Y

10% FUTUINSUAUVDINITHNNEAN
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A1519% 4.3 LAASRUNATNITANKANLUU self-nucleation ¥ed PLA L105

Partial melting Crystallization
temperature (°C) temperature (°C)
170.0 169.71
172.5 171.20
175.0 160.55
177.5 150.83
180.0 143.76
200.0 123.38

M15197 4.4 UangunIn1IANNENWUY self-nucleation vad PLA 3251D

Partial melting Crystallization
temperature (°C) temperature (°C)
165.0 164.21
167.5 165.75
170.0 142.55
172.5 147.33
175.0 119.83
200.0 118.20

lunsAmuialsEanSnnnsSneNaNUeIETsABNEN LAUININAT T, 9nnSLdusn
FINAIINNITAIUINLAAININ9199 4.5 wudn Tunsdlues neat PLA 988 %nucleating
efficiency (%NE) azfiandu 0 wesanluszuuldl nucteus VYBIANINONANDEY dlefinsiiu
d15n0Man LAK-301 0.5wt% waz 1.0wt% lu PLA L105 wu11 %NE d@A1 36.14% way
36.85% MINEITUNU wazifiowduly PLA 32510 wudn %NE §iA1 33.92% was 30.07%
auddu Wedinsiiuansnendn SSIPA 0.5wt% uay 1.0wt% lu PLA L105 wu31 %NE e
32.38% uay 34.23% muddusy waziiewdulu PLA 3251D wudn %NE S61 25.51% waw

30.41% ANUAIRU BUAAIMAUINNITHUAITNONANADIVRALNUSUIUAINENT @ 1U1TAYIN
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ne1du nucleus 197 PLA 16 Taefuseansainnisvinutnidu nucleator NlnatAsanu
Tuvauzinsiin HPN-68L vinlsdlan %NE a8l -19.35 - -6.56% Tusuand1 HPN Wuansne

UANTTUSYENSANAININ LAK-301 wag SSIPA

M19199 4.5 LARQUNNINTANKANUALUTEANSAIMNTANKANYDY PLA NENESAONAN

Grade Nucleating agent | T.(°C) %NE

- 123.38 0.00

LAK 0.5 wt% 140.66 36.14

LAK 1.0 wt% 141.00 36.85

L105 SSIPA 0.5 wt% 139.08 32.83

SSIPA 1.0 wt% 139.75 34.23

HPN 0.5 wt% 117.66 | -11.96

HPN 1.0 wt% 11583 | -15.79

£ 118.20 0.00

LAK 0.5 wt% 134.33 33.92

LAK 1.0 wt% 132.50 30.07

3251D SSIPA 0.5 wt% 130.33 25.51

SSIPA 1.0 wt% 132.66 30.41

HPN 0.5 wt% 109.00 | -19.35

HPN 1.0 wt% 115.08 -6.56

4.6 N5ANYlATIES1VBIHANA2EMATANTSIRYIULYDSSIELONG (X-ray diffraction)
Tun13neaaeun1sideuuYessId@and (XRD) agyin1svugUmensesdnvusuilu

Furudnvuzilufan ne neat PLA azvimsviadeuduauiiinistugulnedaeslidusy

=

ANUUNG Lazwuulassldinnuannay

]

a1 2.30 9214 uag PLA 3251D anu

a

fimnuan Tng PLA L105 ansdniigmail 140°C u

Y

2)) S e}

n¥igaungll 130°C Wuwian 2.30 Falus ansaee
FUULAAILUNINT 4.34 war 4.35 dunalain Fudu neat PLA lulavinnsanudnagd

anwarlusala Tuvuenduanundasslunnnanasininulusawas Waeuduanunlasslinn
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v ' v
=% v A a

NANAUTUNUNANEITNDNANILTNUINTUINUNIEDIN AN WAL IUT AT WATUINUNINITHANETS

AoKANIEIANUYUNLINNT

S

AT 4.34 LansfeEaiuIunIMAEeU XRD Inefegnsie neat PLA L105, crystallized
PLA L105, L105/LAKO.5, L105/LAK1.0, L105/SSIPAQ.5 thag L105/SSIPAL.O Tngse99ngneY

Tureuaay

)

~

!
\

S

2

AWT 4.35 uanaiies19t uaun1IMadey XRD lngshatafe neat PLA 3251D,
crystallized PLA 3251D, 3251D /LAKO.5, 3251D /LAK1.0, 3251D /SSIPAQ.5 way 3251D

/SSIPAL.0 Taesgsanngeluvnmuanau

NANISNAEDY XRD LAAIMUAINT 4.36 Way 4.37 1NNaNITNAZDUNUIN LdUNTIN
neat PLA uanslunind 4.35 azfidnwazidufianindlugng 20 = 10-25° lnedifiaunanusing

Juuantiesdl 20 = 16.4° Fadudnuwauridunsiuesneailes semi-crystalline wandliiiiy

=

TFUUVDY neat PLA TUSUNUNANAT BsUSausigunuadueny neat PLA Ndaselvinnuan

[ = kY

Tusznineiinisdugd wudl dunsmaddnvasduiiandronely wazifaduiiaunaud
FalauTuuIN 20 = 16.5° waw 19.0° Fulufictendnualvewmdnlugluuy o luszuiu
(200/110) wazluszuu (203) AMUEIAU FINANITNAADUTNAAA18AUIIUITBVDY Xu Ting

wazAnly [12] imnaeu PLA drewmadla XRD dainfiafl 20 = 16.6° uag 19.1°



Intensity

3251D erystallized @130°C 2.5 hr|

3251D

L1035 crystallized @140°C 2.5 hr
— L1035

20 30 40 50

2 Theta (degree)

ﬂ']W‘I‘;i 4.36 WanIan1snagau XRD Uad neat PLA

IINNANIIVAADU XRD V89a13RONEN LAK-301 Lag SSIPA uaz PLA finauaisne
AN LAK-301 uay SSIPA wanslunnd 4.37 wax 4.38 Wefiarsanansnendn wuii ansne
NANIATIas1aNEN V095109 9 LAK-301 Wuﬁﬂgqﬁ 20 = 5.7°, 20.1°, 25.0° Wag 26.7 @u
SSIPA Wufingadl 26 = 5.1°, 17.4°, 22.4°, 23.1° uag 25.8° ilonan PLA Auaisiondna
Usngfiaunangsil 20 luts 16.3-16.5° wagiiaunanlugia 20 Uszanm 18.9-19.1° Fady
faenanualvenanluguuuu a lussuiv (200/110) tazluszuiu (203) auddu [12] Fadl
fundanazdnuasnsflndifesiunnsuadeu neat PLA fivdeslinnudn wazdmuindia

=2 ! =2 ) ' s J = Y @ | a
LLﬁﬂQNaﬂ“UEJflﬁ’]iﬂEJN’ﬁﬂuu‘lﬂJﬂiWﬂQIusﬁu\‘i’]u PLA N@u@15NoNan Lansliliiud1 n1siAuans

noNansaIvileludinadelasias1ananyed PLA

Intensity

— SSIPA
— LLAK-301

T
10

T T
20 30 40 50

2 Theta (degree)

.ﬂ'TWﬁ 4.37 Lannan1snagau XRD 984d15nonan LAK-301 uag SSIPA

53
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3251D/SSIPALO

3251D/SSIPA0.5

3251D/LAKIL.O

3251D/LAKO.5

Intensity

L105/SSIPAL.0

L105/SSIPA0.5

L105/LAKO.5

T 2 T : T E T
10 20 30 40 50

2 Theta (degree)

AN 4.38 LAAINANITNAADY XRD 983 PLA NaAUENINONANTEAFI99)

4.7 ANSANEINATDINISHANEISNONANADAUURALTINAVDS PLA

PNNANITVNAABURNTANIAUS DULALIAANENTAITANKAN WU d15ABNEAN LAK-

¥

301 hay SSIPA arursaviviimuansnenanfisuszansaingmsu PLA Tudeilay

IN1IANEINAVDINISALAISNONANADALTAT INave9 PLA Tneazuuadugainisnaaay

1Y

D!

4.7.1 MSANWINITATUNIUNITAEAVOY PLA HENEISNDNEN

NNSNARDUANUANITAIUNIUNNTAIEN ﬁwmwmaaummmmgm ASTM-D638 type-
V f98nnl88ns1n13098a 1 mm/min wazlslian 5 kN 1ngazyiannsnageu PLA Haug1sne
NAN LAK-301 wae SSIPA fiUSHM8s 0.5wWt% Tnens flaauduiussening stress wa strain
989 PLA navansonanianslunini 439 nuindnwaensmves PLA viainauwaslney

1 = v & qy < = [y 1 = (%
A13N9HAN UANWAULIUUTUNULUULTLUTIZ LUBNEN PLA NUAITNBHNAN WURNYULUDY

1 ¥
= == =

wWunsmagiianuduinga¥u uansdis Young’s modulus #g97u lagnsinuansen Young's

Y

modulus 789 PLA waaa1snenanuandunInd 4.40 wuin dlenauansnendnuds modulus
fAnfiuTuan 1.08 W 1.42 uay 1.46 GPa lunsalves PLA L105 ke LAK-301 wag SSIPA

AUERU wagfinann 1.07 Wy 1.45 uag 1.47 GPa lunsaived PLA 3251D was LAK-301

- D - A |

WA SSIPA AUE1U tnenuIulaveIaIsnaNanfa1siudsnadiua1 modulus Va9 PLA Tai

| [y

AU NSLINTUYBY modulus LAAIINNISLRNTUYBIUTUNUNAN BandnazUsengRdivilou

<

U physical crosslink 9a8Ldiy stiffness 109uU [31] warlnosssuvrfvesdrumdunan

¥
= = o

= ! ! & = d' a = b4
3zi modulus gan3d1d7uiidu amorphous FuiloUSurunanga?y 393119 modulus
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I@mqmm%umugq%u [32] USinaundnvesduau tensile uandlumsnad 4.6 Tneruia
USunaundnainnismageu DSC ludunisldaudeunseit 1 vesdusudivhnisnaaeu
tensile FanunTuURTinsHaNasenaniiUInamEnNINTuY neat PLA elongation at
break 183 PLA finauansnondn wanslunmd 4.41 wuindlenauansnendn elongation at
break 184 PLA fiA1anaslaganaiann 6.75% asunae 3.87% uway 34.8% d145u PLA
L105 wau LAK-301 kg SSIPA @ Ua1fu Wazanadann 5.73% Liae 3.05% uag 3.33%
d15U PLA 3251D waidl LAK-301 waz SSIPA auandu tnevialuudn nisanudnveswadi
o3UszLAn semi-crystalline ALiutuavdanadnnuUsisveanediwesfifiuiy §wild

elongation at break vasnodloIanas [33]

—L1035
504 ——L105/LAKO0.5
——L.105/SSTPAQ.S
1 ——3251D
10 4 3231/ AKOD.5 "]
3251D/SSIPAD.5
—~~
F:\ﬁ
5
= 4
304
7 Z
E
wm
204
104
0 T T T T T T T
0 1 2 3 4 5 6 7
Strain (%)

AN 4.39 NSNAIVEUNUSTZNING stress hag strain 999 PLA HEUaNSNBNEAN

20

=
1

1.46 1.45

=N
1

T
1

&)
1

)
1

0.6

Young's Modulus (GPa)
=
1

0.4+

0.2 o

0.0 -

AT 4.40 LanIA1 young’s modulus U89 PLA ReugansAonan



Elengation at Break (%)

AN 4.41 uandA elongation at break U84 PLA Wauansnandn
60

[ = w
= =) <
1 1 1

Tensile Strength (MPa)
i

NINT 4.42 1anA tensile strength U9 PLA NALENSNONEAN
A9199 4.6 UAAIUTUNUNANVDITUIIU tensile Ua PLA Wauansnandn Tagauiaainnig

naaau DSC Tuaunsinnusouasan 1

Sample %X

L105 4.32

L105/LAKO0.5 47.63

L105/SSIPAQ.5 44.94

3251D 6.63

3251D/LAK0.5 42.96

3251D/SSIPAO.S | 41.24
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4.7.2 MIANYIENTANITATUNIULIINIZUNNYDY PLA WNEUAISNDNEAN

N1SNADUAITAIUNIULIINTZUNNAINNINTFIU ASTM-D256 1 un1snadeuLuy
notched izod impact test lagld@oumiewunn 1 g8 nan1svadeuLanIFaIn MG 4.43 &
WARIAT impact strength 83 PLA Naud@13nanan wazn15197 4.7 wansuSunandnues
Fuau impact 799 PLA wauansnenan TnefuiauSinamdnannsmageu DSC udunis
Tauseunded 1 vesduauiivhnmsvageu impact Sanuindunuiidnnsuauansendnd
USInamannindusu neat PLA Wievhnisnauansiendn impact strength o PLA §idn
anas lneanasain 4.36 kI/m? anaande 2.01, 2.32 uag 2.31 kJ/m? dmsu PLA L105 fivh

N1SANNEN, WAl LAK-301 wag SSIPA MINaHU wazanasan 4.27 ki/m? anaanas 1.91,

'
a o =

2.27 wag 2.28 kJ/m” @13y PLA 3251D 1M1n15ANNEN, W@l LAK-301 wag SSIPA
o w = a & & dy o o ! .
MIUAIAU F9 toughness UDINBALUDIUUTUAY mobility vosdarslduag chain
entanglement wodeasMdu amorphous 338A13 ductile 11NN WoUSuunANgTU
vilsi mobility vesaneldanaiuazvinli chain entanglement anas wedlmeosniinnudu
= = a ° i & | A = o ° v a yal
HENIaT toughness #N31 1NN drumdundndiaunsavimihndugnsiuuseladn

a

fne [34] WaNN5aN PLA ANENETSNBNANUS8UNU PLA NUaeslinnNanmiesibed agnuin

PLA Ninaua1snandnagile impact strength @401 @udaiansunsiuiunanisnaasu
= v g = a ' = ~ ~ A& ' =

POM Tau@naliiiuInvunananuad PLA ARELE1SAaNan3eTUUIAKRANTIENNINNIN TIAINE

T3l toughness N84 FaaanndesiunanIsnaaeras Fazlay Rabbi wazmny [34]

6 L105 crystallized at 140°C 2.5 hr
3251D crystallized at 130°C 2.5 hr

Impact strength (IJ/m?)

A 4.43 uanaA1 impact strength 989 PLA wauansnodn
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A13197 4.7 LanIUSUUNANUDITUSIU impact V09 PLA NaNasAeNan 1agAIuiuaInnig

NaaaU DSC TuaunsiinIusauassn 1

Sample %X
L105 5.59
L105/LAKO.5 48.70
L105/SSIPAQ.5 | 47.23
3251D 6.58
3251D/LAK0.5 | 42.82
3251D/SSIPAC.5 | 40.21




undi 5
ayUnan1ITIdeuazdaLauaIUL
5.1 d@5Unan1sivY
PUIINTFUATIZRAITNONEAN sodium dimethyl 5-sulfoisophthalate (SSIPA)
deltiduansnendndmiu PLA iiloUsuUTINImnNENTDY PLA uasAnyinaueIn1siiuas
AonanTiildoauTRnIImNSeu, samansnsanuan wazausiidena lngainnanisnagaeu
FTIR, 'H-NMR wag EDS anunsadulainaiuisadaunsizdt SSIPA ladsalaelasevasnale

(%yield) WU 60.3%

PNNANTNAFBUANUANIIAINNSOURRENATA DSC U89 PLA e SSIPA 0.5wt% i
Ti#im cold crystallization 283 PLA meluuagusngiiennsdnlutudus Usinamdnves
PLA L105 1fiaiuain 16.68% 1u 55/94% wasUinanuanyes PLA 32510 Winduain
20.78% Liinua1n 48.87% asilenlndidusiunsldasionan LAK-301 uanslifiuin SSIPA
41115078 NS HTINTINNANVEY PLA T 910 5Anwiaaransnisnnudn wuin PLA i

a =

Wam SSIPA 0.5wt% Jns1msanudniitiainin neat PLA figaumgiinnudnifeniu Tnondsmils
nmﬁiﬁumimmﬁﬂamgizﬁmm PLA L105 91 140°C @an@sa1n 60.70 Wil widle 1.41 unil
wazaswisnanfilflumsanadnasysaives PLA 32510 41 130°C anasan 65.21 unil wde
1.99 Uit AMMAINAIINIAgOU POM wandliiiiuga PLA Has SSIPA a1u1508 et findnsInas
AANANYDY PLA 19 T,@sJnmﬁiﬁ’ﬂumwnmﬁﬂauyiiﬁ%a PLA L105 anasann 134 w1l \ide
4.45 unit uaznaldlunisannanauysalues PLA 3251D-a0a9910 124 undi wa 7.45
Wit FsdenndesfiunsnadeuTamaninisanwan snvadidannlédn Wevihnswavansie
wan nAnfiARTuadivuAnaseEannLaLinILMLILILYEY nucleus gatuagnenn A1
msAnwilassairsveamdndemaila XRD wuitusingiia 20 71 16.5° waz 18.9° Faduia
lendnwalveIgURUURENLUULRaY W1 neat PLA fivn1sanudnuas PLA nauansnenan
SSIPA wansliiuinansnendnlidmwananisds uwlaslaseadawan Wednwinavesnis
FuarsnondnnoautMlinaves PLA wudn Wleviinisnauaisnondn SSIPA 0.5wt%
Young’s modulus Y81 PLA L105 ifiudua1n 1.08 GPa 1Ju 1.46 GPa war Young’s

modulus ¥83 PLA 3251D Wisduann 1.07 GPa «Ju 1.47 GPa usfl impact strength fianas
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1Ay PLA L105 &A1 Impact strength anas91n 4.36 kl/m? 1wae 2.36 kl/m”uag PLA

3251D 1A Impact strength anasa1n 4.27 kJ/m? 1de 2.28 kJ/m?

NHaNIMAdeURINgT1s aunsaasulddiansnendn SSIPA anunsavimtiiluans
nenanten wazduseansamlnamesiuaisnananviandedaluumiildludanisivdoena

potassium dimethyl 5-sulfoisophthalate (LAK-301)

5.2 UDLaUDLUY
WP UIEAINLLANANIUBIESNONANNIaRIwds AdsTin1sAnwAtunalnlunisne

NANUDIAISADNANLNULAL






Jayanan1mMAaDa

AN n: Jayanineadas
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-419.61 mJ
-48.79 Jg*-1
169.69°C
175.21°C
178.83°C

Agxo
integral 9.7 mJ
1&]1[Neat PLA L105 normalized 1.10 Jg*-1
1_Neat PLAL105, 8.6000 mg Onset 158.01°C
Peak 162.21°C
Endset 166.42°C
Glass Transition !
Onset 66.16 °C
Midpoint ISO  68.71°C
A KA Integral -402.30 mJ
Delta cp 0.343 4™ 1K1 normalized 4678 Jg*-1
Onset 171.36°C
Peak 177.56°C
Endset 18123 °C
1&]3[Neat PLAL10S
Neat PLAL105, 8.6000 mg -
2| e S
Wg*-1
18J5{Neat PLAL105
Neat PLA L 105, 8.6000 mg
N—_—
Glass Transifion e Integral 28517 mJ Integral 881 mJ Integral
et 1150 55890 normalized  33.16 Jg#-1 normalized 1.02 Jg*-1 normalized
J Dl en 0,419 JghAKAA Onset 102.27 °C Onset 156.60 °C Onset
P 418 Jg Peak 11148°C Peak 160,56 °C Peak
Endset 11950 °C Endset 163.86 °C Endset
30 36 40 45 50 65 60 65 70 76 80 85 80 85 100 105 110 116 120 126 130 135 140 145 150 155 160 165 170 176 180 185 190 195 °C

Materiais Engineering

AT 1.1 DSC thermogram ¥ PLA L105

STAR' SW 16.10

1811 [PLA L105ILAK 0.5%

| PLAL10S/LAK 0.5%, 7.3000 mg

&]3[PLA L105/LAK 0.5%
2 PLA L105/LAK 0.5%,7.3000 mg
Wgt-+

1&]5[PLA L105/LAK 0.5%
PLAL105/LAK 0.5%, 7.3000 mg

| | Integral -373.56 mJ
\ normalized 51.17 Jg*-1
Onset 171.41°C
I Peak 17471°C
Endset 177.85°C
i
L
. _—| hr s
Integral 34222 md
normalized 46.88 Jg'-1
Onset 141.40°C
Peak 138.76°C
Endset 136.03°C
5
Integral -372.92 mJ
normalized -51.08 Jg*-1
Onset 171.71°C
Peak 177.03°C
Endset 181.28°C

30 35 40 45 650 55 60 65

70 75 80 85 80 85 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 °C

Materists Engincering

A 1.2 DSC thermogram ¥84 PLA L105/LAKO.5

STAR SW 16.10
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Aexo
1&J1[PLA L10SILAK 1.0%
PLA L105/LAK 1.0%,5.5000 mg Integral -373.68 mJ
normalized -67.94 Jg*-1
Onset 171.45°C
Peak 177.66°C
Endset 180.71°C
Glass Transition :
Onset 59.33°C
MidpointISO  61.23°C
Deltacp  0.221Jgh1KA1 i
|
Integral s0z83ms ||l
normalized 55.06 Jg*1 |||}
Onset 141.92°C |
1&]3[PLA L105/LAK 1.0% Peak 138.38°C
2| PLAL105/LAK 1.0%, 5.5000 mg Endset 13679°C h
s
Wagh-1 | - v IS 1 — .
B
1&]5[PLA L105/LAK 1.0%
PLA L105/LAK 1.0%, 6.5000 mg
Integral -320.87 mJ
normalized -58.34 Jg*-1
Onset 170.53°C
Peak 173.81°C
Endset 176.82°C
30 36 40 45 50 65 60 65 70 76 80 85 80 85 100 105 110 116 120 126 130 135 140 145 150 155 160 165 170 176 180 185 190 195 °C

Materists Engincering

AT 1.3 DSC thermogram 8% PLA L105/LAK1.0

STAR SW 16.10

Aexo
1Z]1[PLA L10S/SSIPA 0.5%
PLA L105/SSIPA 0.5%, 8.7000 mg
M . s £
Glass Transition
Onset 54.60°C
. Midpoint IS0 53.87 °C e ized 4150t
A KA. - !
Delta cp 0.241 Jgr1KA-1 Onset 717308
Peak 177.54°C
Integral 410.23 mJ h Endset 179.99°C
normalized 47.15 Jgh-1 )
Onset 138.79°C
Peak 134.01°C \
1]3[PLA L105ISSIPA 0.5% Endsst 1mae
PLAL105/SSIPA 0.5%, 8.7000 mg . AL 3
2 - . N \
wgt-1
18]5[PLA L105/SSIPA 0.6%
| PLA L105/SSIPA 0.5%, 8.7000 mg R
+
] Integral 453.70 mJ
normalized 52.15 Jg*-1
Onset 169.32 °C
Peak 17278 °C
Endset 176.86 °C
30 35 40 45 S0 55 60 65 70 75 B0 85 S0 95 100 105 110 115 120 125 130 135 140 145 150 155 160 185 170 175 180 185 190 195 °C

Materiais Engineering

A n.4 DSC thermogram 83 PLA L105/SSIPAO.5

STAR' SW 16.10
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Aexo
1&]1[PLAL105/SSIPA 1.0%
PLAL10S/SSIPA 1.0%, 9.8000 mg
N N . :
Glass Transition
Onset 53.1°C Integral  496.97 m
MidpointISO  56.48 °C normalized -50.20 Jg*-1
Delta cp 0.193 Jg™-1K*1 Onset 17287 °C
1 i Peak 177.65°C
Endset 179.93°C
|
\
1&]3[PLAL105/SSIPA 1.0% i
PLAL105/SSIPA 1.0%, 9.9000 mg ”\
b ‘ §
2 Integral 504.49 mJ '
Wgt-1 normalized 50,96 Jgh-1
Onset 138.80°C
Peak 135.78°C
Endset 131.79°C
1&]5[PLAL106/SSIPA 1.0%
PLAL105/SSIPA 1.0%, 9.9000 mg
¢ :
- Integral -533.18 mJ
normalized -53.86 Jg*-1
Onset 169.75 °C
Peak 172.84°C
Endset 176.41°C
30 36 40 45 50 65 60 65 70 76 80 85 80 85 100 105 110 116 120 126 130 135 140 145 150 155 160 165 170 176 180 185 190 195 °C
ik Engineerng

STAR SW 16.10

AT 1.5 DSC thermosram 989 PLA L105/SSIPAL.0

Agxo
18]1[PLA L10SHPN 0.5%
PLA L105HPN 0.5%, 8.9000 mg
I :
g:,":; m’""‘“gs 04°c Integral 48277 mJ
MidpointISO  59.93 °C normalized -64.24 Jg*-1
Delta cp 0.273 Jgr-1KA-1 Onset m.28e
Peak 176.23°C
Endset 178.84°C
1&]13[PLA L105/HPN 0.5%
PLA L10§HPN 0.5%, 8.9000 mg I —
ittt \
Integral 364.69 mJ
2 normalized 40.98 Jg*-1
Wgr-1 Onset 11456 °C
Peak 108.92 °C
Endset 10281 °C
18]5[PLA L105/HPN 0.5%
PLA L105HPN 0.5%, 8.9000 mg
3 ]

Integral -430.53 mJ
normalized -48.37 Jg*-1
Onset 167.05°C
Peak 171.60°C
Endset 174.31°C

30 35 40 45 650 &5 60 65 70 75 BO 85 90 95

100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 180 195 °C

Materiais Engineering

STAR' SW 16.10

AW 1.6 DSC thermogram w84 PLA L105/HPNO.5
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Aexo
18]1[PLA L10S/HPN 1.0%
PLA L105HPN 1.0%, 8.4000 mg
.
Glass Transition t
nset 54.45°C
Midpoint ISO  58.70 °C Integral 452,69 mJ
Delta cp 0.394 JgA-1KA-1 normalized -63.89 Jg*-1
\ Onset 169.98 °C
A Peak 175.48°C
AN Endset 179.03°C
1]3[PLA L105/HPN 1.0% { [M\
PLA L105/HPN 1.0%, 8.4000 mg x el i - —
N Integral 350.86 mJ )
Wgt-1 normalized 41.77 Jg*-1 ¥
set 114.74°C
Peak 109.43 °C
Endset 104.57 °C
==18]5[PLA L10S/HPN 1.0%
PLA L105/HPN 1.0%, 8.4000 mg
.
Integral 429.54 mJ
normalized -51.14 Jg-1
Onset 166.20 °C
Peak 171.22°C
Endset 174.98°C
30 35 40 45 50 55 60 65 70 76 80 85 90 95 100 105 110 116 120 125 130 135 140 145 150 155 160 165 170 176 180 185 190 195 °C
Materiais Engineering STAR SW 10
o
AN N.7 DSC thermogram ¥83 PLA L105/HPN1.0
Agxo
32510

2
Wg*-1

—

1811[PLA
PLA 3261D, 6.0000 mg

Onset

Delta cp

_|__PLA3251D, 6.0000 mg

1&]5[PLA 3251D
PLA 3251D, 6.0000 mg

Glass Transition

Glass Transition
59.;

MidpointISO  61.18°C

29°C

0.319 Jg*-1K
Integral

-287.24 mJ

normalized -47.87 Jg*-1
Onset 167.01°C
Peak 172.47°C
1&]3[PLA 3261D Endset 17458°C

nset 58.53°C Integral 14253 mJ
Midpoint IS0 59.86 °C normalized 23.76 Jg#-1 Integral -259.41 mJ
Delta cp 0.515 Jgr-1K"-1 Onset 9278°C normalized -43.23 Jg*-1
Peak 104.50°C Onset 16373°C
Endset 114.85°C Peak 169.48°C
Endset 173.45°C
30 35 40 45 50 55 60 65 70 75 B0 85 90 95 100 105 110 116 120 125 130 135 140 145 150 156 160 165 170 175 180 185 130 195 °C

Materiais Engineering

STAR' SW 16.10

A7 1.8 DSC thermogram a3 PLA 3251D
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1&1[PLA3215DILAK 0.5%
PLA3215DILAK 0.6%, 8.6000 mg
’\_’\'\v‘:,_‘w%‘ﬂmnﬂﬂ]m]mﬂmﬂ]ym_ 3 . ezt
Glass Transition Integral 150.21 md
Onset 5947 °C normalized 17.47 Jg-1 '"“9“"|. ed ;’2-;“]’“;’1 Integral -382.26 mJ
Midpoint ISO  59.05 °C Onset 8443 °C P A normalized  44.45 Jg"-1
} Extrapol. Peak 6077 °C Peak 91.77°C ot o448 -0 Onset 164.01°C
Endset 6314°C Endset 29.22°C Endeet 188.27°C Beak 170.33 °C
Delta cp 0.257 Jg*-1KA-1 i Endset 174.28°C
1&J3[PLAI215DILAK 0.5% /W ”\ ‘
1 .6%, 8.
PLA3215DILAK 0.5%, 8.6000 mg . y ]IN
: : S
2 Integral 37820 mJ -
W1 normalized 43,98 Jg*-1
Onset 134.12°C
Peak 129.14°C
Endset 124.39°C
1&15(PLA3215DILAK 0.5%
PLA3215DI/LAK 0.5%, 8.6000 mg
N )
Integral -403.44 mJ
normalized -46.91 Jg*-1
Onset 164.48°C
Peak 167.34°C
Endset 170.97 °C
30 36 40 45 50 65 60 65 70 76 80 85 80 85 100 105 110 116 120 126 130 135 140 145 150 155 160 165 170 176 180 185 190 195 °C

Materists Engincering

STAR SW 16.10

AT 1.9 DSC thermosram ¥4 PLA 3251D/LAK0.5

1&]1[PLA3215D/LAK 1.0%
PLA3215D/LAK 1.0%, 8.7000 mg

Glass Transition

59.58 °C Integral )
Midpoint ISO 59.68°C normalized 24.95 JgA-1 Integral 29.93 mJ Integral -377.92 md
1 Extianol. Peak 122 Onset 88.14°C normalized 3.44 Jg*-1 normalized 43.44 Jg*-1
Endopal: eadzeC Peak 94.61°C Onset 161.47 °C Onset 165.46 °C
Delta ci 0.497 Jgh-1KA-1 Endset 10080 °C A Peak 155.43°C Peak 171.01°C
] 497 Jg Endset 159.89°C Endset 17463 °C
18]3[PLA3216DILAK 1.0% /] ”\1
| PLA3215DILAK 1.0%, 87000 mg __ My,
Integral 388.82 mJ T
W2 normalized 44,69 Jg*-1 \
Wg*-1 Onset 13413°C
Peak 128.95°C
Endset 123.76°C
1&]6[PLA3215DILAK 1.0%
~ PLA3215D/LAK 1.0%, 8.7000 mg
. .
] + r 3
Integral 43288 mJ
normalized -49.76 Jg*-1
Onset 16433°C
Peak 167.40°C
Endset 17182°C

30 35 40 45 650 55 60 65 T0 75

B0 85 90 85

100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 180 195 °C

Materiais Engineering

STAR' SW 16.10

A n.10 DSC thermogram ¥84 PLA 3251D/LAK1.0
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Aexo
1&]1[PLA 3251DISSIPA 0.5%
PLA 3251D/SSIPA 0.5%, 9.3000 mg
Glass Transition
Onset 5415°C Integral 209.66 mJ I
MidpointISO 56,36 °C normalized 22,54 Jgh-1 g i2ed oy Jgh g ad j:i;:‘:’“f_ ;
Delta cp 0.589 Jgn-1KA-1 Onset 86.90°C Onset 15170°¢C oo s
peak P Peak 15484 °C Peak 17225 °C
Endset 97.85°C Endset 16027 °C Endset 17637 °C
1&]3[PLA 3251D/SSIPA 0.5%
PLA 3251D/SSIPA0.5%, 9.3000 mg
2 3 1 D
Wg-1 Integral 390,66 mJ ——
normalized 42.01 Jg*-1 \(
Onset 132,656 °C
Peak 125.05 °C
Endset 116.45°C
1&]5[PLA 3251DISSIPA 0.5%
)| PLA 228TDISSPAD 8%, 83000 mg

Integral -423.68 mJ
normalized -45.56 Jg*-1
Onset 163.62°C
Peak 167.10 °C
Endset 17181°C

30 36 40 45 50 65 60 65 70 76 80 85 80 85 100 105 110 116 120 126 130 135 140 145 150 155 160 165 170 176 180 185 190 195 °C
sk Engineering ST SR

mwﬁ N.11 DSC thermogram U84 PLA 3251D/SSIPAQ.5

1&8]1[PLA3251DI/SSIPA1.0%
PLA3251D/SSIPA1.0%, 7.6000 mg

N +

Glass Transition

Onset 45.42°C
M?\‘ls:uinl IS0 49.37°C |"|59W|‘_ ’ j‘s.'z'i:gsz1
KA normalize .72 Jgh-
Delta cp 0.611 Jg*-1K*1 P P
Peak 168.59 °C
Endset 179.30°C

18]3[PLA3261DISSIPA1.0%
PLA3251D/SSIPA1.0%,7.6000 mg .

J

Integral 348.98 mJ

2
normalized 4592 Jg*-1
b Onset 133.23 °C
Peak 126.99°C
Endset 119862°C
1&]5[PLA3251D/SSIPA1.0%
N PLA3251D/SSIPA1.0%, 7.6000 mg

t

| Integral -379.80 mJ
normalized -49.97 Jg*-1

Onset 163.40°C

Peak 166.65°C

Endset 169.76°C

30 35 40 45 650 55 60 65 70 75 B8O B85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 °C
Materiais Engineering STAR' SW 16.10

A n.12 DSC thermogram U89 PLA 3251D/SSIPAL.0
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1&]1[PLA3251D/HPN 0.5%
PLA3251D/HPN 0.5%, 5.9000 mg

1 i s
- Glass Tra ion Integral 106.31 mJ g
Onset §9.28°C normalized 17.85 Jg*1 e ized 160 g e ized 481 g
MidpointISO  §8.19°C Onset 86.33°C Onset 160.66 °C Onset 164.42°C
:xtrapol. Peak :2;: “g Peak 91.61°C Peak 153.74°C Peak 170.82°C
ndset .72 " Endset 97.53°C o 570
Delta cp 0.429 Jg*-1KA-1 Endset 157.39°C Endset 173.27°C
&]3[PLA3251D/HPN 0.5%
PLA3251D/HPN 0.5%, 5.9000 mg . . Tz
Integral 19041 mJ ' E——
2 normalized 32.27 Jg*-1
Wgt-1 Onset 11377°C
Peak 102.46 °C
Endset 90.81°C
1&]5[PLA3251D/HPN 0.5%
] PLA3251D/HPN 0.5%, 5.9000 mg
Integral -241.29 mJ
4 normalized -40.90 Jg*-1
Onset 163.15°C
Peak 168.08 °C
Endset 17091°C

30 36 40 45 50 65 60 65 70 76 80 85 80 85 100 105 110 116 120 126 130 135 140 145 150 155 160 165 170 176 180 185 190 195 °C
ST SR

Materists Engincering

m‘wﬁ N.13 DSC thermogram Y83 PLA 3251D/HPNO.5

~ex0
18]1[PLA3251D/HPN 1.0%
PLA3251D/HPN 1.0%, 6.2000 mg
e ——— t
Glass Transition
Onset 57.31°C Integral -308.17 mJ
Midpoint ISO  59.85°C normalized -49.70 Jg*-1
Delta cp 0.305 Jg"-1K~-1 Onset 166.24°C
Peak 170.11°C
Endset 172.72°C
1&]3[PLA3251D/HPN 1.0%
PLA3251D/HPN 1.0%, 6.2000 mg fﬂr»-
1 —
— _ ¢ N : v
1 Integral 241.26 mJ
A normalized 38.91 Jgh-1
Wg*-1 Onset 11620 °C
Peak 110.35°C
Endset 102.51°C

1&]5[PLA3251D/HPN 1.0%
PLA3251D/HPN 1.0%, 6.2000 mg

nd

Integral -287.62mJ
normalized -46.37 Jg*-1

Onset 164.26°C
k 160.91° Peak 167.92°C
Peak 16031°C Endset 170.27°C

30 35 40 45 650 55 60 65 70 75 B8O B85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 °C
STAR' SW 16.10
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A5199 1.1 LEAAIAINISIHLADININIAANEASNISANKNANYDY PLA L105 NANASNONANYRA

k ty, crystallization rate
Temperature Ink n
(min™) (min) (min™)
PLA L105
105 °C -3.04 4.79E-02 3.6 2.10 0.48
110 °C -2.90 5.49E-02 35 2.08 0.48
115 °C -4.43 1.19E-02 3.2 3.52 0.28
120 °C -6.15 0.21E-02 3.1 6.34 0.16
140 °C -6.29 0.18E-02 1.4 60.70 0.02
PLA L105/LAK0.5
135 °C 2.89 181E-01 4.2 0.46 2.17
140 °C 0.39 148E-02 4.4 0.84 1.19
145 °C -3.85 2.14E-02 4.6 2.14 0.47
150 °C -8.91 0.01E-04 4.8 5.96 0.17
PLA L105/LAK1.0
135 °C 242 112E-01 4.9 0.57 1.76
140 °C 0.25 128E-02 4.1 0.86 1.16
145 °C -4.93 0.72E-02 4.6 2.67 0.37
150 °C -9.73 0.00E-02 a7 7.36 0.14
PLA L105/SSIPA0.5
135 °C -1.83 16.1E-02 4.2 1.41 0.71
140 °C -4.35 1.:29E-02 4.6 2.37 0.42
145 °C -7.55 0.05E-02 4.7 4.60 0.22
150 °C -12.86 0.00E-02 4.9 10.47 0.10
PLA L105/SSIPAL.0
135 °C -1.17 30.9E-02 4.6 1.19 0.84
140 °C -3.72 2.41E-02 a.7 2.03 0.49
145 °C -1.71 0.04E-02 4.9 3.96 0.25
150 °C -9.70 0.00E-02 4.5 8.01 0.12
PLA L105/HPNO.5
100 °C -3.63 2.66E-02 35 2.53 0.40
105 °C -3.11 4.47E-02 3.9 2.01 0.50
110 °C -3.74 2.38E-02 39 2.37 0.42
115 °C -4.73 0.88E-02 3.6 3.32 0.30
PLA L105/HPN1.0
100 °C -3.23 3.96E-02 3.8 2.12 0.47
105 °C -3.07 4.64E-02 38 2.03 0.49
110 °C -3.69 2.50E-02 3.6 2.51 0.39
115 °C -4.21 1.49E-02 2.9 3.76 0.26
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k ty, crystallization rate
Temperature Ink n
(min™) (min) (min™)
PLA 3251D
105 °C -5.74 0.32E-02 3.4 4.91 0.20
110 °C -5.18 0.56E-02 3.0 5.00 0.20
115°C -6.73 11.9E-02 3.2 7.33 0.14
120 °C -2.47 8.43E-02 1.2 5.64 0.18
130 °C -8.01 0.03E-02 1.8 65.21 0.02
PLA 3251D/LAK0.5
125 °C -0.29 74.6E-02 3.9 0.98 1.02
130 °C -1.10 33.4E-02 4.5 1.18 0.85
135 °C -3.05 4.72E-02 4.6 1.78 0.56
140 °C -7.03 0.08E-02 4.8 4.01 0.25
PLA 3251D/LAK1.0
125 °C -1.90 15.0E-02 3.5 1.55 0.65
130 °C -2.23 10.7E-02 3.7 1.65 0.61
135 °C -3.93 1.96E-02 4.2 2.32 0.43
140 °C -7.08 0.08E-02 4.4 4.55 0.22
PLA 3251D/SSIPA0.5
125 °C -3.15 4.27E-02 4.1 1.99 0.50
130 °C -3.75 2.35E-02 a1 2.30 0.44
135 °C -5.61 0.36E-02 4.3 3.34 0.30
140 °C -8.77 0.01E-02 4.7 5.97 0.17
PLA 3251D/SSIPA1.0
125 °C -2.35 9.51E-02 4.0 1.65 0.61
130 °C -3.39 3.38E-02 4.1 2.07 0.48
135 °C -5.17 0.56E-02 4.4 2.98 0.34
140 °C -7.88 0.03E-02 4.5 5.36 0.19
PLA 3251D/HPNO0.5
100 °C -8.05 0.03E-02 39 7.01 0.14
105 °C -6.62 0.13E-02 33 6.83 0.15
110 °C -5.89 0.27E-02 3.4 5.02 0.20
115 °C -7.21 0.07E-02 35 7.20 0.14
PLA 3251D/HPN1.0
100 °C -7.13 0.08E-02 3.8 5.84 0.17
105 °C -6.00 0.24E-02 3.7 4.49 0.22
110 °C -5.26 0.52E-02 3.1 4.83 0.21
115 °C -5.97 0.25E-02 3.4 5.26 0.19
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ABSTRALT

The improvement of the crystallization of polyilactic acid) (PLA] is one of the key areas to allow PLA
to perform better at higher temperature and load bearing. Due to its slow crystallization rate, either
‘organic o inerganic nucleating 2gents (NAs) can be used to improve the crystallization rate of PLA.
In the case of organic MAs, aromatic sulfonate salt and bisamide compouwnds are promising ones
b-ecauselheyc.anmnh’ul better clarity. The aim of this work was to study the crystallization
behavior of PLA usng as—symhe-smad dimethyl S-sulfoisophthalate sodlum salt (55IPA) as
a nucleating agent in comparison with the commercial sulfonate salt (LAK-301). Two grades of
PLA {PLA L105 and PLA 32510} were used in this study. PLA samples were prepared by internal
mixer and compression molding. All samples were investigated by DSC and POM. The results from
DSC showed that after introducing the nudeating agents into PLA, the crystallinity in all samples
was improved. The highest crystallinity at 57.48% was obtained from PLA L105/55IPAT0.
Isothermal crystallization kinetics showed the improvement in overall crystallization rate of PLA
with nucleating . The lowest half time crystallization obtained was 1.19 min for FLA L105/
SSIPATID at 135 °C. The results from POM indicated the substantial increase of the nudeus density
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and smaller spherulite size upon adding nucleating agents.

1. Introduction

Poly(lactic acid) (PLA) is one of the most widely used and
the highest production capacity bioplastics in 2020
among those biodegradable plastics [1]. PLA is
a renewable resource-based polymer that possesses
good mechanical properties, processability, transpar-
ency, and biocompatibility [2]. Using PLA in the required
compaostable products is a good fit for the circular econ-
omy model, where the end-of-life can provide an
organic recycling. Although PLA is now 3 major share
in the compostable plastic categary, it is not cheap and
still needs to be improved in terms of working tempera-
ture and heat resistance. One of the major drawbacks of
PLA is the slow crystallization rate which was very slow
compared to commercial polymer; hence, PLA was
almaost amorphous after the process [3).

In order to solve this problem, there are some axisting
strategies to increase the crystallinity of PLA. One of
them is the use of nucleating agents (NAs), which pro-
vide the nucleus site for the polymer, thus increasing
nucleus density and crystallization rate of polymer [4].
Although the mechanism of each nucleating agent on

polymers are different and not well understood, it is
believed that it was induced from the molecular interac-
tion betwean polymer and the surface of nucleating
agents [3] and several researches reporied the increase
of crystallization rate with the use of different nucleating
agents. Many kinds of nucleating agents have been
reported in literatures for both organic and inorganic
nuclezating agents talc [5], hydrazide compound [6], cal-
cium carbonate (CaC0s) [7], bisamide [8,9], sulfonate
derivative [4,10,11], etc. Our research group has studied
various organic nucleating agents based on the unsatu-
rated bisamide compounds [8.9]. Khwanpipat T. et al. [8]
synthesized the unsaturated W'N Ethylene bis(10-
undecenamide) (EBU) together with peroxide as
a nuclaating agent for PLA. With 0.5 wi2e of EBU, the
half time crystallization of PLA reduces from 4.60 to
1.96 min at 110 °C. Apart from the bisamide compounds,
other petential compounds reported as a nucleating
agent for PLA was the sulfonate derivatives. Magarajan,
V. and his group [4] studied the effect of LAK-301, the
commercial sulfonate derivative, as nucleating agant for
PLA found that with 0.75 w3 half time crystallization of
PLA reduces from 60.8 to 1.8 min at 140 “C. Many
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researches [4,10,11] have reported that successful
increase of crystallization rate of PLA with sulfonate
derivatives as a nucleating agent.

In this work, it was aimed to synthesize the sulfo-
nate derivatives according to Oster, T. and his collea-
gues [12] and investigate the crystallization behavior
of as-synthesized compounds. The chemical structure
was similar to that used commercially except the
cation of sulfonate salts. Two grades of PLA were
selected to evaluate the nucleating agent perfor-
mance. As-synthesized sodium dimethyl 5-sulfoi-
sophthalate (SSIPA) was compared to potassium
dimethyl s-sulfoisophthalate, in terms of the crystal-
lization kinetics and the spherulite sizes and nucleus
density of PLA.

2. Materials and methods
2.1. Materials

PLA Luminy L105, injection grade with D-lactide
content lower than 1% (melt flow index (MFI):
30 g/10 min (216 kg 190 °C) were kindly supplied
by Total Corbion PLA Co. Ltd,, Thailand. FLA Ingeo
3251D, injection grade with 1.4% D-lactide content
(MFI: 35 g/10 min (2.16 kg 190°C) was purchased
from NatureWorks LLC, USA. Potassium dimethyl
5-sulfoisophthalate (also known as LAK-301) from
Takemoto Oil & Fat Co., Japan was used as received.
5-sulfoisophthalic acid (HSIPA) was purchased from
‘Wako Pure Chemical Industries Ltd. Methanol, Glacial
acetic acid and Sodium hydroxide was obtained
from RCI Labscan Ltd., Thailand.

o o]
HO OH

Methanol
65°C, 1h

Q=50

OH
HSIPA
HyC-O
WalCH
T5NC, 30 mins

Scheme 1. Synthesis of S5IPA.

2.2. Synthesis of sodium dimethyl
S-sulfoisophthalate (S5IPA)

Oster, T. and his co-workers were invented various
method to synthesize metal salts of dialkyl ester of
s-sulfoisophthalic acid through esterification reaction
and reaction with salts. One of them was sodium
dimethyl 5-sulfoisophthalate [12]. As shown in
Scheme 1, 27.6 g of 5-sulfoisophthalic acid (HSIPA) and
50 g of methanol were added into 250 ml three-necked
round bottom flask at ambient temperature and then
reflux at 65 °C fior 1 hour. In another three-necked round
bottom flask, 60 g of DI water, 6.6 g of gladial acetic acid
and 8.2 g of sodium hydroxide (50% agueous) were
added and stimmed at 70 °C for 1 hour. After 1 hour, cool
the first flask dowm to 25-30 °C and then drop into latter
flask owver 10 minutes. The product slumy war stimed at
75 °C for 30 minutes then cool down to 25 °C, product
then filter with cold DI water (0-5 °C) then dried in
vacuum overnight to obtaimed white fine powder pro-
duct that is the sodium dimethyl 5-sulfoisophthalate
(S5IPA) (16,67 g, yield 60.3%).

2.2. Sample preparation

PLA and nucleating agents were first dried at 60 °C for 24 h
and then blended in an intemnal mixer (MX105-D40L50,
Charoentut Model, Charoentut, Co. Ltd,, Samutprakarn,
Thailand) at 190°C and 60 rpm for 10 min. After mixing,
grounded PLA samples were compressad at 190 °C into
thin film for polarized optical microscopa (POM) study with
thickness of around 100 pm, with 4 min preheat time and
1 min compression time. Tablke 1 showed the contents of
nucleating agents added to PLA

HyG-0 0-CH,
0=5:0
aH
a o
Q-CH,

9520

Ohg'
SS5IPA
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Table 1. Composition of PLA sample.

Comtent of suhstance (%)

sample FLA L10& PLA 32510 LAK-301 SHPA
L10s 000 - - -
LTO5/LAKD S s - s

LT05/LAK1 O ool - L] -
L105/55IPA0 S WS - - 05
LT05/S5IPA10 i - - 4
12510 - 1000 - -
JI5TDVLAKDS - 555 05
A25TDLAKILD - 55.0 L]

251 DVSSIPADS - 555 - 0.5
251 0VSSIPALD - 85.0 - 1.0

2.4. Characterization

2.4.1. Differential scanning calorimetry (D5C)

DSC measuraments weare carried out wsing METTLER
TOLEDD, DSCT1 STAR instrument under 2 nitrogen atmao-
sphere with the sample weight in ranga of 6-10 mg.
MNon-isothermal DSC was performed under heat-cool-
heat cycle with temperature range of 30 to 200 °C and
heating/cooling rate of 5 "C/min. For an isothermal
study, the sample was first heated to 200 "C with heating
of 15 *C/min and hold for 5 min to guarantee 2 total
amorphous state, then sample was rapidly cooled with
cooling rate 40 "C/min and hold at the desired tempera-
ture for 20 min. For neat PLA at high temperature were
held for 3 h.

24.2. Polarized optical microscope (POM)

POM was performed to study spherulite morphology by
polarized optical microscope OPTIKA B-600 MET
equipped with digital camera and Linkam THM3-600
hot stage. The sample was heated to 200 "C with heating
rate of 15 “C/min and held for 10 min before being
quickly cooled to 130 *C for neat PLA and 140 °C for
PLA with nucleating agents to study the isothermal
crystallization.

2.4.3. X-ray diffraction (WAXD)

¥RD samples were prepared by compression molding
into disc samples with diameter of 1 inch and thickness
of 2 mm. The samples were analyzed with X-ray diffract-
ometer (LabX XRD-6100, Shimadzu, Bare Scientific Co.
Ltd., Bangkok, Thailand) using Cu Ka radiation source (30
k¥, 20 mA) with the 28 angle range of 2-50° and the
scanning rate of 12°%/min.

3. Results and discussion
3.1. Synthesis and characterization of $5IPA

In this work, an organic nucleating agent was prepared
according to T. Oster et al. method [12]. 5-sulfoisophtha-
lic acid (HSIPA) and methamol were reacted through

DESIGHED MONOMERS AND POLYMERS @ nr

esterification reaction under 65°C for 60 min. The car-
boxylic group of H3IPA reacted with methanol and
obtainad 1,3-dimethyl 5-sulfoisophthalate. Then, sodium
hydroxide was added and reacted with this intermediate
under 75°C for 30 min, and finally obtzined sodium
dimethyl 5-sulfoisophthalate (55IPA) as shown in
Scheme 1.

In order to confirm the chemical reaction after synthe-
sized, FTIR, "H-NMR and ED5 technigues were per-
formed. Figure 1 illustrated the FTIR spectra of HSIPA
and S55IPA. HSIPA showed characteristic peak around
3393 cm! that belonged to O-H stretching of carboocylic
group in its structure Meanwhile, SSIPA showed peaked
3065 am ™, which was assigned to C-H stretching from
ester after esterification with methanol. Both spectra
showed the peaks at around 1733, 1242 and 755 cm™",
which belonged to C =0 stretching, 5 = O stretching and
C-H aromatic, respectively, which existed in both
substances.

Figure 2 showed "H NMR spactrum of SSIPA with the
signals at 8.69 and 859 ppm, which wera attributed to
the aromatic proten H; and Hy in benzene ring, respec-
tively. Signal at 3.98 ppm belonged to ester protom (-
OCH). The integral ratio of the signals at 8.69, 859 and
3.98 ppm ware 1:2:6, which was in good agreement with
55IPA structure.

Energy Dispersive X-Ray Spectroscopy (EDS) was also
performed to confirm the successful reaction of sodium
and the atomic ratio of synthesized substance as
depicted in Figure 3. Table 2 showed the element con-
centration. The ratio between C, O, Na, and 5 atom was
found to be about 10:7:1:1, which clearly confirmed the
number of 2toms in SSIPA structure. From these rasults,
it cenfirmed the chemical reactions that were discussed
befora as well as demonstrated the successful synthesis
of S5IPA from the reaction of HSIPA, methanol, and
sodium hydroxide.

3.2. Non-isothermal DSC

The effect of nucleating agents on thermal charactaris-
tics of PLA was showed in Table 3. PLA is one of the
compostable polymers known for its slow crystallization
rate and low crystallinity [3]. Figure 4(3) and Figure 5(a)
illustrated DSC thermogram at cooling cycle of PLA
grade L105 and 32510 respectively. As expected, the
crystallization peak did not observe during the cooling
cycle in both PLA grades. This indicated that, in neat PLA,
polymer chains were unable to rearrange and crystallize
below the melt temperature, indicating that PLA had the
slow crystallization rate. The crystallization peak in cool-
ing cycle of bath PLA grades appeared when applying
with nucleating agents. This result indicated the
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Figure 1. FTIR spectra of HSIPA and SSIPA.
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Figure 2. "H MMR spectrum of SSIPA.

improved crystallization of PLA during cooling cycle
after obtained nucleating agent which provided nuclea-
tion site during crystallization periods. Figure 4(b) and
Figure 5(b} show DSC thermogram at sacond heating
cycle of PLA grade L105 and 32510. The cold arystal-
lization peak disappeared after introducing nucleating
agents into both PLA grade. These phenomena sup-
ported that LAK and 3SIPA acted as a potential nucleat-
ing agent for both PLA grades.

In gemaral, the addition of the nucleating 2gents could
decrease the nucleation enaergy barrier and initiate the
crystallization at higher temperatures when cooling.
‘When compared two types of PLA, PLA L1035 with similar

nucleating agent types and contents showed higher crys-
tallization temperature. The increase in the crystallization
tempearature might be from many different reasons. This
may due to the effect of different D-lactide content in
these PLA types. Since PLA L1035 (less than 1%) possessed
lower D-lactide content than PLA 32510 (1.4%). The addi-
tion of PDLA was also another reason. 5hi, X. and his co-
workers [13] studied the effect of sterec complex on
crystallization behavior of PLA. After adding PDLA to
FLLA, the crystallization temperature of non-isothermal
DSC increased. However, in this study, no PDLA was
added. If the stereo complex were to form, it would be
observad at the temperature above 210 "C [813]. In term
of nucleating agent types, addition of LAK showed slighthy
higher crystallization temperature when compared with
55IPA in both PLA types. This should be due to the effect
of the difference in the cation salt at the sulfonate group
among these nucleating agents. In addition, the differ-
ence nucleating agent content slightly affected the crys-
tallization temperature of PLA. PLA L105 with nucleating
agent tended to increase with increasing nucleating
agent contents in both LAK and SSIPA. However, this
phenomenon did not occur in the case of PLA 32510,

AHm — iAH
WpyadHy,

whera AH,, is the enthalpy of melting (I/g), AH. is the
enthalpy of cold crystallization (1gl, Wy, is the weight
fraction of PLA and AH%;, is the enthalpy of total crystal-
lime melting of PLA (93.7 J/g) [4].

%N, = (1
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Table 2. Element concentration of SSIPA from EDS.

DESIGNED MONOMERS AND POLYMERS (&) 119

Table 3. Thermal characteristics of PLA and with nucleating

Element Atomic (3%} agents.
& 5285 Cooling Second heating
o 3508 T T A Te A
- . sample M QW ro wg %X
Neat PLA L105 1148 3316 17521 4879 1668
PLALIOSAAXOS%: 13875 - - 17703 5108 5451
PLALIOSAAKION 13938 17381 5834 6226
;0 PLALIOS/SSIPAOS%: 13401 17278 5215 5566
The percentage crystallinity (%X.), was calculated  patosmsspalon 13578 - - 17284 5336 57.48
from equation (1). Since the selected PLA L105 and Neat PLA 32510 - 10450 2376 16548 431231 2078
: : s PLA J2SIDAKDS% 12914 - - 16734 4691 5006
3251D had high stereochemical purity (= 99% PLA 1251D/LAKL.0% 12895 167.40 4976 5301
L-isomer), it was expected to have high crystallinity to PLA 12510/SSIPADS%  126.05 167.10 4556 48.62
: o ity PLA 32510VSSIPAT.0% 126,99 166.65 4997 5333

start with. Both were used for injection molding. The
increase crystallinity of both grades would ease the
processing time and final properties of the production.
From Table 3, it could be seen that both PLA grades
possessed the percentage crystallinity of 16.68% and
20.78% for neat PLA L105 and neat PLA 3251D respec-
tively. In our study for all neat PLA grades, it should be
noted that high cold crystallization enthalpy was
observed and disappeared when nucleating agents
were added. The addition of nucleating agent could
promote the crystallization of PLA, resulting in an

increased degree of crystallinity in all cases. The effect
of different nucleating agent content on crystallinity of
both PLA also observed in this work. %X, of PLA after
applying with nucleating agent tended to increase with
increasing nucleating agent contents. This similar resuits
were also observed by Nagarajan et al. [4], who studied
an organic aromatic sulfonate compound (LAK) as
a nucleating agent for PLLA. They found that the
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Figure 3. EDS spectrum of SSIPA.
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Figure 4. DSC thermograms of PLA L105 with and without nudleating agents on a) cooling and b) second heating cyde.
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Figure 5. D5C thermograms of PLA 32510 with and without nudeating agents on a) cooling and b) second heating cycle.

addition of 0.25 wt% LAK increased the crystallinity of
PLLA from 10% (neat PLLA) to 45%. Additionally, the
crystallization mechanism for such compound was nat
well understood and required more studies.

3.3. Isothermal D5C

The isothermal crystallization behavior of PLA with
nucleating agents was investigated at 2 range of
temperature between 135-150 °C for PLA L105 and
125-140 *C for PLA 32510, temperature was taken
from the crystallization temperature of each PLA
with nucleating agents. For neat PLA, the cystalliza-
tion temperature in the range of 105-120 "C were
suggested by 5.C. Schmidt and his group [3]. Thus,
the cold crystallization temperature was used in this
study.

A simple way to study the isothermal crystallization
was the evaluation of the relative crystallinity (X)) as

temperaturas. Relative crystallinity was expressed as
the ratio of the area of the crystallization time to the
total area of exotherm peak [4].

x _ Jo(aHydnat
T2 (aHjdar

Where dH/dt is the rate of heat flow during the crystal-
lization process at timea &

Figure 6(ab) showed the relative crystallinity of PLA,
at the optimum investigated tempearature, with time. At
dash line, about 1-2% crystallinity or the nucleation
stap, it was seen that the induction time of nucleation
step decreased after introducing nucleating agent into
PLA. Also, from the curve, it was obvious that LAK had
lower inducticn time than S5IPA. The induction time of
PLA with LAK 0.5 wt% was higher than 1.0 wt% for PLA
L105 but lower in the case of PLA 32510.

For S5IPA, 1.0 wi% of nudeating agent exhibited lower
induction time in both PLA. When comparing two types of

2)

a function of time at different crystallization  PLA with same kind and content of nudeating agent, PLA
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Figure 6. Relative crystallinity of PLA and PLA with nucleating agents a) L105 and b 32510,
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Table 4. lsothermal crystallization kinetics parameters of FLA
L105.

Temperaiue k imin™") n Tz (i}
FLA LTS

1o 005 146 a7
140 °C 0o .44 60.70
PLA LIDS/LAKDS

13571 TEDE 431 D46
140 °C 147 435 D24
145°C o0z 457 213
150 °C 000 478 596
FLA LTDG/LAK1.0

1357 112 454 056
40T 138 414 D26
457 0o 464 1567
150°C oo 458 7136
PLA L10G/SSIPADS

1357 (R[] 433 141
140 °C oo 462 136
145 0o 470 450
150 0o 432 10.496
PLA L10G/SSIPATD

1357 03o 459 119
140°C o0z 473 203
M5 000 483 3196
150 °C 000 4.48 B.01

L105 had slightly lower induction time than PLA 32510 We
can also observe the growth rate of crystallization from
slope of the curve, which was found that the slope
increased aftar introducing nucleating 2gent intoe PLA
This indicated that the growth rate of crystallization of
PLA was increased. We can dearly observe that PLA with
LAK have higher slope than SSIPA. The effect of content of
nucleating agent exhibited differantly; PLA with 0.5 wi% of
LAK had higher slope than 1.0wi% but PLA with 1.0 wi of
SSIPA showed higher slope than 0.5 wi®. Upon compar-
ison between two types of PLA with same kind of nucleat-
ing 2gent, PLA L105 had higher slope tham PLA 32510,
Generally, Avrami theary was used to explain and ana-
lyze the isothermal crystallization kinetics parameters.
Ayrami method relates relative crystallinity and time by
the equation (3}, which can be rewritten into equation (4}

DESIGNED MONOMERS AND POLYMERS @ 1
1 —xt=El|]{—mn] (3}

In[— In{1 — X,}] = ni(t) + Ink) 4)

Where k is the crystallization rate constant (include
nucleaticn and growth rate) and n is the Avrami expo-
ment, which depends on crystal growth dynamic, nuclea-
tion type and crystal geometry [14].

The double log plot showed the deviation from line-
arity on beginning and ending of crystallization caused
by the initial and secondary crystallization, which
occurred because of the completion of the crystal [15].
Thus, the value in the range of 20-80% of relative crystal-
linity was used to fit the equation to obtain n and
k value.

From Tables 4 and 5, n values of neat PLA at lower
temperature were in the range of 2.4-3.8, which indi-
cated that crystals were mainly growth in three dimen-
sions with heterogenous nucleation. At higher
temperature, the temperaturas were chosen from crys-
tallization temperature peak of PLA with nucleating
agent, n value in range of 1.4-1.8, which indicated that
two-dimensional crystal growth with heterogenous
nucleation was favored. After introducing nucleating
agent, n value increased to 4. This indicated that crystals
growth in three dimensions with homogenous nuckea-
tiom ara favorad.

Crystallization kinetics was discussed based on half
time crystallization (t;), time used to achieve 50% crys-
tallinity, which was calculated by the equation (5)

tyz = (In2/K)"" i5)

The calculated t,, was showed in Tables 4 and 5. For PLA
with nucleating agents, the half time crystallization
tended to increase with increasing crystallization tem-
perature. PLA with LAK showed lower half time crystal-
lizaticn than SSIPA when compared with the same
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Figure 7. Crystallization rate of PLA and PLA with nucleating agents a) L105 and k) 3251D.
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nucleating agent content and crystallization tempera-
ture. PLA L105 showed lower half time crystallization
tham PLA 32510 with same content and nucleating
agent. This might due to the sterec complex that have
been mentioned in previouws result. Shi, X. and his col-
leagues [13] also obtained the similar results on isother-
mal crystallization behavior of PLA with stereo complax.
From the investigated content of nucleating agent, PLA
with 0.5 wi% of LAK showed lower half time crystalliza-
tion tham 1.0 wit%s, But in case of SSIPA, PLA with 1.0 wi%s
of 55IPA showed lower half time crystallization. Lowest
half time crystallization obtained from PLA with 55IPA
was 1.19 min at 135 °C for PLA L105/S5IPA1.0 and
1.65 min at 125 °C for PLA 32510/55IPA1.0.

The crystallization rate was explained by 1/t
because k values had in unit of min~™ and depended
on n value, which also relied on the crystallization
temperature. Thus, k values cannot directly compare.
The plotted between 1/f,, and crystallization tem-
perature werg showed in Figure 7. It was found that
at higher crystallization temperature, the aystalliza-
tion rate decreased in all samples. We can also
observe that PLA with LAK 0.5 wi% showed higher
crystallization rate than LAK 1.0 wi% at same crystal-
lization temperature. The addition of 1.0 w3 of LAK
might exceed the maximum contents for carystalliza-
tion improvement, W. Magarajan et al. [4] also
observed that PLA with 0.75 wit% of LAK exhibited
higher crystallization rate than 1.0 wt%. From Table 4
and Figure 7{a), it was found that PLA with 0.5 wit%
and 1.0 wi% LAK at 135 °C had higher k value, crys-
tallization rate and lower half time crystallization. At

isotharmal temperature of 135 %, some crystals have
been formed before reaching the investigated tem-
perature from the isothermal crystallization peak. The
similar findings were observed by V. Nagarajan and
his group [4].

3.4. Polarized optical microscope

POM was performed to study the morphology of
spherulites. Figure & and Figure 9 showed POM
images of PLA with and without nucleating agents
at differant times. As expected, both PLA showed
slow crystallization rate as observed by a slow spher-
ulite growth during testing which used 134 and
124 minutes for full growth of PLA L105 and 32510
crystals, respactively as illustrated in Figure &) and
Figure 9(a). After introducing the nucleating agent
into PLA, it was also clearly seen that the nucleus
density was substantially increased whereas the
spherulite sizes were dramatically decreased times
for fully crystal growth in both nucleating agent sys-
tem dramatically decreased. PLA with LAK show
higher crystallinity compared with PLA with S51PA at
the simultaneous time indicates that PLA with LAK
have higher crystallization rate which is agresable
with the sothermal DSC results.

The effect of nucleating agents on nucleus den-
sity of PLA was discussed. From Figure 10 illustrated
nucleus density of PLA and PLA with nucleating
agents, the PLA L105 and PLA 32510 showed low
nucleus density at 23.82 and 26.46 N/mm?, respec-
tively. When nucleating agents were applied, it was

Table 5. Isothermal crystallization kinetics parameters of PLA 3251D.

Temperatue k {min ™7} n iz {miln}
PLA 32510

s "C 000 137 43
130 000 1.E3 6521
FLA 32510/AKDS

125°C 074 150 098
130 033 4.48 117
135°C 004 464 1.78
40T 0.00 4.1 4101
PLA 33510AAKTD

125°C 014 17 154
130°C 0.1 184 164
135°C am 413 132
140 °C 000 443 454
FLA 325 10/3SIPADS

125°C 004 4.06 198
130 ooz 4.06 119
135°C 000 434 R
140°C 000 4. 547
FLA 32510/55IPALD

125°C 0 155 155
130C 0.0z 4.4 207
135°C 000 4.40 297
140 C 10,00 4.47 536
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Figure 8. POM images of a) neat PLA L105 and PLA L105 with b) LAK 0.5 w6, ¢) LAK 1.0 wt%, d) SSIPA 0.5 wt3% and e) SSIPA 1.0 wt%

at 130°C.

also clearly seen that the nucleus density was sub-
stantially increased in both SSIPA and LAK systems.
In the SSIPA system, nucleus density of both PLA
L105 and 3251D increased to 290235 and
2457.68 N/mm? after applied with SSIPA at 1.0%wt.
Meanwhile, the same tendency is also observed in
the LAK nucleating agent system. Nucleus density of
PLA L105 and 3251D increased to 2902.35 and
2457.68 N/mm? after applied with LAK at 1.09%wt.
Furthermore, nucleating agents also affected
spherulite size of both PLA L105 and 3251D.
Figure 11 showed average spherulite diameter of
PLA and PLA with nucleating agents. The spherulite

sizes were dramatically decreased after applying
a nucleating agent. Spherulite size of both PLA
grades reduced approximately 15 times when com-
pared with neat PLA. In addition, nucleating agent
content also affect nucleus density of PLA, nucleus
density of PLA with the same nucleating agent at
1.0 wt% was higher than that of 0.5 wt%, but the
average spherulite sizes of PLA with 0.5 wt% and
1.0 wt% of the same nucleating agent remained very
similar, as shown in Figure 11.

When comparing neat PLA and PLA with nucleat-
ing agents, nucleation and crystal growth of neat
PLA were considerably slow. Nucleating agent was
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2 min

145

min

Figure 9. POM images of a) neat PLA 3251D and PLA 3251D with b) LAK 0.5 wt%, ¢) LAK 1.0 wt%, d) SSIPA 0.5 wt% and &) SSIPA 1.0 wt% at

130C.

expected to provide nucleation site for PLA. PLA did
not have to undergo the nucleation itself, thus the
surface energy barrier for nucleation was reduced
[15], and also increased the nucleus density.
Considering the images from POM together with
the effect of the nucleating agent mentioned
above, LAK and SSIPA could serve as an effective
nucleating agent for both PLA grades, but in in
different potential molding temperatures. In terms
of the chemical structures, both LAK and SSIPA were
very similar and should provide the same crystal-
lization mechanism.

3.5. X-ray diffraction analysis

XRD patterns of neat PLA and PLA with different
nucleating agents were shown in Figure 12. As
expacted, XRD pattern of neat PLA showed a broad
diffraction curve indicating an amorphous nature of
PLA with a weak diffraction peak at 208 equal to
16.50°, which indicated the semicrystalline behavior
part of PLA. Introducing nucleating agent substan-
tially increased the intensity of peak at 1634-16.50°,
which was indexed as (200/110), a characteristic peak
of a crystal form, and new peak appeared at 18.9-
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Figure 10. Nucleus density of PLA and PLA with nucleating agent.
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Figure 11. Average spherulite diameters of PLA and PLA with nucleating agent.

19.12°, which was indexed as (203), a characteristic  applying SSIPA or LAK nucleating agents, which are in
peak of a’ crystal form of PLA [16]. This result con-  good agreement with DSC and POM results. However,
firmed an enhanced the aystallization of PLA after  there was no significantly shift of diffraction peak in
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Figure 12. XRD patterns of neat PLA and PLA with nucleating agent.

both S5IPA and LAK samples, meaning that both
nucleating agents did not affect the crystal form
of PLA.

4. Conclusion

In this research, 55IPA was successfully synthesized. The
crystallization behavior of PLA with 35IPA as a nucleating
agent were investigated in companson with LAK. The
presence of 55IPA caused the cold arystallization peak of
neat PLA to disappear and induced new crystallization
peak. The highest crystallinity was achieved for PLA L1053
and PLA 32510 with S5IPA was 57.48% and 53.33%,
respectively. Overall crystallization rate from isotharmal
crystallization studies was much faster for PLA with
nucleating agent tham that of neat PLA. The fastest
crystallization rate of PLA with S5IPA was obtained at
135 °C for PLA L105 and 125 "C for PLA 32510, both with
1.0 wt% of 55IPA. The lowest half time crystallization
obtained was found to be 1.19 min at 135 °C for PLA
L105/S5IPA1.0. The n values of PLA with nucleating
agent increased from around 3 to 4, implying that the
nucleating agent changed the favored nucleation from
hetarogenous to homogenous nucleation with spharical
three-dimensional growth. POM images showed the
smaller size of spherulites and also higher nucleus den-
sity. WAXD results revealed the imprave crystallinity
after addition of nucleating agent and no effect of nucle-
ating agent on crystal form was observed. From all the
results, it could be summarized that the sulfonate

derivative, 55IPA, could potentially be used as the effec-
tive nucleating agent for PLA, where the different mold-
ing temperatures and PLA grades played a significant
role for the right processing conditions,
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