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Nea07sAUTATA (PBS) warnwodUisaudrdiunlaosiwy (PBSA) \Wunedwesiauisaunnaaralanig

Fanm AifeandRidanandrendstunedueingumealowaiiu dslnevhluildnnussyiusionmsdudasy (top seal) dlug)
1910 low density polyethylene (LDPE) fililansnsauandanslénnsdanin seuided lddnvimedwefivaudidulned
PBS war PBSA illuasdustneundnludndudosar 80 waudfuiasemediafiduesimm-la-iswnian (PBAT) dadi
melt strength ﬁﬁLﬁansSﬁugﬂlé’dwﬁu waznsiuauniulasesned 3-lansenddafiisn-ln-3-lansendiiasisn)
(PHBV) Wi elsilesnsnsfusnuvosoondiau (OTR) wazleth (WVTR) i Tnevinisiwaudfuneduwesinases PBAT wie
PHBV ludndqudesay 20 vislusyuu non-reactive blend wazszuy reactive blend wagynnsinwauTRn1sduiuves
pondiau warleth audidena wazaluudustwenisasneenndaanmsdeniindeniudon (peel strength test) UB4
ATnfuninussadnet Inenudin1siuaus PBS uaz PBSA ussAdszneundniuaudiu PBAT uimaseswruufisen
condensation Tagifis Joncryl® ADR 4468 (ECE) 0.1 phr. iigaweiiaguudeanudafuld udautdnsduiiuves
sondauuarlolildgnuivt s dwivandfinandsainnisivaudnuda Young’s modulus fidnanas uagen
Elongation at break Lﬁu%mﬁmﬂ%‘ﬂmﬁauﬁv PBS uae PBSA fiiluasdusznoundn wax peel strength test #&99INN15LU
auAnUITinag easy-open peel indnetu dmsunisiuaus PBS tar PRSA WussUszneundniuausiu PHBY uwla
iadmuﬂzﬁﬁ?mﬂgﬂ 3 spuUfe UfN3e free radical (Perkadox® 14S %0 DB 0.02 phr.), Ufjiise1 condensation (ECE 0.1
phr.) wagUiTensiuiuves free radical Uag condensation (DB 0.02 + ECE 0.1 phr.) wu31A1 OTR uag WVTR Huwdlid
anailoifisufuiidumediues PBS iy PBSA MilluneduwesesAusznoundn 1unaannsu$ulss interfacial adhesion
senininaeund waraudRlanandsanmsuanatu PHBY Wisuklasmisausfidanaves PHBY Tnenudn Young’s
modulus fiAnfutusazen Eloneation at break anailewSeuiiaufiu PBS uaz PBSA fitdunedwesasdusznaundn
@ WU peel strength test 124 easy-open peel idoululuiigmugilunistaningedu uazsts PBS uaw PBSA 1y
29AUsENRUNANLUAUANY PHBV dngAnssunisasnesnlutiag easy-open peel ULy adhesive peel wag cohesive
peel Feanusoasnesnliie wasdledmsdsuviiaves peroxide 910 DB 10y Dicumyl peroxide (DCP) TuUFunmid
wihunuinsturueseenfuuiadledhifimswie s uduinanisdiy peroxide fiunniAuluazinnsdonang
Tueneldnednes FudwmarnliauTRidsnandas msUaninmenamdeuliintunalfioniu dwaldtag easy-open peel
deululunsitgumginisnistaniinganntu warlunisfnylussdufsgramnssy wuiidnsdunuresesntiou uay
loth aud@dena way peel strength test Winaidunuwalfiuuiderfutunismaaeddusedu lab scale uazn1sasneen
U729 easy-open peel ndsandiiuaudiiu PBAT w3a PHBV dwg@nssunisaeneaniiuiuy adhesive peel wag cohesive
peel Fvawnsaasneenliine dmsunisiuaus PBS uaw PBSA Wussiusznoundniuausiu PBAT Mlunasedudndiu
Sovay 20 awnsaUiuUTanURdnavenedwesiuaud uaziiina easy-open peel MsaeneennaIINNITUanindae
AnuFouniiedy udlsildusuupsautinisBuiumesiseondiouuaslot nswausity PHBY fidumasesluddiuios

az 20 annsausulgsandinisBuiiuresingeandiauuas lowild uraudfidenaiUdsuwlaswmuaudfidanaves PHBY



620920009 : Major (POLYMER SCIENCE AND ENGINEERING)

Keyword : PBS PBSA PBAT PHBV Reactive blending film Barrier properties Peelable film

MR. PITAKPONG KAMRIT : DEVELOPMENT OF BIODEGRADABLE PLASTICS TOP
SEAL PACKAGING FOR INSTANT FOODS THESIS ADVISOR : ASSOCIATE PROFESSOR
SUPAKIJ SUTTIRUENGWONG, Dr.-Ing.

Polybutylene succinate (PBS) and polybutylene succinate-co-adipate (PBSA) are biodegradable
polymers with mechanical properties similar to polyolefin. In general, a top seal film used as instant food
packaging film is made from non-biodegradable polyethylene (PE). Therefore, this research aims to study the
polymer blend film derived from 80 %wt of PBS and PBSA as matrices with and without reactive agents by
blending with poly(butylene adipate-co-terephthalate (PBAT), which has a good melt strength to make processing
easier and blending with poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), which has the good barrier
properties. The dispersed PHBV and PBAT were fixed at 20 %wt. The oxygen transmission rate (OTR) and water
vapor transmission rate (WVTR), mechanical properties and peel strength test of polymer blend films with and
without reactive agents (peroxides or epoxide compounds) are investigated. The results show that PBS based and
PBSA based blends with dispersed PBAT phase via condensation reaction by adding Joncryl® ADR 4468 (ECE) 0.1
phr is sufficient to improve the compatibility between phases but the OTR and WVTR values are not improved.
The mechanical properties show that Young's modulus is reduced and the elongation at break is increased
compared to neat PBS and PBSA. Peel strength test after blending-is found to have a wider range within the easy-
open peel. For blending with dispersed PHBV phase through three systems: the free radical reaction (Perkadox®
14S or DB 0.02 phr.), the condensation reaction (ECE 0.1 phr.) and the combined reaction of the free radical and
condensation (DB 0.02 + ECE 0.1 phr.), it is found that the OTR and WVTR values are tended to decrease when
compared to the PBS and PBSA film due to the improved interfacial adhesion at the surface of the two-phase
polymer. The mechanical properties after blending with PHBV change with the amount of increased PHBV.
Young's modulus increases and elongation at break decreases when compared to the PBS and PBSA films. Peel
strength test after blending, the easy-open peel range shifts toward higher sealing temperatures. When the
peroxide type is changed from DB to dicumyl peroxide or DCP, there is no significant change in OTR and WVTR
values. However, the excess peroxide content results in more cross-links in the polymer chain, making the
mechanical properties worse. It is more difficult to seal and the peel force value in the easy-open peel range
shifts toward a higher sealing temperature. In semi-industrial studies, it was found that the OTR, WVTR,
mechanical properties and peel strength test show the same trends as in the lab scale experiment. The peeling
in the easy-open peel range after blending with PBAT or PHBV shows the peeling behavior as adhesive peel and
cohesive peel, which can be easily peeled off. When blending PBS and PBSA with 20 %wt PBAT, the mechanical
properties could be modified and the easy-open peel range was winder whereas the OTR and WVTE values
remained almost unaffected. When blending with 20 %wt PHBV, the OTR and WVTR values could be manipulated

while the mechanical properties depended on the blended polymers.
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ansawmIsuwedmesiuaud sl PBS waz PBSA uessdusznoundn nieimandn
Tnsnisiuaudiu PBAT waz PHBY (uimases anunsatusufidudonssuiunisdaiady
Tldails uazflant@nssiumumsunuitaniudlowleuiu PBS wio PBSA founnsuuuss
finuudsusavesnisasneenudeainnistaniingaeninuiou (peel strength test) 7
mnganlunsiludnuiundn fusiihdaanussinsilatetaudiaoneenliiie (easy-

open peel) Lagausalsnaanalanisginimn



uni 2

= av ad v
NV UATITUIIININYIVDN

v a

2.1 wodatiaudadiun (Polybutylene Succinate, PBS) [2, 3]
o)
HO !:I—(CHQ)Q— clsl—o—(CHz)4—o H
n
U 2.1 Tassaamaniivesnoddaidudadiun

Poly(butylene succinate) 130 PBS Wunedwastameiands aglulszinvned
wawesdsdilassaiamaniiisguil 2.1 dnvaiziuaeldnss anunsounnaanslinistinm
Fam3oua1nUfATen1saauly (condensation polymerization) 484 succinic acid iy
1,4-butanediol Wioo1afiuauaoifiandy organic dicarboxylic-acid TIuegfe 13
WA PBS annsnenstlngiedl Buainfedamugniasiu maleic anhydride daduans
Sagulunnsndn succinic acid was 1,4-butanediol uananni PBS Fianansodaaszilaan
IngAuTanusaugnnaunulel 15U dee fuduznds iudu funszuaunismnadinin e
nszvrunsuiinuioiAsunglaaluiy succinic acid 84 succinic acid anunsoldiduansis
dulunisudn 1,4-butanediol 91nTUN1THAL succinic acid way  1,d-butanediol 1
UfRTemsmuliuudbeuseduaelsenagldidu pes

PBS fl9aunail T, Uszanad -44 °C aivigiivasuysyaia 112-114 °C gaumgiluns
AenEnUseanm 66 °C wasfinnuidundn (crystallinity) Uszanas 45% adien elongation at
break wazA1 tensile strength TnatAssiU LDPE wagansainluldununedlowiulan PBS
Ju aliphatic polyester ﬁa’]miameamaié’ﬁammaswmmmasiwuﬂaiﬂsuangﬁ%m
lelaslada Fainfifussieameslneazdmaliiminluanaves PBS anas uazifnnisunn
aanelaeqaunidluluiian uenaind PBS Ssflanuaiivsnsainudou (thermal stability) 7
Flasiigamgilunisaaiesinisanudou (decomposition temperature) 399 °C Katudad
nsldsufinarnnatsdeudussyfurldudifawasussgdusiomis saudanisinuns
gnamnTIN viesusud wagldunissesiuindudatuonmsld venanidnisiamilaned
wa% 1 polybutylene succinate adipate (PBSA) wardu 9 fiflniiseaslnanoaliiodia

Uszdninmanudaneuvesian



o a

2.2 waalulsaudadiunlaazitng (Poly(butylene succinate-co-adipate), PBSA) [2]
(0]

| |
C—(CHg)4—C—0—(CHy);—0—C—(CHy);—C—0

sUdi 2.2 Tassaramaaiivesweddnsaudadiuslaozimm
(Poly(butylene succinate-co-adipate) %38 PBSA iulanadwasuuugdy wazd
AuaAnsmenwihadlasiufseuainsalunsunnaaglimesssund aingud 2.2
Lan9lATIASI9BY PBSA @nuns0daas1zilaannnssuiunIsduaTIsiiuuAIULUIUYeY 1,4-
butanediol 7ifl succinic acid uag adipic acid wasdauTAidinaduiiumelailosnind
audAdenanaieafsiunediuesngunedlaiaiiu laeg PBSA Jaunnll T, Useua -45 °C

AUNNANITNRUNINU 94 °C agliioilsaueuauufsering PBSA AU PBS wuin PBSA i

9 Y

A1 modulus A1n31 darudanguainds Sauvflunisuanaalenini iWeswindannudu

(%
v v

HANYINI1 PBS wana1ntl PBSA daflaud@lun1siuguins asuisanunsatlundnluglves

13 = a

ule N153UsUNRY 57089052 0UN1580L9 N9 28 FINAUNKAMNDIN PBSA A Lansaudn

Y

= o

WWananraneAd I uNALNNENIN LLDPE

2.3 woatraueshnn-la-wsWniean  (Poly(butylene adipate-co-terephthalate),
PBAT) [3, 4]

0 0 o) 0
I I | I
e C—O0—(CHy);—0—C—(CH,),—C—O
n

5UN 2.3 Inssaiamantivesnaatiiaussimm-la-nsnnian

Poly(butylene adipate-co-terephthalate) 38 PBAT LﬂuwaaLua§ﬁ§ma§1uﬂdu
VOINOALRANDITINTENINAWIEATY  Lazseslsunfn  (Aliphatic-aromatic  copolyester)
aulugazlaannsdaasigian 1,4-butanediol, adipic acid wag terephthalic acid Tngd
9aunil T, Usvanal -30 °C uavaumniviaeuuszunas 110 - 130 °C audfves PBAT dn15en
ansharnadrufidudafidumisimianisefiduusenauaes  aromatic Sy aliphatic
polyester uagANUEAnEuINdIUvITIAUREANY FuAnan  1,4-Butanediol, adipic
acid monomer Gdwalilanedwesiinmansalunisidngs 3 modulus fireudnes

JauURdenanateduninmasiunataindandlaas weanulsaunnaalslanisdinin



2.4 wod(3-lansandiafisn-la-3-lansendarnassn)  (Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate), PHBV) [5, 6]

CH;

|
A |

CH C CH C
0" ey To T Senl [OH

* Y

H

JUN 2.4 Iassasamaaiiveanad(3-lansendianisn-la-3-lansendiiaeisn)

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) %38  PHBV Lﬂwﬁﬂumju
Polyhydroxyalkanoate %38 PHAs dmitunedioanes wuluguves carbon source o9
a a6 Y] A & % A a a6 a a a Y a
auvsdegludnuaie iy granule Aaligdunidvangyiinianunsondn PHAs 1o wodweslu

Nau PHAs ﬁwmﬂumaﬁuﬁml,mﬂ@i'mﬁ’ulﬂmwag R Ua¥dWIU n 1wu poly(3-hydroxybutyrate)
(R = methyl, n = 1), poly(3-hydroxypropionate) (R = -hydrogen, n = 1), poly (3-
hydroxydodecanoate) (R = nonyl, n = 1) #relaseadreuss polymer fiilanumannansil
vlswodweslunguiliautafivarnvans luussnmedweslundu PHAs wedlansondii
750 poly(3-hydroxybutyrate) ‘w3e PHB 1Hunedwesfidaudilndfestunednsofiay

a

(polypropylene) #se PP uaxneddlaiu (polystyrene) w50 PS lawil Gas barrier
properties WAy moisture resistance A SgmmainAsuamuradiouia (T) faus -50
U4 4 °C, uniiviaesl (T,,) Hausl 40 B3 180 °C

1 PHBV (Hulanefiuessening 3-hydroxybutyrate (HB) wag 3-hydroxyvalerate
eautRveswoduiaiulinduziuogifuaadusznaunes HB uas HY lng PHBY unediuesii

Wine (brittle) #A7 modulus g TuvaifeInumsisvuresUsuna HY Ty PHBY ag

anunsauTulslinedmesinnuiiangu (flexible) 1Nty FeagyiliAn modulus anas

2.5 wadalmasiuaun (Polymer blends) [3, 7-9]

'
&l a

nsvimeAuesuaunduisnisusul paudiveanedwesiteuldiuuin Jaluisn
Aunua wagldiiades Weeuiunismueusiuesyialug v3en13an15dAT189NeE
ot | ° a & ¢ & ° a & P i A &
weslvd lngnisvimedwesivaundunisiimediues 2 vlia Yeegluaniuzniluvediva
Tawn @1sazane (solution) nSaa1svasuunal (molten) U vuaudtiidulidotfeaiy

(homogeneous blending) latunedimesivaus Fellautininuvoanedilasuriasainud



saa wa

2unU YananddelanediuesNilauTRnainviaty LeIwAUSULUASUARAIUNSHAL the

nswauswadwesiriadulmdndudamernududuldlesn Insasnuiiwedwasuils

wilsznszanesiegluionefiwesdnvlianis nsazdeadinsnsyanefmuuinian dau

' o
a o) a CY

auiiaue uardussBafafiiufaf (interfacial adhesion) fiagtiuazyilfiAngaunnios
(defects) melunediuesiuaudiisessoszwinauna vinlitinsdaruussanilanislugadn
wanilsldlaid wagiduanBudulunisunniin dawalvauiRidanaveswedmofiuaudiiaie
nmedmesuIanifiuinaud fadulunisiedsunedimesiuaudisdesfiansmn

AMuaTalun1sd1iule (compatibility) vaswediuesivaua
yinvasnadluasiuaun (Types of polymer blends)
o a 4 I3 Y @ Y < dy al [ . . [
nsPunnedesuaudINANNIRuln duladeiu (miscible) Tuseduluana
(molecular level) wuslgl 3 wuueadl
1) wodiesiuauaniiiulasg wauysal (Miscible blend) wedlwesniuaundniula
! [ & o v LY a [ a & a 1 = wa a s
sgnluioderiulussruluanaiaduneiivesvilanikasliaudinaunauvoinediues
Mmihwway lngau g wlusdiudndiunisivaus anudndulaludnuvaediiouwgga
N ! a s £ =) a = ! (% !
willgrsgnindluananediwesgdusuuuiusylalasiau vien sinnansniu wasuanad
QAUVQINAANTIUNTTU (T,) \NeIANAET

(7

2) wodwesuausiidiniuls (Compatible blend) loannanuuandisnediund
waziland wedwesdlidrtulsegsanysal uraziiannsuonia Inowedwesiddndiu
wnnIndumaseies (Continuous matrix phase) 9zuansauifmuninedwesntdnd iy
feunindadunanszane (Dispersed phase) frastnaiinisnszarsfogsinasiusada

W58 INeRUR (interfacial adhesion) azdswalaudRivemediuosiuausaty uininula
nszaefivuineynelngjuaznszagliahiaieasyilvauiRvemeame fiuaudlaid

3) wodwesiausidAulull (ncompatible blend) Wunediuesivausailiiim
lilanedwedivausfidautildnados Weswiniianisueniavesnediuesurazuin
oty Sadunaainusaniorszwinaan audshidenany uazvhlifiasarounsian

TUlAde 1andieeainemisaUsunsdaseunn

99N AUUAYDINDALUDSIUAUATUDENUDIAUTLNBU dAEIUVBINISIUAURA WAY

Y
[%

lassasdugiuinervesmediwesivaud asunsidarsweudsyaulunisusul jeauds
YINBALUDILUAUA NTLUIUNMTTOUUTEAUABINUITOAAKIIRIEITENIE vinlviaynial

nszaeiifivwinanas vliliAaedosanmslassasisduguluszwinamislasuauiou



LaTLIURUTENINNSHAYN wazaaensl ITaussdnmieiseninanaudinedwesivaudazey

Tuanuzvuds

2.6 d@13978U3zd1u (Compatibilizer)

nsiiuadfulalunedwesiuaun (Compatibilization) Wunsyuiunisluns
U5UU§s interfacial adhesion syninawavesediuesivauanlianunsadiiulan lnanisan
LSIRAIUSIUTRERRTENIE USulsuasiiniadsnndnwas dugiuvesnedwes
Wwaus NsiiuANufuls lunedwasiwaunaunsarilenateds town nsiiuasrusenau
RauUsuandndes Feaursandulaaiuriasalarosnadiussiuaud nsunediues
' Ao = ¢ v W P ) 3 = a1 ~ ¢ v W
SIUNTAIUTIANUNTALUAUA AU LARNUBIAUSLNBUNTY bardldnaIuiaIuIsa AUy

laRdudnesrUszneunils wazn1swauakuUinU)Asen (reactive compounding) @432v1

'
1 =

Tiluanavesnadiweslunadwesivaudegntoenidadalasunisusuuse viladdiui
& ¥V o YA o L3 d’ a é’ < ¥
ansavauniiulafnuesAUsEnoUUARTY L TuRY
Reactive compatibilizer A9 ({J1uASAsNiRNasTenanlunedmosiuaunlneyinld
WAnuseiallsyuinawedwes luesavsyneulusyninanseuaunisnan Wunsiiuussda

a ] | % ~ v a & a ~ a s ¢
L“WL!‘EJ']381/1'3']\1LWﬁaQNaELWEJ'quﬂ']ﬂV]ﬂi%ﬁ]']ﬂfﬂ?llsﬂu']@Laﬂaﬂ I@smua’]immaﬂuwaaLuaiwaum

] a

WA A ULA AU AR UATATETEUINUNE FIVIRUINARI18EITANLTIA IR
MRgTUNIRY @rsUszneaudunadileseenles (organic peroxide) Avasusznaudumnis
lleanTlauasternauAnfulsendl niaseand (peroxy group) -0-O- lulassaine dadle
losuanufowiiliie free radical lugduuy R-O» detiuaseenlundunidiaiusslovily
FeAISUUHATE (radical initiator) dnsunisiianedwelsiedu Fea158un3diles
ponlgniivainvalsUselan Wy polyester, peroxydicarbonate, diakyl peroxides, diacyl
. . & v o X Y] v o = =
peroxides, hydroperoxide way peroxyketals tJufu Mstn1slaausosristienuanise

lumsiinuisenvesdeseenlenduinavuansluguuuuaia®in (half-life) gaumgisng 9
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2.7 msaewmuadslulduwediuas (Mass transfer in polymer films) [1, 10, 11]

Sorption  Diffusion Desorption

s Low concentration/
Low pressure side

High concentration/ ©% [

High pressure side .::o

Y N

Membrane
Thickness, [

5UN 2.5 MUsENRULUUIIReINISTURIULUY solution-diffusion [11]

nsilaanavuInan 1wy O, CO, H0 way N, anunsaduriunedimefiuuiusy
vidolau 1laannanuuanaves pressure mthililuusandouliluianaiadeudiiiuain
Uil pressure gelugafuiiil pressure s Fsnisesursusingnisaluesmstusinuves
Tuanavuadnluneduesiaeldfuuudians solution-diffusion Usznaussauduney (a)
M139ATU (sorption) Yedlatanavurmandisinududugatingiammusuviedian (b) ns
unssin (diffusion) veslatanavunmLdnanuInae R adugdlUS T ittt
HIuLUsUs oAy waz () 113A18gy (desorption) NuATsIEIEaN Ui Hefidaay
udumusaiusunioa

TneUnfenidssafamaiiinty vieanasesaudinsdiuvesineuarlodruildy
fnaznannisdiuresnisaratefudiurasnisuns fefuauaiusalunisdusinu
(permeability, P) Seduwusfuduuseanslunisuns wie diffusion coefficient, D waz

duuseandlunisazae wse solubility coefficient, S

P=D*S (1)

Hszavslunisuns (D) eBunefssannisedeuiiviovaumanivesansiiluiana
yuradnsuateldnediues denazAIuInan Fick's first law 38 second law of
diffusion dwfuduuszavslunisazans (5) wansilsAnisazansvesansiidluanavuiaidn
Tunedwesidudnsdiuvesmnududurasasiuanavuiadnnoulas nain1sduriuned

wesdeAuiuresing WsenFantu Henry’s law
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! [ ! a ¢ & ::l' a A
nsunsvedluianavuinanluaeldnediwesinazinfeunii unsiuasuwuainy
WUTURINITEENI (concentration gradient) 85unemu Fick’s law azladnsivedluianad
= A & A Y v = 1 o oA = & v < !
AU W UANTdanTlsianal Mvuadniansadeuiluidunse wasidunisunswuy

steady state FepuiUugulivuA U
aC Q

oo 2 2)
ox At
lo F fie Wénd wi3e snsinisaneleusa (rate of mass transfer) wasluianavuin
Bn Glusuna Q Tunilweiiudl (A) sonidwniisnan @ Tnefl C ferududuvesas
Tuianavuiaidn x e Aianislunisiadeuivesaisluianavuinidn 9 aC/ax AoA1NIs
WasuwUasrududunuseeznne e concentration eradient Tufievng x
wnanuutuvesieselathiiaosduresildunedwes (C, uag C,) uazaay

nuwesaunedues (L) wavilunsdl steady state al@in aC/ax anansald (C, - C/L Ia

Q aC C, -G
¥R p— A& (3)
At 09X L

(C, - C,) At
QeD—=— (@)
L

(%

dmsuing niAudutY (O UShiadEiagduagiuausu (p) m1u Henry’s law

Toe s Ao Audsedvdlunisaratpvasansiianaidnluwedues Maduusinanisdy
mumaﬂmﬂmaqaLﬁﬂﬁmuﬂéuwaﬁLuaéﬁ]zﬁﬁuagﬁuﬁmﬂizﬁw%‘hmmwi uavdulsyansly
nsavans 39 Ap e pressure eradient S¥1314 2 Hivesildunediues

QL
P —

) AtAp

(6)

Fick’s theory dufignuitussdulunsunsriuanannisidsundasniududuni
%8N8 %38 concentration gradient waslifin1siinufAsensevinsansluanavuindniv
aelawodiued Fdlumnudusiimsunsiiaududousin iunainain (1) concentration
gradient fn1siABoufiuuy non-linear fimsidsuntadlunsiedeufidioogludonodiuos

(2) W39UU (driving force) ®1a113910 chemical potential, molecular dynamic wagn1s
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N3¥AeRIved free volume Tuillonadwes (3) N154fin interaction sgninansluanadniu

aelanediues B9 lmAnNISIAARUALUY non-Fickian b9

A1519% 2.1 A1519N15US8UTBUNISTUENIY Barrier Parameters

Barrier Property Equation Unit

Water Vapor
o weight passed through 5
Transmission Rate WVTR = g/m--day
area " time
(WVTR)
Oxygen Transmission volume passed through 5, o
OTR = cm”/m*-day

Rate (OTR) area * time

lun1svageu gas transmission rate (GTR) duTusesnsan L wag Ap Aiviniuliield

donndesivaunsi 6 dmsvanuBmsauniunisdurulilatuiusssuviivesianeeig

¥
= U

WAgY WA uiuaamal AuRy warANaUdius Fddunsfinwaudinisduriudnazgn
AnwlagiinisAruAndn1Ie NS transmission rate WAz permeance dn1siUasuulasly
a6 | = I a a = 1 1% ! ) v a e a
AUAMNNUIVOINAY LRENIITTEULBUUSEANS AunIsTuEulaas 1@ msuauned
sala = Y | %
wesniauul >10 um [12] luannzuazainumuiieany lagaunuiszdinatiosad

wuunIsanasveIns s tute nglwiuuTea

_ WVTR - Film Thickness Relationship
1500 I 0.80

- £ o7\

= = \

[ ] N 060

= 1000 £ N

'Ei ~e 050 \

= 8 040

: 500 ? 030 N

: «

2 T ——

o |
0 0.10 i

26 66 98 132 0.00 3 o 3 P . o > ¢ 1
Thickness (micron) Thickness in mils

JUN 2.6 N9 ANUEITUSTENI 199N TINs TN Wesiwean A warlourfuaumuives
Waunwediwes (4e) OTR v83 PLA film Tuudazainumun [13] uag (¥37) WVTR v89

polyethylene film Tulsagaiumun [14] (1 mil = 25 um)
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2.8 UILNNYI94

A5 UNUTLLANVBINITAIUNSTURY (Barrier classification) ANUNISTUEIUYD

=)

aunedwes wazanumunzanlunisldanuiuussydue [15] nsduuntsznniluszdu

1Y a

N, g9, AN waz i Fanssuwunussianmalunsazunass1adsliandilivinduudidu

e

= o oA

Pilndidsstuiesnnlildidefvuslunisldeuivussitusiudazuszinnogaudn
Tnelunns1e 2.2 HumssuunUssammsBusinuesigosndiauiaslevinunusioans
Tunrsldnuvesussaie laglda OTR uag WVTR wudn PVDC wag EVOH dnmssunsdy
ruvesfngoondiaulags lusasiinanainfiunnaangldmedinmdu 9 Sn1sdumunsdy

N UYDIA MR DNTLAUNAT LATDINNAVDINAEARNTN bANFA1 AN ININEINSUNITATUNIUY

= 1

n1sguRuvetlounsrgnimegluszianai vielinsiiunisduniuvedleunlidesd me

v
IS a v

WnRadin1s 39y WaukaguFuuan1sinunsBuinueeing Welvimuivaudmsunisly

9

'
o

uduussdn waznisldeuiudu q Pdeinisn1sBuiuvveiiweandiay uazlaunia

A15197 2.2 NSIUNUTLANVBINITANUATITUHTY (Barrier classification) 1A OTR

way WVTR [15]

Barrier OTR [cm3/m2/day] WVTR [g/m2/day]

classification  ar 23°C, 0% RH  at 38°C, 90%RH ~ “PPlied for
low >100 >100 frozen foods, fruit, vegetables, sugar
medium 6-100 6-100 chilled foods (e.g. dairy)

dry foods, high aroma content,
1-5 1-5 oxidation sensitive (e.g. peanuts,
coffee, spices)
high sensitivity products (e.g. infant

<1 <] S
nutrition)
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Barrier properties of bio-based and conventional plastics

10000,0

1000,0

100,0

10,0

OTR [cm3/m2*day] at 23°C, 0-50% RH

1,0

01
0,1 1,0 10,0 100,0 1000,0 10000,0
WVTR [g/m2*day] at 23-38°C, 85-90% RH

@ Currently applied materials at HF ® Other conventional plastics © Bio-based alternatives

JUN 2.7 Ansinununs@unu (OTR uag WVTR) ¥84 petroleum-based plastics Ua

bio-based polymers [15]

dm3UgUT 2.7 uanden OTR fiu WVTR vesildumeuiasidunssiouiiisusnsinig
Furhuresigeondau Aunistudivvedleiivemeawesutazain TnensTuruvedle
999 petroleurn-based plastics fiA7in1n11 biodegradable plastic &4 PET waz PP 1Ju
petroleurn-based plastics AfinTsFumunissurumeseoendiaunazlomia Sanums
Tinunedwesaosiailunslinuussqiasiegrun dmiu biodegradable plastic 84l
fogrtaluninildeuduiiduussyfusiinonuinionisduinuredledrssidiiganin
petroleum-based plastics WANITTUNIUYBIOONTLAUVDY biodegradable plastic Usuiind
ffisng petroleum-based plastics

n15USUUTsaudAnIsAUNIUN1TTURIU (barrier properties) vosiauazloth 1
ansnsadumumsTuruldintu ansavildvainuaisds wu maviulsilasaiisues
WodLue3 (polymer structure/architecture tailoring) Mgl NMsFIATIZIINDRLLDT L
-OH TulAssad19ves PE w0 (-CH,—CH,-) a¢ldlassasnemiaaiives PVOH daiinisdiunisdy
ruveafgeandiaufigenin PE [16], svhildunanedu (multi-ayer coextrusion) fun1s

TR duLAaz Rl lulfas Tuiia il dulnesudlaudAnainvaty W n1sinway
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VA TUNil EVOH agumsananedin1siumun1s8unIuYesineeangiauigs winsauniuy
n1sfuRuedlaiug Asludslseny PP agtuueniliantindiesenisUaniindieniny
Sou uazlinuiunudsituvesleuildd, msedouusulssia (coating) 1WUASWABULUAY
X a a s a ¢ = - A a e Y W . = i i = %
HuRIvesldunediwes Fanisadeuiaiiduadneiu coextrusion 38 lamination #43xld
Tauvaetuwsiesiuniiduilannnisndeuiiasinnuunssaululasaudsssduuluana

1o sauvsnsldunluwalulagidianududpaudfnisaumunisduiu 1Juisavilnaans

(%
v

wnsvasieuazlothenniuanndunaiinaien (tortuous path) luideflduweawed 8nma
ndsniidnsidseynieuluiismieilifamdnuniu eymeauiluiifiafivoui
(hydrophilic) 1@ ¢lalvauin (hydrophobic) 9z dinase solubility coefficient a83Waw
nanocomposite f8819Y8I0UNANILYL WY clay, graphene, chitosan wardu o widsily
AuwnIvaty wazlinufuatlunifgraIrnssuAenadwasiuaus 3e polymer blending
BalaovhludinldlunsuuussandimenuioularauAidanavomedues uddmiuns
UsuussnsBuruvestianagledn fnasvhnsuaudtunedie sidauifinisfuniunis

TN

Biodegradable
Barrier Packaging

JUN 2.8 wwmemdntunisusuueussiasiivliaud@inisiununis@unuias (1]

NNMsAnwINMReTeNfiduuTIfusiomsfidunuluaiiioannediuesiuaud
s¥wing PBS/PBAT Mliilfiuuazifudefeonlediusfizuufitonlasursanalgniud il
fuogd (3] Seluriideilidonlfidesesnlas 2 viin fio DCP w3a Dicumyl peroxide way
Perkadox 145 Usznausheiesoonlusiog 40 % dufimdereunaidounsusiunuaydan
n&sannInuaudiu PBAT ludndauiigetu dawals elongation at break Liintu uay

¥R991nIN1TLAL DCP wudanunsausulgeanuiiulavesnediuesivaud uin1sTusy
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Bululdernidosanifanisidensnannifuluanaiudediwes DCP magidedavasy
giaUeseonluemidy Perkadox 145 Wu3masainiin1siiu Perkadox 14S aunsausuus
aradnuldanmainmadontinewes PBS way PBAT WlefnwAsmduiavesmentinty
fldumeAwosnuiniledndiures PBAT indudsaliauuduiaveamentinanas ilasan
PBAT fi4217nn41 PBS uanainiinsifin PBAT dsnalidnsinistukiuvoslotiuay i
pondauiiinty Wukaunannisfinturesdiu amorphous wagndsandifiu Perkadox
145 wuiAynduiaindanas uardnsmsburinuveslevuasfnwoondinuiistudle

Wigunussuunbiiiy Perkadox 14S

mMsfnwInsiuans PLA fu PBSA Tne Bishwabhusana Palai wazage [17] Fiinns
Wi Epoxy functionalised styrene acrylate (ESA) %59 Joncryl® ADR 4368 TuUSunauesd 3
9wt §018u chain extender vty compatibilizer vinsivausluduneuiiion uaz
ﬁﬁugﬂé’aﬁ%mﬁ blown film extrusion WaNUIIMEIRINNITHUAUA PLA/PBSA/ESA (S1, S2
way S3) Hlaseasadunuu long chain branching (LCB) %ammsaéﬁaﬂuﬂWiﬂ%“uﬂqqauﬁ’a
Wana NsBuRuvesieglunedilesiuauailan WuITwodiuesiuaualau d9nsIn15TuEIU
yesfgeandiau (OTR) wavsnsnsdurnuveslers (WVTR) anas 60% uay 14% Ay

Waeunu PLA

A15197 2.3 M119LARIA1T Oxygen Wag Water Vapor Permeability 989 PLA/PBSA lLag
PLA/PBSA/ESA [17]

Sample Name OTR O, Permeability WVTR Water Vapour

(cc/m’.day) (cc/m>.24hxcm/bar) (gm/m’.day  Permeability

(gm/m’.24hx

cm/bar))

VPLA 318.25 122.96 175.00 0.88
PBSA 365.78 155.17 231.82 1.28
80PLA/20PBSA 158.53 69.65 163.56 0.93
90PLA/10PBSA 167.79 72.45 189.31 1.06
95PLA/5PBSA 173252 80.18 196.23 1.18
S1 109.95 49.14 129.63 0.75
S2 125.14 59.72 134.62 0.84
S3 130.88 57.50 145.83 0.83

NSWSENNANIINNSIUAUATEY PHBA AU PBAT 989 Mara Cunha Wavmuy [18]
wazinstugiluildusiunszuiunis blown film extrusion sazdiia die asanuulngay
1aWdu mono-layered film wag bi-layered film lagwuin PBAT ¥aglunisusuugsaudn

£

\WINAVDINBALUDSIUAUA @14 PHBY adialiauifnnsturIuuoInaduasiuaunndy hag
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A o X a e . ) ' wa a a s ¢ @
LN@V]']ﬂ'ﬁ‘Uuz‘UWﬁ@JLL‘U'U bl-layered film  WUINENURLTINAVDINDALUDILUAUALNYULNIAY

PBAT &eanunsaeonuuuiialssyndldnuiuussginmonisla

N9UITEUD4 Idris Zembouai kazaue [19] ladnwraudAndsannnisiuaus
wodinosiawisauanadatsldnie@aninszuiag poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) 158 PHBV iU polylactide %38 PLA é?fwé’ﬂmﬂmﬁwauﬁwudwmuﬁmﬁu
Yo3dngIu PHBY anunsavasuiuussnsdnumunisduiuesiwesndiau uarler 19
AnsTuruesiieeendiou wazlotnldanniuveinediwesiuaus PHBV/PLA wazds
Usuugnsiandnues PLA iansanadnunntu Tnewdn PHBY viwihfiduiuededlsi
PLA Felun1siiandnidunisifinanngaaifsslunisunsiiuvesing (tortuosity of the
diffusion path) 8ntan1siidl PLA TussAusvneuneditesivausdmalimumilnvedagsau

YDANDALUDSIUAUALANFITU

Y

4 25

T=23°C RH=50% T=23°C RH=50%

N
I-Irg)

3,40
T
ES

]
o

142

o

HH
g

0,92

=)

Oxygen Permeability (OP)
Icm1 pm .m 1 day !atm I]
N

WVVP [gm s Pat10])

o
w

0.42

: ] ]

& 1y & n
N & A
& » s° - &
N N Q
N N S
QQ 5 Q‘-b QO Q@ N
Ea & Q X Q &

3U17i 2.9 Bvdwavesdnaiu PHBV #e (918) oxygen permeability (OP) uag (121) water

vapor permeability (WVP) w89 PHBV/PLA blend [19]

o

1N9UITLVee Qirui Sun warAme [20] lavinnsAnwdnswavesnadwasiuaun

[V
v a

5¥1379 PLA U poly(propylene carbonate) %39 PPC dndau PLA:PPC 40:60 Tuszuuiisi
Wulazlady chain extender Joncryl ADR 4368-C) WUI%adanifis chain extender &
nsUTulsInudiula uag interfacial adhesion segwinsaeuaiisuuuy PLA-Joncryl-
PPC copolymer ufin15tfis chain extender 9av119n1sannanaas PLA Tuwediuosivaua
PLA/PPC dmsunisfurinuvesledidedinisiuaud PLA avtheanlunsduruvedlet e
Jleusu PPC iefinnsifiu chain extender wudtlun1siiu chain extender Usunautios (0.2

phr) agyilins@usnuveslod ity walloinusunal chain extender (1 phr) N15guRIU
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vadlotniiAananileioufunisiiia chain extender @ 0.2 phr {WuraannsinvINenIsen
AN PLA %&sanufia chain extender waziiiowfinu3unas chain extender azifinnnsidiou
YNBITUALTOTAVININ USRS L FANSUAINISTUIUYBIN 1R DNTLIY
wuimedlwesiuaus PLAPPC fiAnnsduruuesingeandiauiidinin PLA wag PPC vadl
Wukazlady chain extender Imansidy chain extender TuuSunaunnagyinlinisduny

99999NTLIUBNAINIINGHAU chain extender USunatiay

2
=

0.8 -

+

=
£

Y

=

=
=

w
=)

WVP (g*mil/ 100in®-day-mmHg)
=
!

Oxygen Permeability (cc*mil/100in?-atm-day)

=
=

A B C 1] E F A B [ D E
Film Formulation Film Formulation

gll‘i?i 2.10 (418) water vapor permeability (WVP) taz (321) oxygen permeability (OP)
2849 PLA/PPC fl’jqﬁl,?\muaxhjl,?m Joncryl 1ne A PLA/PPC (40/60) blend films, B
PLA/PPC/Joncryl (40/60/0.2 phr) blend fitms, C PLA/PPC/Joncryl (40/60/0.5 phr) blend
films, D PLA/PPC/Joncryl (40/60/1 phr) blend films, E PLA films wag F PPC films [20]

msfnuenadullflumaiiiduihlavssyfusinansosensenld  (idding
films) 10 Pitcha Liewchirakorn wasaniz [21] TWdufiinasiuausdsswing PLA fu PBAT 7
Aurunnenu (20, 35 way 50 um) BmsUantnAeausauu PLA sheet (350 um)
flgamgiinisTasne 9 lnsaznunalaueinisasneendiunnsnsiudaguil 2.1 Tag (a) tearing
failure lsitAnnsasnoonvesildnvazyaaey tHosanamnuudaussvesnsdadigs wio seal
strength 1A184031 tensile strength YasWlay danalvilduvineanainiiu (b) partial tearing
failure WuwseiildlunisaendosninnIsuaninuuu tearing failure Wdntoy uAflduas iy
Aan1saenesn wazwneenaniy (c) cohesive failure Taufiuuiliuflazasneonlluvns
NAAOU LarA1 peel strengths WOBNIINITUANTNLUU tearing Wag partial tearing failure
szfurniadeszning 20 - 80% vaeszeznisaen (displacements) waz (d) adhesive failure
Hduazanunsaaeneenain substrate tndielaeldiifiauvdefnegiu substrate wavilen

(%
[y

peel strength s dvsuauided Mdu PLA/PBAT 80:20 finnamun 20 pm wingauld
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JudldurBandinun PLA sheet 1§ iflosannfianuanunse easy-peel lidding film Tned

ALLDILSI peel strength 71 8- 10 N/15 mm Tugegaumgil 76 - 105 °C

[L,’ S T (a) Tearing
7 14 = === (b) Partial Tearing
, ’i m i @ (c) Cohesive
7 ';' 121z = (d) Adhesive
N y S 104F
=) §
8
7 [] s
i/ \ {L 7 :;i 6
D S 4
¥ & @
7 2 '\
&) ¢ P
0 10 20 30
5 Displacement (mm)
/

Ul 2.1 nidnwaiznisaeneenilaumediuesann PLA, PBAT uag 20PBAT/B0PLA g

(a) tearing, (b) partial tearing, (c) cohesive iag (d) adhesive [21]

d115UNISANYINARNIINNIITAAI8AIINTOUVDIN AN polyethylene-based
nanocomposite Tutsgampiinis@adisnaiu Ui substrate fishafu 4in1551897uA seal
strength Tutig 1.8 = 5.3 N/cm (1-2.5 Wb/in) [22] wuinidutlsveensaeneanainnisda
sfhepufoufiasnneanléing (easy-open peel) #m3U flexible packaging Ushianduuse

WWINBUYRIFUN 2.12

T T T T T T
16 - —a— PE/EVA/clay on PE/EVAfclay
—o— PE/EVA/clay on PE/EVA
| —&— PE/EVA/clay on PE/clay
{2 | —®— PE/EVAfclay on PE
—&— PE/EVA/clay on HDPE 13

Seal strength (N/cm)
o0
[

Seal strength (kg/in)

4 r %’_*—*—ﬁ— — g ——— 11
- ‘% - s =
0+ 6.89 MPa (1000 psi)/8s 4 0
T T T T T T T
1o 115 120 125 130 135 140

Sealer temperature (°C)

SUT 2.12 Seal strengths fugamaiinis@aues PE/EVA/clay Ut substrate sinsvilafu [22]
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Uni 3
A9N15AIUUIY

3.1 Jaguazansaintdluauide

0

0
I I
HO{C ——(CHg)y— C— O—(CH2)4—O%H
n

5UN 3.1 lnssaamaeiiveanedtniqudngiun [23]

wodUaiaudadiun (Polybutylene succinate, PBS) BioPBS™ FZ91PM 31na PTT MCC
Biochem Company Limited id1gd1miun133u3ulnenssuiunis blown film extrusion

ey cast film extrusion

o)
I I | |
C—(CHg)—C—0—(CHg)y—0—C—(CHz);—C—0

5UN 3.2 Ipseasamaniveanedtanaudngiun-la-axsiun [23]

wodtaaudadiun-la-azaiun (Poly(butylene succinate-co-adipate), PBSA) BioPBS™
FD92PM 910 PTT-MCC Biochem Company Limited iinzdmiun1stugulnenssuiunis

blown film extrusion Lag. cast film extrusion

o)
| || |
~|E —0—(CH2) —O—C—(CHyp);—C—0
n

sﬂ‘m 3.3 1A5985 19N LALUDINDA TN AUBL ANN-LA-LMLSNNLaN [23]

wodlanaussamn-la-msnnitan (Poly(butylene adipate-co-terephthalate), PBAT)
Ecoflex® F Blend C1200 910 BASF chemical 311 Usginmanigaiusni winnzdmiunis

%ugﬂimﬂizmums blown film extrusion wag cast film extrusion
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CH;,
CH; ?I) !

| (R
H CH C H C
1[0/ ~cry” Ho/c “ow; |oH
. Yy

JUN 3.4 lassafamaniivesedlansendtniisnlaansisn [24]

noalansondUanisnlaansisn (Poly(hydroxybutyrate-co-valerate), PHBV) ENMAT Y1000P
91n U3 Tianan Biologic material 9179 Uszinadu Inedusutulansendansise (hydroxy
valerate content) 3 mol% mmsﬂﬁﬁugﬂimmismums injection  molding,

thermoforming, blown films extrusions tk&i¢ cast film extrusions

CH, CH;

CH; (|3Hs ?—o—o—?—cm
CH3—C—O—O—04<;§(;H3 CH,
cHy  CH,

3‘1]‘17; 3.5 Inssas v apiiued Diltert-butylperoxyisopropyl) benzene (Perkadox® 14S) [25]

Di(tert-butylperoxyisopropyl): benzene (Perkadox® 14S) (DB) fianweauzilunadv1 i
Ustnautosoanlas 40% Tagiwith diuesrusznevdudu Caco, way SO, 1nu3em
Akzo Nobel Uszindlve 16i0u free radical initiator fieviwihiifiuanudiulé

(compatibilizer) Tun1suaualaesl tl/zﬁqmmﬁ 180 °C Uszaeu 2.5 wil [26, 27]

H3C CHS

O.
O

H3C CH3

5UT 3.6 Tasaasramaiadives Dicumyl peroxide [28]

Dicumyl peroxide (DCP) 99% Hanwazidundndv1d aanusem Thermo Fisher Scientific
Uszinmanigonsnt 16y free  radical  initiator  wieviutdinAudula

(compatibilizer) Tunisiuaualaedl t,, ﬁqmmﬁ 180 °C Uszanad 0.7 Wil [26, 27]
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g‘i.l‘ﬁ 3.7 lassasumaaiiaas Multifunctional epoxy chain extender Joncryl® ADR 4468

Tnei R, 89 Rs 11U H, CH, w3any alkyl [29]

Multifunctional epoxy chain extender Joncryl® ADR 4468 (ECE) Juansiadiuseian

Multifunctional epoxide vimtifilusveneaisle (Chain extender) wagansiinAauLdn

fulg (Compatibilizer) aMnuUSEm BASF Chemical Co., Ltd. fianwauzilunanla fa1 Epoxy

equivalent weight wirfiu 310 n¥usielus, gaumpidsuaniugadeund (Tg) 59 °C,

Wtinluana 7250 wazgaumiivaedlugie 120-140 °C

3.2 \pgaslienldluntsnauiasduzuruu

3.2.1

3.2.2

3.2.3

3.24

[

wosnanneluuuda (intermal mixer) §i MX 105-D40L50 U3 La3ayimi 17in
Uszinelny

Lﬂ%@ﬂﬁﬂ%ﬂgﬂ (Compression molding) g1 PR10-W300L350 U3® 133eyiietl 911m
Uszinelng

\F3098A3ALUANSE (Co-rotating twin screw extruder) L/D = 40 Ju HRJ-25
US¥N Enmach Co.,Ltd. YsenaAlu

\P3essaInTiduwaaRn (Cast film extruder) §u LBE20-30/P U3%M uduiva Loud

Wesa 91im Uszinelne

3.3 A9 IATICALALNAGDUAUNURVDINDALUDS

3.3.1

3.3.2

ndesgansIAUBIaNATEULUUAeINTI  (Field Emission  Scanning  Electron
Microscope, FESEM) 3u MIRA3 U3%% TESCAN Usginaansnsassgian

AAIUANAIUNTY (Desiccator Dry cabinet) ju DE-80AD US¥wm w1eilgdu drin

Uszinalne
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333  AB0wAABUMITKUesAY (Gas permeability tester, GTR) §u GDP-C U3t
Brugger Useineilensau

334 \SesadeUANTRANNSAIEA (Universal Testing Machine) §u NRI-TS500-58 U3
WIunTBuanguiu I1in Yseinalne

335  A5e38alnUInge wuuaenusewlled u BSV-51 uswm iy uiia 911in Useinelne

3.4 YUABUNITAIUNITIAY

a ¢

3.4.1 MSAPUNDALNDIIUAUARIELATENNENLUUTA (internal mixer) wazvuUNEY

v o X v % \ .

A28N13AVUIUNIWANTOU (compression molding)
NM3ANEINSIASEUNBALBSUANARIN PBS Uay PBSA tWussAusenaundniuauniu

PBAT 38 PHBV lusnsau 80:20 thuufjisen free radical Inesiin DB TuuSuias 0.02 phr

wazU)Azen condensation tagsiisl ECE TuuTunas 0.1 phrwagUfisensiuiuvesuisen

free radical wagUfi3e1 condensation lagifist DB 0.02 phr + ECE 0.1 phr lngdndiuvas

a5 ATiLgluN1sMeaRdlneNISIANANY PBAT $9ANSA 3.1 Lazn1siuauaiu PHBY ¢4

an3197 3.2 Falunrsiuaudu PHBY dn15dsusiinues peroxide Tnsdsuain
DB Ju DCP inTuUSuaiiindn Tunisvaaeadiuainnisnaunedinesuas reactive
agent TuSninesuavagnlvidiiu aniuviinisuaudeiriasaunuuda (intemal mixer) 7
gm0l 180 °C AmssaulunIsHeay 100 sousaui tunan 10 wii lnedinishianiuen
wsedasEarinanisne ndsentudineanie il luuadeieiesun (erinder) deneunisuay
imodwosluoulanuiuiigunl 60 °C Fiudu mntushnstusuiidudenissatugd

a

MEAINTBU (compression molding) Maaumail 190-°C TngaruAuALUdUNeFLa v

Y
(%

fimunun 100 pm neutlunegeudu ¢ lutunsly

A15199 3.1 FAIUVRIANTLATNITLUNISANWINISASIUNDAUDSLUAUATBY PBS Ay PBSA

WusssUsznaundniuauaniu PRAT

PBS | PBSA | PBAT | DB ECE

reaction Sample
(Wt%) | (Wt%) | (wt%) | (phr) | (phr)
PBS/PBAT 80/20 80 - 20 - -
Non-reactive
PBSA/PBAT 80/20 - 80 20 - -
PBS/PBAT 80/20 DB0.02 80 - 20 0.02 -

Free radical
PBSA/PBAT 80/20 DB0.02 - 80 20 0.02 -
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A15199 3.1 (Aa) d@naiuYe9EIsPANLlUNNISANYINITMSIUNDALLDSUALATBY PBS way

PRSA HuasAUsenaundniuauanu PRAT

PBS | PBSA | PBAT DB ECE

reaction Sample
(Wt%) | (Wt%) | (Wt%) | (phr) | (phr)
PBS/PBAT 80/20 ECEO.1 80 - 20 - 0.1
Condensation
PBSA/PBAT 80/20 ECEO.1 - 80 20 - 0.1

PBS/PBAT 80/20 DB0.02
Free radical + ECEO.1

80 - 20 0.02 0.1

Condensation PBSA/PBAT 80/20 DB0.02
- 80 20 0.02 0.1
ECEO.1

AN 3.2 dRaIUVRIANSARN T IUNTSENYINISISHUND AN UAUAUDY PBS way PBSA

Wusesdusznaundniuaunnu PHBV

PBS | PBSA | PHBV | DB ECE | DCP

reaction Sample
(Wt%) | (Wt%) | (Wt%) | (phr) | (phr) | (phr)
PBS/PHBV-80/20 80 s 20 - - -
Non-reactive

PBSA/PHBV 80/20 £ 80 20 - - -
PBS/PHBV 80/20

80 - 20 0.02 - -
DBO0.02
PBSA/PHBV 80/20

- 80 20 0.02 - -
DBO0.02

Free radical

PBS/PHBV 80/20

80 - 20 - - 0.02
DCP0.02
PBSA/PHBV 80/20

- 80 20 - - 0.02
DCP0.02
PBS/PHBV 80/20

80 - 20 - 0.1 -
ECEO.1

Condensation

PBSA/PHBV 80/20

- 80 20 - 0.1 -

ECEO.1
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A15199 3.2 (Aa) dnaIUTBIaNsSIATNLTIUNISANEINSHSEUNDRUDSIUAUATDY PBS way

PBSA LHuasAUsenaundniuauaniu PHBY

PBS | PBSA | PHBV | DB ECE | DCP

reaction Sample
(Wt%) | (Wt%) | (wt%) | (phr) | (phr) | (phr)

PBS/PHBV 80/20
DB0.02 ECEO.1

80 - 20 0.02 | 0.1 -

PBSA/PHBV 80/20
Free radical + | DB0.02 ECEO.1

- 80 20 0.02 | 0.1 -

Condensation | PBS/PHBV 80/20
DCP0.02 ECEO0.1

80 \ 20 - 0.1 0.02

PBSA/PHBV 80/20
DCP0.02 ECEO.1

- 80 20 - 0.1 | 0.02

3.4.2  MSATEUNDRLUDIIUANALUUABLIUBIATELATRWASAANSA (Twin-screw extruder)

a,

nazdusUNduAeLAsaw@nsalaunangdin (Cast film extruder)

Y

[ (%
=

vdannsfinwandRzednisiuausmeaTamauLULYa LazTusuinnssatugy
sennuieu Judenunigninaaiasliifatymlunswaudiuusiodeduaios twin-
screw extruder Ingazidongnsiluiinns crosslinking 9nsavesnLssTaluszninemns
wanlun1sMnandseiu lab scale T9aginTounoaosiuaunain PBS Lay PBSA 1Ty
939AUTTNBUNANAUARY PBAT w38 PHBY f18m51da1 80:20 lasnisivaudluszuy
reactive blend tiousutssaudrnuld Ssdeuvhnseulaanutunediuesiiguvnd 60
°C dudu ndsniuinavaudiiolilEiSaaeumnddeniassainansg (twin-screw
extruder) gaumnilunisnay 90 - 170 °C wagAuLITRUAN] 250 SoURauyl tnudndiu
nanauLAnIRIn1ei 3.3 viniseuldautugamad 60 °C druRunouvinistugdidu
fidumodiueifeniosdniafidumanaiin (Cast film extruder) gruvniin1sdusy 100, 165,
170, 185 °C, Arwi§aseuans 95 sauseundl, gungignnaanaeifu 20 °C, muiaves
Qﬂﬂaywa'alﬁu (chill roll speed) 3 m/min LLazﬂ’J’mL%ﬁ%a\igﬂﬂgﬂuﬂ’ﬁﬁﬂﬁéu (nip roll
speed) 2.5 m/min lngAruAuAUTaune s idaumwl 100 um fowiluneaey

u 9 ludustely
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A15719% 3.3 dndruvesansinldlunisinSsuna i siuaunvad PBS way PBSA 1u
29AUTENOUNANLUAUARY PBAT 1130 PHBV f8LAT098AIAAN3A (Twin-screw extruder)

wardugUilaumeLasesniaildunanain (Cast film extruder)

PBS | PBSA | PBAT | PHBV | DB ECE | DCP

Sample
(Wt%) | (Wt%) | (Wt%) | (Wt%) | (phr) | (phr) | (phr)

PBS/PBAT 80/20 ECEO.1 80 - 20 - - 0.1 -
PBSA/PBAT 80/20 ECEO.1 - 80 20 - - 0.1 -
PBS/PHBV 80/20 DB0.02

80 - - 20 0.02 0.1 -
ECEO.1
PBS/PHBV 80/20 DCP0.02

80 - - 20 - 0.1 0.02
ECEO.1
PBSA/PHBV 80/20 DB0.02

— 80 = 20 0.02 0.1 -
ECEO.1
PBSA/PHBV 80/20 DCP0.02

- 80 - 20 - 0.1 0.02

ECEOQ.1

3.4.3  ANSNAEDUIASINISTNNIUTRIAIwRNTAY (OTR) wazlalin (WVTR)

5UN 3.8 1AT9INARBUINTINTITUNUYDI0BNTLAU (Oxygen transmission rate, OTR)

auURAgNIINITBUNIUVDI9DNTLAU (Oxygen transmission rate, OTR) NAADUAM
UIRTFIU ASTM D3985 a1 dufI9819AIMUAAIINNYET 100 pm AARULNUNAADY
opfidlouvesdfifiuiilunisnaaeunsd 5.064 cm? deunismnasuilugnoinimeenliiy
qmmﬂmﬁgﬂé"}uuuﬁéwmaauLLazéﬁuaﬁﬁ\léwmaauLﬁuwm 3 §alue wdentusi

naaeulngUassfwanndiau (O,) IHAINAY 1 USSEINIARI88RST 50 cc/min NUSLIel
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> a o Y o & > a e <
ATUUUYDITAUNAFRUKALIATOINARBUIL TAAIUAUTY 2 Aruveslldaunaaeulluiig 3
FILUg AUANQUUTN 23 °C waziUasBuAANUTUENINS 50 %RH F3A1 OTR lAvzuans

Tumite cm*>m2day’

JUN 3.9 NsnaaeudnsNIsBuniuvesteun (Water vapor transmission rate, WVTR)

autRgnIINsTURNTLYele (Water vapor transmission rate, WVTR) naaaus1y
UM ASTM E96 1ne38 Cup method Wausegaimunaumun 100 pm Tdvinuniaen
NoIvUIN 20 g (Lﬁumu@usﬁﬂawmﬂummLLf’fﬁﬂLi‘]uﬁuﬁiumsLLaﬂLﬂﬁaumm%u 2.4
LWURLUAT) Uisg%émLaav‘fmﬂwﬁ'L“fJumiQmmm%uTJﬂwﬁﬂiawiaiwiw%mmﬁ’u Iplopld
High vacuum grease wagWITINURAL ﬁw%umuidﬁai’waaﬂamwmmﬂﬁﬁmsazmﬂéuﬁa
Tnunadouaaolsd (KC) WA ududivs 75 %RH muaugumnd 23 °C uddainiin
Wasuuvasluyn 9 24 Fluaduran 200 s lagvin1Tmaaeugnsay 5 sample A
WVTR frunaianmnadutesns e iudimusssrinannsidsnulamminiiiatuiuna,

Anegou d9A1 WVTR Alauandlunuig ¢m?day?

3.4.4  MsANYIENEUAMFIUINEIVaINRRDTIUAUA

anwazdugIuIngl (morphology) TnehTusudmasuiiuin (rectangular shape)
yaanedesiuausiiiuuasliifia reactive agent luudlululnsaumarauudes anndu
WnogesimdliAnn1suaniin (cryo-fracture) udatndeusisunanfitu-esusnadiud
WANANA18NITUIUNIT sputtering noulUANwIdn vz dugIuingnienlsmaila

Scanning Electron Microscopy (SEM)
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3.45 N1SANEIENUALYING

n1sAnwaudAldena (tensile properties) A7t universal testing machine #1154

[
v = 1% v

Fuaunlanasannsrauwuula (intemal mixer) Wagdugumen1sdadusuimeninusou

Y
v

(compression molding) NAFBUAIULUINTFIU ASTM D-638 type V Insfiusuaslanymue
fuua audalunisiediuay 10 mm/min Insawan load cell 1 kN wazdmsuildudils
n&99 N33 ugUdsIATeadaafdunatain (cast film extrusion) ¥N1INAABUATY
1175510 ASTM D-882 Taein3euduaiuildulviinnuen 177.8 mm n¥19 25.4 mm Tag
RN (gauge length) 127 mm s¥eymssuduaudiuay 254 mm auidalunisi

F191 12.5 mm/min Tngauna load cell 500 N

gll‘ﬁ 3.10 4A309 universal testing machine



29

< (Y a, =® Y 4
3.4.6 NISNAABUAIULVILIIVBINITABNBBNUAIAINNITUANUNAIYAIINTIU (peel

strength test)

\

5UN 3.11 inses@alininguiuuanenusiaiiles

nszuaumsDantin vie 9 ferudouresdidutunuiufeganaussaios T
wispndnTunuiunIafinuen 3.5 81 119 1 Inefogeniaussdusinieuain
wodluesluauAsEming PBS/PLA/PBAT (35/30/35) fiamnamun 800 um dafiunsideunuy
YBUNIAUTIAIUI (Tray) inastantindieanuieuluditeungiisne 4 Idaailunisda 8

a = = v = 19 A A a oA
W (18 rpm) UAINUNINIYTA 1 cm ﬂ')ﬂLﬂs@ﬂ‘UaUﬂUqﬂQ\iLL‘U‘Uﬁ']EJ'W']um@L‘U@Q

JUN 3.12 NMINAaeUANLTILTITeINITADNBBNMEIIINNSUARTNAIBAL T U

(Peel strength test)

ANULTILTI89N15ABNDONMAIINNITUARTNABAUSoU (Peel strength test)
IneunTlduiilaannn1sBaumaaaunie universal testing machine A1UXIM3§14 ASTM F88
(Technique C) 1xlun1aon 180° 588¥y9TENINNIU 101.6 mm T¥ENITTUTUUMUGY

25.4 mm é’mwmiaaﬂ%umu 200 mm/min agwuna load cell 500 N
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uni 4

NANSVNAADILAZIATUNANITNAADS

Tuenidseivhmsanuantinisfuriuresing audfidena uaranuuduseenis
A9NDDNYMAIAINN1TUANTENAI8AIILTIU (peel strength test) FpswoaAlLBTIUAUALABL PBS
uaz PBSA WuesdUssnoundniuausiumases PBAT n3e PHBV Tusnsndiu 80/20 sl
2UU non-reactive blend way5¥UU reactive blend Fan15iUauAluss U reactive HU 3
U381 Aa UA3e1 free radical, Ufjisen condensation wazUfizensiuiuvesujizen
free radical AUUA381 condensation lnawiinisnaasseenilu 2 aou lngluneuwsnidy
nsnauNDALoUAUAlLSAY ab scale FeLAdosuauLuLTA (internal mixer) wagdugy
Wéuéﬁ8ﬂ135@§ugﬂﬁaaﬂuwu§au (compression molding) d@wluneuiideudunisuauned
wiedaudluseAuisonamnssaieieiesdniaansa (Twin-screw extruder) wastugUilda
Feesesdninfldunanafin (Cast film extruder)

¥

4.1 MIATHANDTUDTUAUARBLATIINANLULTA (internal mixer) wazduguilaudae

N39ATUgUAIEAIUTBU (compression molding)

[
avu

Tuduusnvesaiseiiunisinwiaunifnmstuiiuvesingeandiau uagletn
audfiTana wag peel strength test 0 INoaLINBSIUAURLABN PBS Way PBSA 1Uu
94AUTENOUNANLAUATUWATEY PBAT 38 PHBY 18m37d71 80:20 uufiizen free
radical Ingagifial DB TuuSuiae 0.02 phr wagUfisen condensation Wneiu ECE TuuSuna
0.1 phr wazUfisensinduvesljisen free radical AuUfAT81 condensation lagLsiu DB
0.02 phr + ECE 0.1 phr ¥n1suausewmdsaainuuda (internal mixer) LLazﬁﬁugﬂWémé’w

N159ATUFUMIBAIUTEU (compression molding) Inemuawlvda3mmul 100 um



4.1.1

AnwINaYDIALSIUA IUTENININISHEY

wazauiinnsiualaedl PBS
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LA

PBSA ussAusznoundniuaudiuinasas PBAT %8 PHBV 9sluseuu non-reactive

blend wazs¥uU reactive blend

T =180 °C, 100 rpm
20

154

Torque (N-m)

/ PBS/PBAT 80/20 DB0.02 + ECEO0.1

PBS/PBAT 80/20

PBS/PBAT 80/20 ECEO.1

PBS/PHBV. 80/20 DB0.02
PBS/RHBV80/200ECEQ.1
PBS/PHBV 80/20

T
200

T T T
300 400 500

Time (s)

600

5UM 4.1 Auselnsendnaniswauves PBS/PBAT 80/20 blend uay PBS/PHBV 80/20 blend

719lUsEUU non-reactive blend 1agsyUU reactive blend

T =180°C, 100 rpm
20 1

154

Torque (N-m)

PBSA/PHBYV 80/20 DB0.02 + ECEO.1

P PBSA/PBAT 80/20 DB0.02 + ECEQ.1

/ PBSA/PBAT 80/20 DB0.02

PBSA/PBAT 80/20

PBSA/PBAT 80/20 ECEO.1

OARNAG)

PBSA/PHBV 80/20 ECEO.1
PBSA/PHBYV 80/20

T
100

T
200

T T T
300 400 500

Time (s)

600

SUTl 4.2 Ausedasewinanisnanyes PBSA/PBAT 80/20 blend wag PBSA/PHBY 80/20

blend vi9luszuu non-reactive blend wagssUU reactive blend
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a

nsAnamAussinseninensnaufeiadesnaunuuln (intemal mixer) Mgamai
180 °C mna3soulunisuas 100 seusioutd Wuian 10 wrd 9IngUR 4.1 Ausedn
seinsmananiil PBS Wussduszneundndifimsivausiiu PBAT Wumasesaziidusednd
ganInIsuaudiu PHBY 1umases ilesainauvilnves PHBY fitfessnn uay PHBY
annsafinnsaanesuileldiuaueunonmailndide sfugamgiivaey [5] Wefiansan
NMLUaLs PBS/PBAT 80/20 Wuinmsiuaudiisinisiiu DB 0.02 phr Aussdalutng 10 wil
RUg9TULINNTINIUALALUY non-reactive E19FALIU WANITUAUATIINISIAL DB 0.02
+ ECE 0.1 phr fusedalndidsafunisiuaudiiis DB 0.02 phr wazdnumgvesnsmiiinng
L@y DB 0.02 phr way DB 0.02 + ECE 0.1 phr idnwuznsmussdnaaisiunis crosslink

Y0981 dmSunsiin ECE 0.1 phr Wldsnasianisiudenulaesmussdaseninanisnay

dlofia15an PBS/PHBY 80/20 #UNIStUauASiN1S1Ais DB 0.02 phr wag DB 0.02
+ ECE 0.1 phr danalirusalnsgvintenssaniingeliunnninsiuausiiuy non-reactive
uidnumensmusednlinudnene crosslink AdNEs1 dmsunmsuaudifinisdu ECE 0.1
phr lidarasianisiudsunlaswosrussdnsy ninennsnay LLasmﬂgﬂﬁ 4.2 nstuaualagll
pBSA LHussAUsEnoundnfliraiduu luguiesdudunisiwaudlaed pPes (Ju
09AUsznaUNan Tne PBSA fivuaudiu PRAT 1ulasesazuanimisadaseninsnisnaugs
nInswwaudnia PHBY [luinases uaziilonisiuaudluseuy reactive 7ifinnsifin DB 0.02
phr wag DB 0.02 + ECE 0.1 phr ?1"1LLNﬁ@iS‘WjNmiNﬂNﬁﬁﬁQﬂsﬁum’]ﬂﬂ’jﬁmiLUauﬁLUizUU
non-reactive kagn1st#u ECE 0.1 phr

nsiuaunlaedl PBS Wag PBSA tWussAuszneundniuaunnu PBAT wse PHBV 1Ju
WaseaazLiy DB 0.02 phr wanslidiumusednseninsnisnauiintusdadiulddndie
WeuAun15IUaUALUSEUU non-reactive kaEN15LAN ECE 0.1 phr wansliiuiianns
\AnUFATEmMEaIn AL DB uUfATe free radical Fsilnam active unniinsidu ECE
WuUAATE7 condensation wAnsAtuaudiu PHBY ladnudnuwmensmussdaiiiinnis
crosslink Ag18814 asnnifan1sudstuiuseninanisiinnsdenvinsuagnisaaiesiile
Isumnufou Fdunsiianisdenvdilfifansifervmeaimunaunedwe fiuaudlesu
audoundalualdliuiidu dynamic crosstink 399z1ianas crosstink Tuanelenadiues
U13d9U (partially crosslinked) n3za18ogludruiiluald Fandsaindidinsiiu reactive
agent \unsifindminluanavemedwefivausdmalinuninvemedwesivaudi

ANUNilaTgey
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60
49.9
50
—~ 40 +
=
S 318 303
a
30
=) %66 24.4
N
o
= 20
10.1
10 1 75 8.0 8.7
T T
) S S o e < O & o> o> NI
i (O P AT (O FC o ¥
\QgP %Q\qp %“\qp @F \Q\(@ %Q\r;p %Q\qp @x
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U 4.3 Avdiuiinislvavesweauesiuaudues PBS/PBAT 80/20 blend wag PBS/PHBV

80/20 blend ﬁ’jﬂussw non-reactive blend LLagsyuy reactive blend

60
49.9
50
3
1S 314
=
> 301 26.3
~ 23.7
[ 20.0
2 20-
- 2.1 24
O - T T T L T T T
@& %“91@0@'&@0@'\’ o \‘%0‘1“0@'“1 o@'ko@'\’ ~°
LSRN N x NN N x
P SN LA AT T A
P (o0 ARSI\
© PAQ%P\ PAQ% o ® Q‘?‘Q’ Q‘e\% \100
@ 1P & &QN\@‘ &
969"3? @sPF

U 4.4 erdviinnslnavesmedmosiuausues PBSA/PBAT 80/20 blend way PBSA/PHBY

80/20 blend Mi9lusguu non-reactive blend wagszuU reactive blend
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NNFUN 4.3 war3ud 4.4 mdviinisivaveanediuesivaunlagnudl wodwasiuaug
VdN3LAY reactive agent agiinnuniiafaulaefinnsanainadsinisivanieianas uag

dlofiansan nedwesivaudiiuaudiu PBAT Taewiiu DB0.02 phr waz DB 0.02 + ECE 0.1

=

phr azdarviinslnafianasnnaeandssiunsnatnseladudunaannsiianisidon

o

PINAATY dsunisiuauniu PHBY laefitdu DB0.02 phr wag DB 0.02 + ECE 0.1 phr
xnud deduiinisluaanasdntesdaenndesiunsnasidnigauuansmusadaly
WAanwMrN1T crosslink Aa18819 Taenisi@y ECE 0.1 phr lddinadanisiudsuniagan

a d“ ¥ % v a r.:l' 1 -'-NI d{' = U U [ 3 .
wssDndegenmansiunuinisluanluivdsuilaaiiofisuiuiun1siuauawuy non-reactive

- 0
35 T =180°C, 100 rpm

PBS DBO.02
/

30
25 4 PBSA DB0.02

20

Torque (N-m)

15
10
] \ PBAT DBO0.02

PHBV DBO0.02

0 100 200 300 400 500 600
Time (s)

gﬂﬁ 4.5 ALLIIUATEMINMINALYDL PBS DB 0.02 phr, PBSA DB 0.02 phr, PBAT DB 0.02 phr
ey PHBV DB 0.02 phr

nsfufufsnisdeuvisluaelanediued wararwannsoluninfaujiteves
reactive agent AUNWBALNDS FINIATLUAUA PBS, PBSA, PBAT wag PHBV AU reactive
agent fagUfl 4.5 wu1 PBS uaz PBSA fiaudeshlunmsiinufAtendu DB 1nnnin PBAT
waz PHBV Tnedunandsanidiu DB 0.02 phr dnvarvesnsnussdatunailugig 10 wid
fidnwaiznis crosslink Ad18819 Faa1ndnvazresnsmuandifiuinisiinnindeuwing
Y9INDALNOS lne DB 30 Diltert-butylperoxyisopropyl) benzene vy free
radical initiator 9L AAN9LT0uINIUURATEN free radical Fasewinvaneldwediuaiay
Lﬁmﬁﬁ%mﬁammwan macro free radical @1%5u ECE #39 Multifunctional epoxy

chain extender Usznauludieny epoxide eiinudaalitemsiinufjisen condensation
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fumy carboxylic vaanediues [5] Wofinrsandnuaiznng crosslink AdNBE13YB3 PBS WAz
PBSA 7i5in154@ 1 DB 0.02 phr wanIdnuaziduieafun1siuaudvues PBS/PBAT way
PBSA/PBAT 7ifin 54 DB 0.02 phr Inendunannnedwesiandniiieslatiu DB Aiflusua
wnvliAans@euvndduaeldnediwes #msu PHBY fifinnsifiu DB 0.02 phr wuine
uwssdnseninnsnauiiananasesnaiulddauansdainnsaanedidoldsuanudeunnnid

ASLARNISTIBNYIN wazdudulain PHBY wWislasuainusouinnisaanasidu

4.1.2 AnwazduguiInevaInnsiuauduas  PBS  waz  PBSA  fidu
29AUTENAUNANLUAUANULWETDY PBAT %38 PHBV M9lUssUU non-reactive blend wag

9%UYU reactive blend

SEM HV: 15.0 kV WD: 9.51 mm
View field: 10.4 pm Det: SE
SEM MAG: 20.0 kx BI: 1.00 Silpakorn University

SEM HV: 15.0 kV WD: 8.98 mm | | | MIRA3 TESCAN]|

View field: 10.4 pm Det: SE 2pm
SEM MAG: 20.0 kx BI: 1.00 Silpakorn University

(d)

-

SEM HV: 15.0 kV WD: 8.93 mm | | MIRA3 TESCAN]

View field: 10.4 ym Det: SE 2pm
SEM MAG: 20.0 kx BI: 1.00 Silpakorn University

SEM HV: 15.0 kV WD: 9.36 mm MIRA3 TESCAN|

View field: 10.4 pm Det: SE
SEM MAG: 20.0 kx BI: 1.00 Silpakorn University

SUTl 4.6 Snwazduguinewes (a) PBS/PBAT 80/20, (b) PBS/PBAT 80/20 ECE 0.1 phr,
(c) PBSA/PBAT 80/20 wa (d) PBSA/PBAT 80/20 ECE 0.1 phr firnlululasiauwman

AUAIAU



36

anwuzdugIuInewsInedwesivaunuinarin sinduaulululasiauivan

¥ (2
=

o s = v o Ao o |
NH91NNTLUAUALAZYUTUTUIUAIEAINT DU Iﬂﬁ]LLﬁﬂ\?.ﬂ']W‘V]ﬂqa\"]sUEﬂEJ 20,000 11 L&mg

Y

Snwasduguing1vasgnsiliitinnts crosslink Liesandanmisatusuld Wofinnsan
N15sUauA PBS/PBAT 80/20 wuin PBS/PBAT 80/20 HdnwausdaiguinghuuaynAnay
vounaseenszrgeglunandn vuineunIAUIEuI 0.5 - 1.8 um wazn1siuaud
PBS/PBAT 80/20 f1fin15ifisl ECE 0.1 phr wuiwﬁaumﬂﬂammmﬁu wmaummé‘ﬂaﬁa
VUINBUNIAAAAUNFRUTEUNU 0.1 - 0.8 um dmFudNwrdugIWING1VD9 PBSA/PBAT
80/20 Afidnwzdus I NTURafuNAEl PBS iussdusznaundn Tnemaiuaudiifa
ECE 0.1 phr iflssnediazanmnsaviuuginnuidnfuldfuduaneynaveamanszaieiidn

BN

e
SEM HV: 5.0 kV
View field: 83.0 ym
SEM MAG: 2,50 kx

A ¢
SEM HV: 5.0 kV

View field: 83.0 ym Det: SE

SEM MAG: 2.50 kx Bl: 4.00

(d) 3

AT, - £
e
SEM HV: 50kV WD: 8.88 mm MIRA3 TESCAN)|

View field: 83.1 ym Det: SE
SEM MAG: 2.50 kx BI: 4.00 Silpakorn University

A o p
SEM HV: 5.0 kV 'WD: 8.82 mm MIRA3 TESCAN|

View field: 83.1 ym Det: SE
SEM MAG: 2.50 kx BI: 3.00 Silpakorn University

SUTl 4.7 Snwausduguivenes (a) PBS/PHBY 80/20, (b) PBS/PHBV 80/20 DB 0.02 phr,
(c) PBS/PHBV 80/20 ECE 0.1 phr ua (d) PBS/PHBV 80/20 DB 0.02 + ECE 0.1 phr fivinly

Tulasaumal Auansu
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Snvarduguinewemedwefivausuinainisintunulululnsauman
vié’qmﬂmiLuauﬁu,as%ugﬂ%umuﬁwmm%’au TAOUARININTRI&Iv81Y 2,500 i1 waERS
SnwaLHugIUINeIVBY PBS/PHBY 80/20 waiiuwazlalify reactive agent HdnuazALRY
fugvszuanAnanIsiuaudiu PBAT Wuwaan PHBY TiAuasluuansismmundduldenues
PBS uay PHBV lagnuI1n15tuaunliuseuy nonreactive 38 NUBYAIANANTYD WA
nszageglumandn lngaunianaudvuinuszuin 5 - 10 um ¥aIINNISUAUALUTEUY
reactive 715n194iu DB 0.02 phr, ECE 0.1 phr wag DB 0.02 phr + ECE 0.1 phr NUINBUNA

<

a & a Y & =
ﬂallGUENLWﬁi@\TLWﬁJQJWﬂﬂumu’]@auﬂqﬂl@ﬂaq Iﬂﬁllmu’]ﬂa‘k!ﬂ’]ﬂ 2-4 pm LLﬁ@\ﬂVfLV“Uﬂ\Tﬂqi

UFUU§9 interfacial adhesion s¥winalaNATUVBIIHANENKALINANTEAE

b
SEM HV: 5.0 kV WD: 9.48 mm |

View field: 83.1 ym Det: SE View field: 83.1 ym

SEM MAG: 2.50 kx SEM MAG: 2.50 kx

Ty Y. TN o G

A - P - - ¥ wo 2 o A = : 1
SEM HV: 5.0 kV MIRA3 TESCAN| 5.0kvV WD: 9.09 mm MIRA3 TESCAN|

View field: 83.1 ym Det: SE View field: 83.1 ym Det: SE

SEM MAG: 2.50 kx BI: 4.00 Silpakorn University SEM MAG: 2.50 kx Bl: 3.00 Silpakorn University

5UT 4.8 dnwaizdngiuine ues (a) PBSA/PHBY 80/20, (b) PBSA/PHBV 80/20 DB 0.02
phr, (c) PBSA/PHBV 80/20 ECE 0.1 phr waz (d) PBSA/PHBV 80/20 DB 0.02 + ECE 0.1 phr

d‘ L% o >
Prnlululnsauman muansu
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Snvarduguinewemedwefivausuinainisintunulululnsauman
‘vié’amﬂmswauﬁuasﬁugﬂﬁwmm%’au Tnouansn niif&sens 2,500 Win wanIdnwee
FugnuAne1ves PBSA/PHBY 80/20 filailfi reactive agent i droplet AiflvuinLdnnszane
T matrix wansdanaudnfuldaues PBSA fu PHBV fifleudndulafnd PBS fu PHBV 7

falaiiA reactive agent \levnsiuauslusEUY reactive wuiteymAnauvoswasoslaled
Wasuulad widn15USUUTe interfacial adhesion sewiniafidtuvesiarandnuazia
nsza1e @usulunsalvues PBSA/PHBY 80/20 DB 0.02 phr w41 interfacial adhesion
seMIRILgat01fuNaN1AN matrix inNM51301wI99NNNTAL peroxide Way matrix 3

AMIIeglnU peroxide

4.1.3 AnwraudRnIsTUNIUY9 PBS way PBSA Tiiluassusznaunaniuauanu

W a@589 PBAT %98 PHBV M19lUS2UU non-reactive blend wagseuu reactive blend
¢ P = ° = ae a ¢ fa ¥ o ¢ v

N13AN¥INITUEUTIIEIIN TR uIUTaUnefesiuaualandeannnisiuausnieg
wIBIRaNLUUTA (internal mixer) A38N158RUUFUAI8AINMTBY (compression molding)
lngaruauANuvuauliiaumun 100 pm lagdnArIndmaiansiiadu v3eanasues
auURN15TUNuveIRwkaslateulan dnavnanisdiuresnsazane (solubility) fuglu
0INsWng (diffusion) Flunanisneasuduniswansdnd 2 @ulaginUsuiufiiveandiay

waglouazaranluilefay unsHuildn azangeenludnilsvssilautufe A1 Oxygen

transmission rate (OTR) WagA1 Water vapor transmission rate (WVTR)

4.1.3.1 951N TUKVVRAwNTAU (Oxygen transmission rate ;
OTR) ¥@4 PBS uaz PBSA fiilluasAusznauvnaniuaudiuinasas PBAT %3a PHBV wislu

3%UYU non-reactive blend LLla¥53uu reactive blend
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U 4.9 $asmsTuruvesfnwaendiau (OTR) 48¢ PBS/PBAT 80/20 blend uaz

PBS/PHBV 80/20 blend fl’j\‘ﬂuisuu non-reactive blend LLlagsguU reactive blend

600 4 588

500

452

400

300

200

100 +

OTR (cm®/ m? day bar) at 23 °C, 50 % RH

SUT 4.10 ns1nsTusnuesingeendiou (OTR) w8 PBSA/PBAT 80/20 blend waw

PBSA/PHBV 80/20 blend ﬁgﬁiuisuu non-reactive blend Llag5¥uu reactive blend
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mﬂgﬂﬁ 4.9 LLazgiJi?i 4.10 LEAIRNIINISTUNIUVBIN LD DNTLAU 138 OTR Va9 PBS
way PBSA fillussdusznoundnaudduiituaus fuases PBAT wio PHBV waluszuy
non-reactive blend waxSEUU reactive blend 33 PBS axilA1 OTR tiosni PBSA @1y
PBAT auiifn OTR gafigm a1 PHBV azild1 OTR fisfiga efiansannisiuaudues PBS
way PBSA \ussAUsEnaunaniuauaniu PBAT WUIINISIWAURMISYUU non-reactive A1
OTR w89 PBS/PBAT 80/20 S getuiiioiFouifiouiu PBS wuifioafuiy PBSA/PBAT
80/20 A1 OTR fegstuidiawfisuifufy PBSA Liosann PBAT WumneAwesiidsnsinisdy
shuﬁqmdnﬁgq PBS waz PBSA uaviilofiansas PBS/PBAT uay PBSA/PBAT #ifin1sifiu ECE
0.1 phr wudien OTR Suurliuanaudntioaiofieufunisiuauduuy non-reactive wiAd
Alnadsstunedwesluandn WeRansaanisiuausaes PBS uay PBSA fiiuausiu
PHBV Tiuinasesasnuinnisiuaumlussuu nonreactive A1 OTR anastiosninfldunedies
wlavdn waziflefin1suausfiini iy reactive agent wuia @1 OTR Fuunliiuanaswinnd
NMSLUAUALLSEUU non-reactive Lavlinaed reactive agent luilAdananodnsn1sun1uve
2ONTLIUDY19TALAY
4.1.3.2 5ﬁiﬂnﬁiﬁuﬁﬂu%aﬁ‘laﬁﬂ (Water vapor transmission rate ;
WVTR) ¥4 PBS was PBSA Milussdussnaunaniuausiumases PBAT v3a PHBV s

Tuszuu non-reactive blend Kazszuu reactive blend

100

84.43

804

60 +

40

33.89 3119

124.97

20
1558 15,9 1458 14.64

WVTR (g / m?day) at 23 °C, 75 % RH

g‘uﬁ 4.11 SpsmsFusiumasledh (WVTR) w83 PBS/PBAT 80/20 blend wag PBS/PHBY

80/20 blend Maluszuu non-reactive blend wagseuUU reactive blend
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g'ih‘?'i 4.12 SvsinsTusutedlarr (WVTR) 2199 PBSA/PBAT 80/20 blend way PBSA/PHBY

80/20 blend M9lusguu non-reactive blend wagszuU reactive blend

mﬂgﬂﬁ 4.11 LLasgﬂﬁ 4.12 uane8nsInasduruwesletn wie WVTR ¥4 PBS way
PBSA MussdUssnaundniuausdfumases PRAT se PHBV walussuu non-reactive
blend WAz SUU reactive blend tandliiiuian1 WVTR vo9 PBS fitiasndn PBSA d@1u
PBAT Hufidn WVTR figafian dwi¥u PHBV fudlen WVTR fisiian uasidlofiasannswaud
Tnefl PBS uaz PBSA L JussAUsznoundniuausiu PBAT Mduasesnuita WVTR Tu
AISLUALALUY non-reactive A1 WVTR Sdngetuidladioufunefwosiandn iesain
PBAT unwoBimesiiisnsnistusinuiigininis PBS waz PBSA uaziile PBS/PBAT uay
PBSA/PBAT ifisl ECE 0.1 phr denalvian WVTR fluwsldfuanauiiefisuiunisiuauduuy
non-reactive @slndlAessiual WVTR gasnedweslumandn wazilofiarsannisivausaes
PBS way PBSA Mfuiandniu PHBY Huinaso9snuInn1siuausluss uy non-reactive
A1 WVTR anastesninfidunedmesivandn wazidlefinsiuausfidnisiia reactive agent
WU A1 WVTR Suunltuanasnnninnisiuauslussuu non-reactive 35ufinves reactive

agent luiladsnanodnsnnisunnureslourognsdniau
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NHANITNABDIONTINITTUNIUNIVDIDNTLAURAL LU WUIINISAAN OTR  way

WVTR 7viiuduvseanaddilaratetadedeilrnududau wianuan1snaaadd s unuInigy
A1 OTR waz WVTR Adsundadluiunainutinuonedwesss PBAT N1s3un1uaefiei
' a ¢ Y] v v o A X | ~ PR & A
gandmedwesivlandndanaliuiliuvesn1sBusd ety di PHBY dn1s@uniiuvesfingi

ANNIMND AL BSNEVNANAINATAWUILULVBINTTUHIUAAAS

wdsnfidnisvauslussuy  reactive  aiiuldiuwilduvesnsduriiurestne
sendauuarlen (OTR way WVTR) fluwiltuasandniosdiodioufunmsiuausivuy non-
reactive  \ilpainudsnmsuaudlussuuiifinsiiy  reactive  agent  dn1sUiuUss
interfacial adhesion s¥winsRavemedlWe Sdelainty farudriuldrunndedy wey
nsifiu reactive agent dswaliAnn adonvnsvasmeliwedues dwaliimnluana
aurndvinisluafianas iadulassassifinedensainlVaunsoulsnistusiy
vosfweandiay warlovnld Fiaonmdosiueuistuns Qi Sun uazenr (20 16
¥nsAnwsvEnavemeaasiuaussywing PLA fu PPC lussuuviiiiiuuarlaidiy chain
extender WUINMAINAN chain extender IN15USUUTIANNULA wae interfacial
adhesion  ¥nIdRUNENFUKUY  PLA-Joncryl-PPC - copolymer Jefinsiin  chain
extender zAan sWonrInAndulasadie long chain branching way cross-linking

structures @11N5AETAVINNISTUINSNIUYDINI LA

4.1.4 Anwraudfidenavas PBS was PBSA Tiussdussnaundniuaudiuma
599 PBAT %58 PHBV ﬁ'ﬂuszuu non-reactive blend Lag32UU reactive blend

MsAnwELTABINANEIINNISIUaUREIBIAS e INaNLUUTA (internal mixer) LAz sn
JugUienufeuliiiufununndeumsiedamuuinggiu ASTM D638 type V anifuth
Fusuiilénnaaudiesn3os universal testing machine #288n51152 10 mm/min 14 load

cell 10 kN
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AN5199 4.1 auURanavaInedasiuauslaeil PBS waz PBSA Nidusirusenaundniuaus

AuLlaseas PBAT %38 PHBV 119kU58UU non-reactive blend kagseuU reactive blend

Young's Elongation at [Tensile strength
Sample
modulus (MPa) break (%) at break (MPa)

PBS 325 + 7.35 234 + 4.00 358 + 1.85
PBSA 176 + 9.78 489 + 77.93 22.8 + 2.32
PBS/PBAT 80/20 249 + 12.83 441 + 81.49 358 + 4.25
PBS/PBAT 80/20 ECEO.1 241 + 8.68 386 + 49.52 34.1 + 2.03
PBSA/PBAT 80/20 112 + 4.81 549 + 19.31 21.7 + 0.81
PBSA/PBAT 80/20 ECEO.1 110+ 9.43 601 + 55.02 21.8 £ 0.79
PBAT 44 + 6.03 1332 + 117.55 27.3 + 5.69
PBS/PHBV 80/20 507 + 49.28 10.2 + 3.29 27.6 + 3.28
PBS/PHBV 80/20 DB0.02 582 + 45.11 12.2 + 4.00 26.2 + 3.54
PBS/PHBV 80/20 ECE 0.1 576 + 48.99 11.3 £ 2.50 29.1 + 4.45
PBS/PHBV 80/20 DB0.02 + ECE
o1 582 + 45.11 12.2 + 4.00 26.2 + 3.54
PBSA/PHBV 80/20 258 + 43.46 11.6 £ 0.45 15.9 + 1.05
PBSA/PHBV 80/20 DB0.02 308 + 23.08 12.8 + 1.06 15.9 + 1.09
PBSA/PHBV 80/20 ECE 0.1 236 + 32.83 15.0 + 3.55 142 + 1.73
PBSA/PHBV 80/20 DB0.02 +

308 + 23.08 12.8 + 1.06 15.9 + 1.09
ECE 0.1
PHBV 1476 + 113.33 6.2 + 1.60 373 + 0.99

anURAIaNavod PBS way PBSA Miluserusenaundniuausiuinassas PBAT wse

PHBV %1911S2UU non-reactive blend WagseUU reactive blend #901519% 4.1 Tagaa1u

WANAI9UDY PBS 9gdAN Young’s modulus 1nnni1uagdl % Elongation at break finniniile

\Weufu PBSA Lilafia1sauIn1siuauaiu PBAT lag PBAT dad1uganguiigs lagnaeain

nsiuauAfuases PBAT 719lUsEUU non-reactive Wag reactive blend Wu31A1 Young’s




a4

£ '
! =< IS

modulus 3iANanad wazA1 Elongation at break fMaswuiliaifiuiunediuesivandn wely
finuuansnefuseninamsiuausnslusruuiunas iy reactive agent Wiofia15an
nskuauAiu PHBY 3sldn Young’s modulus ﬁgqmmmzﬁﬂ Elongation at break taguin
Fandearnnsivausifu PHBY flumases aluszuu non-reactive wae reactive blend
WUIAn Young’s modulus Sifnfinduuazen Elongation at break fidnanailewieufune
Awesandn dmdudn Tensile strength at break fidln&iAsafuvosnediueiivaudisly

syuUAuLaz AL reactive agent

4.1.5 N1SANYIANNLTILIIVBINTITABNBBNUGIRINNITUANTINA8ANSouYaY
PBS way PBSA filluasAusznauvdniuaudiumasas PBAT wia PHBV %slusyuu non-
reactive blend wazssuU reactive blend

AMsANEIANLLTILIIIBINITARNBENNEaIINNTUaRTnAeAuS o uvesUniy

[ (3 IS )

UTTiuaLNsadanaIasneentainy (easy-open peel) Ingiflduilandsainnisiuaua

9

[
U =2

uazdndusuduiidudunrdoulitianumuivesiidud 100 pm ndsantuinsdade
arufoulutnagamgiinns q funia PBS blend sheet fifimnusun 800 pm antunaaay
AN 15D In15800 (Peel strength test) Tnsdrflaudiléainnisdaumagaudae
universal testing machine #11u1013914 ASTM F88 (Technique C) gﬂummaﬂ 180°
§a31n1908NTUIIL 200 mm/min TAgauIn load cell 500 N Fausuiadsfioglugas

4.45 - 12.24 N/25.4 mm Juusifianansadaudiaeneenléing (easy-open peel) [22]
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25

—=— PBS
—e— PBS/PBAT 80/20
1 |—*— PBS/PBAT 80/20 ECEO.1
—e— PBAT
20 4 —a— PBS/PHBV 80/20

PBS/PHBV 80/20 DB0.02
PBS/PHBV 80/20 ECEO0.1
| |——PBS/PHBV 80/20 DB0.02 ECE0.1
PHBV

15

10

Peel force (N/25.4 mm)

T T T
110 120 130

Sealing Temperature (°C)
Ul 4.13 nswlennudusiussening Peel force Augumalinldlunisaves PBS/PBAT

80/20 blend way PBS/PHBVY 80/20 blend ﬁylﬂuiwu non-reactive blend LLlagsguy

reactive blend Ul PBS blend sheet

A5 AINduRUSTYN I Peel force AuguvnAAililunisdaves PBS 1Tu
pefUsznaUndnflwausiuiased PBAT wia PHBY #lussuy non-reactive blend wa
32UV reactive blend éﬁ’qg‘dﬁ 413 laeldulseAD129 easy-open peel WUI1 PBS {1973
gumaiinistaudiasnesnliiioiigng 105 - 110 °C g PBAT Hregaumgiinisdaudiaen
ponldinefigetiugas 115 - 125 °C dwisu PHBY Falsifinduniaidiesnnilgaunginaoufias
Sefian5a41 PBS/PBAT blend %33 Peel force Augamafiildlunisdangsyning PBS fu
PBAT Tnetasgnumgiinisdaudiaensanliieiitag 105 - 120 °C Falvragaumgiin1sdaudn
aeneenlédteninauindu @1y PBS/PHBV blend nui1 A1 Peel force vdannniuausfiu
PHBV tisluszuuiiinuaglsiifs reactive agent fidanasiiosndn PBS Wnties waveglutgi
guvniinnsfaudaonsonlddiiedivag 105 - 115 °C wiidlegamgiinisiagsdiu 120 °C dn
Peel force fATlndiABaiunsdaiigamalin 115 °C Fududedinvesiidumediwesivaud

U PHBV 1aeflduannaonnaun1saanaanaingin
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25

—&e— PBSA

PBSA/PBAT 80/20
7 |—e— PBSA/PBAT 80/20 ECEO.1
—e— PBAT
PBSA/PHBV 80/20
20 PBSA/PHBV 80/20 DB0.02
— PBSA/PHBV 80/20 ECEO.1 T
E |[——PBSA/PHBV 80/20 DB0.02 ECEO.1
E PHBV
<
ELE
N
~
Z
A e A o e A R A
(5]
o
5 104
—
a
[<B]
o
s4 X S A ey
W
Lk
0 , —a

T 1 y T . T T T
80 90 100 110 120 130
Sealing Temperature (°C)
JUT 4.14 nyvianuduiudsening Peel force fugaumginldlunistiaves PBSA/PBAT

80/20 blend way PBSA/PHBV 80/20 blend ﬁgﬂmzuu non-reactive blend LLlagszuu

reactive blend Ul PBS blend sheet

N3 AINENNUSIENI Peel force Auaamgiinidlunisdalaedl PBSA (Uu
99AUTZNBUNNAIFUN 4.14 MTaulUTI easy-open peel WU PBSA H¥399un iin1s
Faudiaeneantiirg g 90 - 100 °C4o93n PBSA Hgungiin1svasudindl PBS uaz

a0 1 1

#&99INNNTIUALARY PBAT 141U non-reactive ua reactive blend wuiifia1agsgming
PBSA uay PBAT Inevasgaumgiinisdaudnaonesnlaineivag 105 - 115 °C Fsiltrsgamni
nsdaudaaonsenlddreniieuiniu @miu PBS/PHBY blend wudn A1 Peel force
wdsanuausiy PHRY seluszuuiiiunar lalifiu reactive agent fifnanastiosndn PBSA
Ention uazeglurrsgaumgiinisdaudiasneenliinefizae 100 - 105 °C Feuwualuves
Peel force fugaumniivas PBSA 1uesAusznaundniuauniuinases PBAT w3a PHBV

wunlduuieaiuiu PBS Wussrusynoundn
INFUN 4.15 UanadaguuuunginssunisasnaennasannIsUakinaleauiou
Tneazuiseanilu 4 dnwuy feil (a) adhesive peel dunedluosaTaIU15080N00NIN

substrate ladglaglidiflauvdefinegiu substrate (b) cohesive peel Wauiluuiliuiag
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a
9

A9N0aN kA VUENAFDU LAISTNAUNDA

wesuNdIuAnegil substrate Fen15aENRENYDY
LUV (a) adhesive peel waz (b) cohesive peel 5@d%‘ﬂﬂﬂ’]iﬁ@ﬂ@@ﬂ‘0@ﬂNW@@Uiiﬁgﬁmsﬁlﬁ

318 @IULUU () partial tearing peel WUWSINLEIUNITABNALUINAT 2 WUUTNAUTIHAL
WORLUDIILITUAANITADNDONUAZILVINDINIINAU WaZUUU (d) tearing peel luiiinn1sasn

ponvesildunediwesvaenagoy esanAuLTIusveIn1sUnntniigs dawalviilduuie
98NAINNY

% ¢ ’ ?
N N T
v 4
4 Y
WNN R

a) b) ¢) d)

g‘dﬁ 4.15 5UlUUNgANTINNISaBneen a) adhesive peel, b) cohesive peel,

o) partial tearing peel Kag d) tearing peel

WafiNanNgAingsUN15a8noanvakiunInlule easy-open peel w3aUINLEUE
WASINANTNA 4.2 Uaza1s iR 4.3 WulvataInnIsaeneenyed PBS uar PBSA LUu

peRUsEnaUMaNIuauAny PBAT Hulases finisasneenuuy adhesive peel Fsflduay

anunsnaeneennanladelagliifldumdefsagivain dwsunisivauai PHBY 1w

seaiinmsaeneenuwuu - adhesive peel Usililaanmniilumsdaasdunuiniinsasnasnuuy

. = als o v | Y a ¢ | a
cohesive peel Felauiiluildunazasneonlaluvus e ULAIENUTUTDSHALUEILAR
une @

dumsgravnisugeusulunsasneanasLuuienuIaUITaaeneanlaig
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4.2 nswssunadafiuaualaedl PBS was PBSA ussAusznaundniuausiu PHBV

wazasuviinuas peroxide a0 DB Wy DCP TuuSunauiitviniu

nsanwantRinsTuiuvesfeeondiau uarleth audRiBana was peel strength
test vomoAmasuauAlnedl PBS way PBSA Wuawiusenoundniuaudiumases PHBY 7
9n31d7U 80:20 HIUUATE free radical lngawifin DCP wvu DB luuSunamindufe 0.02
phr wazUffse1siuiuveslisen free radical AuUfisen condensation lagidy DCP

0.02 phr + ECE 0.1 phr #3sauuans9ves DB axiidnsudalunisunniaves peroxide 310

a a

A1ty 2.5 U B9RN9AU DCP AN ty,, 0.7 W19 71 180 °C ¥A1SLUANAAIELAIDINANLUU

(%
= ¥ ¥

Un (intemal mixer) Wazdusuilaumgn13datusuaiuniusou (compression molding)

[

Ingpuaulyiiaumuilsedind 100 um

4.2.1 AN INAVBIALLIITAIUTTNINNITHEL PBS/PHBV blend LLay

PBSA/PHBV blend 741155UU non-reactive blend Wagssuy reactive blend

14
T =180 °C, 100 rpm

124
PBS/PHBV 80/20 DCP0.02 + ECEO.1

10
PBS/PHBV 80/20 DCP0.02

Torque (N-m)

/

PBS/PHBV 80/20:DB0.02 + ECEOQ.1

PBS/PHBV 80/20

T T T T T T T T T T T
0 100 200 300 400 500 600
Time (s)

gﬂﬁ 4.16 Aussdinsyminanisuanas PBS/PHBY 80/20 blend ¥ialusuu non-reactive

blend wagfiiyu DB 0.02 + ECE 0.1 phr, DCP 0.02 phr wag DCP 0.02 + ECE 0.1 phr
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14

T =180 °C, 100 rpm

12 4

PBSA/PHBV 80/20 DCP0.02
104

PBSA/PHBYV 80/20 DCP0.02 + ECEO0.1

£
z 8-
(<5
>
g
o .
e 6
WA

44 I

2 PBSA/PHBV 80/20 DB0.02 + ECEO.1

0 T T T T T T T T T T T

0 100 200 300 400 500 600
Time (s)

SUR 4.17 Ausedaseninensuaamas PBSA/PHBY 80/20 blend 151Uz Uy non-reactive

Y

blend wagiiifisl DB 0.02 +ECE 0.1 phr, DCP 0.02 phr 4ag DCP 0.02 + ECE 0.1 phr

a

nsAnamAusednTErinansRENMslATosNaNLULTA (internal mixer) Migamgs
180 °C avusasouluniswan 100 seudownfl 1lwaan 10 Wil vean1siuaud PBS wag
PBSA Milussduszneundnivausiv PHBY Mduaseslusnsidau 80:20 usiilefinisiy
aunHIuUfAeN free radical Waewfisl DCP.0.02 phr wuidn AusdailArgeniimsivaualag

Y v 1 U

14 DB 0.02 phr wagilioiagunisdy DB 1Uu DCP nslAussdanlaiidnwauzadreiunis
crosslink Y898 WALNITHAUARIUNITTINTUYBIU §AT1 free radical AUU AT
condensation lagi@s DCP 0.02 phr + ECE 0.1 phr wuararuseadiatlnalaesiunisiiu
DCP 0.02 phr Wiig98819LA 87 haganwuenIINALNAGNYUENIT crosslink ARN887 S
\uLREA

| v a s [ 3 (% 1 | v a s

ANRBTINITINATDINDALNDSLUAUANSININATHANNUIIAIATTENIT I RaIND AN S
waunfilanwarnsmanssdnfiidngg crosslink aansens Fadunisidiu DCP luu3uiw 0.02
phr aziiAussdnfianasuinniinisly DB luuSunaivindulasn1siuaualusz uu reactive

a 1 a Ao . 1% 1 v oA [

nsvinsmAussdniianwaznis crosslink Ad1ee1s wazAdwiinisluaanas Wuwaainnis
crosslink luanelagnediwesudiunseatvegludiunlvald Famdsainilinisidiy reactive
agent Junsiindmidnluanaveswedwesivaundinabinunilnveanediwesivauad

ANUNATIgTY
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N X 0 X
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U 4.18 Anduiinsinavesnediesiuauduss PBS/PHBY 80720 blend Uay PBSA/PHBY
80/20 blend wiluszuy non-reactive blend wagfivfiu DB 0.02 + ECE 0.1 phr, DCP 0.02
phr gy DCP 0.02 + ECE 0.1 phr

35 T=180°C, 100 rpm
1 PBS DCPO0.02
30 - oty
25 PBSA DCPO0.02
E
£ 20 -
[«5)
>
= |
2 15 AN
107 i: \
1 PBAT DCPO0.02
5 - \
1) PHBYV DCP0.02
O T T T T T
0 100 200 300 400 500 600
Time (s)

31J17‘i 4.19 A530ATENINNITNANYDY PBS DCP 0.02 phr, PBSA DCP 0.02 phr, PBAT DCP
0.02 phr waz PHBV DCP 0.02 phr
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AsfinturesAusadamdsandiiinisidiu DCP 0.02 phr uansliiufsauioalase
PBS wag PBSA 11An21 PHBY @115UAN ty,, U89 DCP ﬁqmm:ﬁ 180 °C Usguew 0.7 w9l
[26, 27] 8fl t,, Yosn31 DB AiflAn t,,, Uszuias 2.5 Ui ﬁqmmﬁ 180 °C [26, 27] Iag
AINULANK9YDY peroxide apaiiniia tys Fupnsneiuluseniensivaus uslumanduiy
U3unas peroxide Tu DB fdauusznau 40% Faifounin DCP danali DCP Fodlalunns
\AnUfATemannd1 DB 91nU3unn peroxide snnduaziindnuaznsml crosslink lu

SEUINNITLUAUA

4.2.2  &nYMEFUFIUIMEIMARINAITIUAUAYEY  PBS/PHBY  blend  uae

PBSA/PHBV blend ﬁ'ﬂuizuu non-reactive blend wags¥uUU reactive blend

MZE t{ NN g

SEM HV: 5.0 kV WD: 9.34 mm
View field: 83.0 ym Det: SE
SEM MAG: 2.50 kx BI: 3.00

@]

View field: 83.0 ym Det: SE
SEM MAG: 2.50 kx BI: 4.00

WD: 8.35 mm E MIRA3 TESCAN
View field: 83.0 ym Det: SE
SEM MAG: 2,50 kx BI: 3.00 Silpakorn University

SEM HV: 50 kV i WD: 8.88 mm | MIRA3 TESCAN|
View field: 83.1 pm Det: SE
SEM MAG: 2.50 kx BI: 4.00 Silpakorn University

SUT 4.20 dnwauzdugiuivennes (a) PBS/PHBY 80/20, (b) PBS/PHBV 80/20 DCP 0.02

phr, (c) PBS/PHBV 80/20 ECE 0.1 phr Wag (d) PBS/PHBV 80/20 DCP 0.02 + ECE 0.1 phr

lﬂl % o %
Pinlululnsauman muaisu
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i
x Co 4 e N
SEM HV: 5.0 kV WD: 9.48 mm MIRA3 TESCAN| SEM HV: 5.0 kV WD: 9.60 mm
View field: 83.1 ym Det: SE 20 pm View fieid: 83.0 ym Det: SE 20 ym
SEM MAG: 2.50 kx BI: 4.00 Silpakorn University SEM MAG: 2.50 kx BI: 3.00

= P R o ot ~ L P -
SEM HV: 5.0 kV WOD: 8.62 mm MIRA3 TESCAN,| X WD: 8.99 mm MIRA3 TESCAN

View field: 83.1 ym Det: SE 20 pm View field: 83.2 pm Det: SE

SEM MAG: 2.50 kx BI: 4.00 Silpakorn University SEM MAG: 2.50 kx 8I: 3.00 Silpakorn University

U7l 4.21 Enwauzduguinewes (a) PBSA/PHBY 80720, (b) PBSA/PHBV 80/20 DCP 0.02
phr, (c) PBSA/PHBV. 80/20 ECE 0.1 phr wag (d) PBSA/PHBV 80/20 DCP 0.02 + ECE 0.1

phr dinlululasaumas a1y

anwazdugIuIngIvemadesuauiusnaiansinrusulululasoumag

£
==

PRIDINNITLUAUA LAZTUSUAILAINNSDY LALLERIATNTNIAIVEIY 2,500 N1 LEAIaNWY

dugruiverveanedweiilaudlngil PBS way PBSA ussdusznoundnlaedl PHBV 1Ju
a0 IgWUIMNAIINAITLUAUAMITEUU reactive N1En151@N DCP 0.02 phr way DCP
0.02 phr + ECE 0.1 phr aynanauiiuanfusasdvuinsyniaanas waadbiiiudanis

UFuU34 interfacial adhesion sgnineiINATUvesiBNandnuazilanszauuwReItuiy

31y DB u peroxide



55

423 FnwaudAnisTurituves PBS/PHBY blend waz PBSA/PHBV blend 1
Tuszuu non-reactive blend 1agszuU reactive blend

mMsfnwnsiurundsannisiasurilaves peroxide 970 DB 18w DCP Tuusuay
iy Faagvhmstuguiidumediuefivaudfildudsanniswaudfeoiniosvauduuuln
(internal mixer) §a8M38nTUIUFBAIMEDL (compression molding) TneAmuALALILLY
Aauldaumun 100 um lagfine1dnTn1sTuEUYeINIRanTLaU (Oxygen transmission

rate ; OTR) Lagdns1N158uNIUvesloul (Water vapor transmission rate ; WVTR)

400

| 353
350

300
4 253 259

250
217

200 181 §
] i

150 - 138
113 3%

X

2

XK
900,

2R

22
R0
(%%

IRXRRX.
RRARR
X

20

100 +

2

TORXK
ey
X

RS
RS

%
RRXRKS
SRRRHRAXXRRY

o,

oo

oo

50 4

XX
X

5%
R

2

OTR (cm®/ m? day bar) at 23 °C, 50 % RH

ata®ata%atii®s?attul

X
o9

X
R

ZS
XX

%,
X2
%3

o,

72
9,
doges
2
%

oo
o5

5%

e
2

X
P8

3 o N S o
s N o “&Q’& St N N S '15\?’0% \g
<s° RN LSS o R LSS
< & O o0 < ) o©
o @ S X Q o
o e o S
EF“ < © Qgﬁ
® &

SUT 4.22 §rsimsTuriuresfineesndiau (OTR) Wo3 PBS/PHBY 80/20 blend uas
PBSA/PHBV 80/20 blend #islussuu non-reactive blend uagdliiiu DB 0.02 + ECE 0.1
phr, DCP 0.02 phr Wag DCP 0.02 + ECE 0.1 phr
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50 47.38

40.55

20 4 327 3802 |
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15.58 14.30 14.58

13.73
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R
g
g
RXX
K

L N 0y

U 4.23 Snsmsduruveslonn (WVTR) was PBS/PHBV 80/20 blend way PBSA/PHBY

WVTR (g / m?day) at 23 °C, 75 % RH

80/20 blend Miluszuy pon-reactive blend wazdifis DB 0.02 + ECE 0.1 phr, DCP 0.02
phr itay DCP-0.02 + ECE 0.1 phr

BNIINTTUAIUYIN BB ONTLAU 139 OTR LazemIINITTUNILYBIbaU “3e WVTR
299949 PBS way PBSA Miduasmlsenaundniuausiu PHBYV Ailumases ndiainnisiuaus
TaeLUasuan DB LU DCP WU %91 OTR waz WVIR ff1anadiilamieuiunisiuausiuy
non-reactive 83AMNVHIIINNITAUAIITTUUNTN5IHY reactive agent In15UTuUTe
interfacial adhesion S¥%#IM19R2Y9 N0 ABSNIADWLNATIATY TANULUNULARUINTIUY LR
= v Ao A | a & o £ ) = | &
Julassasraifinisyeuvinevetaslgne duesiiiauisausuusanisfuriuee ifine
pendiau wazleurls uamflaialnaldesiunisly DB 1Uu peroxide fatunisivasusila

¥94 peroxide llAdenanodnsNsTuNIUYeIRweanTLau wayleuivesnediuesivaun

4.24 FnwrauiRiBanaves PBS/PHBY blend uas PBSA/PHBV blend wilu
J¥UU non-reactive blend LLagssuU reactive blend

nsfnwauUidanandsainnisiudeusinves peroxide a1n DB vlu DCP lu
Uiy waudieLeiessauuuuln (intemal mixer) wazdntugudonufeulidy
%umumaaumiﬁqﬁmmmmmgm ASTM D638 type V a1ntiuthdusuiildnagsusie

1384 universal testing machine Ae8n3 37 10 mm/min 14 load cell 10 kN
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5197t 4.4 audRidanaves PBS/PHBY 80/20 blend wag PBSA/PHBV 80/20 blend vty
%UU non-reactive blend wazdiiiu DB 0.02 + ECE 0.1 phr, DCP 0.02 phr wag DCP 0.02

+ ECE 0.1 phr

Young's Elongation at |Tensile strength

Sample
modulus (MPa) break (%) at break (MPa)

PBS 325 + 7.35 234 + 4.00 35.8 + 1.85
PBS/PHBV 80/20 507 + 49.28 10.2 + 3.29 27.6 + 3.28
PBS/PHBV 80/20 DCP0.02 663 + 36.43 10.2 + 2.46 29.2 + 4.07
PBS/PHBV 80/20 DCP0.02 + ECE

684 + 13.02 11.1 + 1.76 34.2 + 1.90
0.1
PBSA 176 + 9.78 489 + 77.93 228 + 2.32
PBSA/PHBV 80/20 258 + 43.46 11.6 + 0.45 159 + 1.05
PBSA/PHBV 80/20 DCP0.02 255 + 31.83 16.7 + 2.63 16.8 + 1.70
PBSA/PHBV 80/20 DCP0.02 +

267 + 55.41 21.5 £ 1.61 17.7 + 1.46
ECE 0.1
PHBV 1476 + 113.33 6.2 + 1.60 37.3 + 0.99

auUAldenandsannisiuaunlaeiinisiuagusiia peroxide 91n DB 1Uu DCP

wurlduvesantidnaduguiioriuiunisld DB 1u reactive agent H1uUjAzen free

radical Ineudsa1nn1siin DCP 0.02 phr wag DCP 0.02 + ECE 0.1 phr @walsial Young’s

modulus JANLANTU LagA Elongation at break diAianas Waliguiuneaiuaiinandn

d13U Tensile strength at break #asaInASIUAUATIATINALAEAU
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4.2.5 MIFNIANALTILITIVDINMITBRNBBNUAIRINNSUaniindraauToues
PBS/PHBV blend ua PBSA/PHBV blend #sluszuu non-reactive blend uagszuy
reactive blend

nsAnwaudinisUaniinvasiUaiuussyiaaanunsadaudinenaantaiig (easy-

1%

o A s an v o ¢ o & @ as v o val
open peel) lngfaunlanasannisivauntasdndusuiluiiausanusoulniinanumun

Y

a

voaildufl 100 pm vdaniuhnisdadeseufoulurisgumgiisn 4 fuain PBS blend
sheet 7iflaumun 800 pum mﬂﬂj’umaaummLL%@Lmsuaqmﬁaaﬂ (Peel strength test) 1y
Uilduiiléannnisdanmaaousag universal testing machine MUAIATFIU ASTM F88
(Technique C) yulun1saen 180° §ns1n15A8NTuIIL 200 mm/min InsvuIa load cell
500 N Fausaiadeiioglurag 4.45 - 12,24 N/25.4 mm uuseiiannsodandiaenesnldieg

(easy-open peel)

25

——PBS

| |—@—PBS/PHBV 80/20

—A— PBS/PHBYV 80/20 DB0.02 ECEO0.1
—4&— PBS/PHBV 80/20 DCP0.02

—4@— PBS/PHBYV 80/20 DCP0.02 ECEO.1

N
o
|

-
wul
|

Peel force (N/25.4 mm)
=
1

(63]
|

9 0o a0 120 130
Sealing Temperature (°C)
SUTl 4.24 nsiANETTUSTETing Peel force fugamgiinldlunisdaves PBS/PHBY
80/20 blend wiluszuy non-reactive blend wagfiiiu DB 0.02 + ECE 0.1 phr, DCP 0.02
phr ez DCP 0.02 + ECE 0.1 phr uu PBS blend sheet
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25

—m—PBSA
i PBSA/PHBYV 80/20

—A— PBSA/PHBV 80/20 DB0.02 ECEO.1 ’
PBSA/PHBV 80/20 DCP0.02 /
20 4 |- PBSA/PHBYV 80/20 DCP0.02 ECEO.1 /
PHBV :

15

10+

Peel force (N/25.4 mm)

0 T T T T U ! T T T
80 90 100 110 120
Sealing Temperature (°C)

JUN 4.25 nyanuduiudssning Peel force fugamginltlunistiaves PBSA/PHBY

80/20 blend wiluszuy non-reactive blend wagfivfiu DB 0.02 + ECE 0.1 phr, DCP 0.02
phr wag DCP 0.02 + ECE 0.1 phr uu PBS blend sheet

NIMLEAIAINFURUTTEN TN Peel force Augamgiinltlun1s@aves PBS uay
PBSA lussAusznounaniuauaiu PHBY Miluaseslneiinnsiasusilnves peroxide
910 DB 1Ju DCP. @sazdanalaiannsly DCP LU reactive agent avdanaliian Peel force

AugamgiideulUlunisneamaiiguu Weennisly DCP dwalviangleifinnisitoning

o/ [y

TuvrensiuauakaznINAILSITnS T dnEuENIS crosslink AA8819 N1SPADULAND AT AL

L a = I I

AnduninvzinlaeIndu Falgam)in1s¥aiiogluyie easy-open peel 1 110 - 120 °C

Y Y
1

dwiu PBS 1WussAusznounan dau PBSA WussAuseneunanilaaumnginisdanaglugag
easy-open peel 71 105 - 110 °C
ilefasanngFinssunisaeneenvesiuaInlutie easy-open peel lumsin 4.5

WaEAN 199 4.6 NuIn1sAeNeankuy adhesive peel walilsaamniilunistagaiuaziinig

AvNBBNLUU cohesive peel Fsaunsnannaantning
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< 1

4.3 NIATHUNDANDTUAUALUUADLUDIAILLATEDAIAANA (Twin-screw extruder)

nazdusUNAuAl8LATaIdnsANaunandin (Cast film extruder)

u

Mnmsnnassneunthidunisaasslussiuiomnans dedumsanulussiui
gramnIsuIINIsAnwludndiufeatuiuseau lab scale lnanswssunadiuesivaun
Tnefl PBS uay PBSA Wuosduseneundnuaudiu PBAT filuwlaseslussuu reactive
blend @aufisl ECE 0.1 phr wazdmSunisiuaudiu PHBV fiduinaseslussuu reactive
blend Fsazifin peroxide sinswfinlud3unadivindusad DB 0.02 + ECE 0.1 phr uaz DCP
0.02 + ECE 0.1 phr $avn1siuaudludndrumlandnsewmlases 80:20 nsnaudiewn3oddn

Saanga (Twin-screw extruder) WagdusUildusieiaIosdnsallaunaladn (cast film

extruder) IngAuANANUNLIYeIauNeABs LA 100 pm

(b)

(d)

a6

JUN 4.26 dnwagn1anignnvesnedlasiuauaiauvdndusuildumeiniesdninildy

Waasn (cast film extruder) (a) PBS/PBAT 80/20 ECEO.1, (b) PBS/PHBV 80/20
DB0.02+ECEQ.1, (c) PBS/PHBV 80/20 DCP0.02+ECE0.1 (d) PBSA/PBAT 80/20 ECEO.1, (e)
PBSA/PHBV 80/20 DB0.02+ECEO0.1 way (f) PBSA/PHBV 80/20 DCP0.02+ECE0.1
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MNMIHENFIEIAT0I8ATAANSE (twin-screw extruder) uazINsTUTUT AN

309 cast film extruder Tngviin1sAuAuANLMLIT 100 um Faanusatusuiidulugns
#1a 9 165 Tu U7 4.26 (a, b, d waz e) dwiunisiausiiu PHBY Wumlasesuaziinisifa
DCP 0.02 + ECE 0.1 phr Gummiwawﬁﬁy’q PBS waw PBSA uasAusznoundn Jsasifinnig
douvafiunningsld DB Tumsuaudluyiunaiivindu Tnsudaannistusuildudae
cast film extruder laansnsamuauaamuTIdANImU 100 pm 16 Tneideusunis
Jusuliftduuas duazanaeenaniu ualiasinae Fudndudesuiumstugulidany
wunnnduitelileisuldvineanainiu Tng PBS/PHBY DCP 0.02 + ECE 0.1 phr fiaan

MU 198 + 5.31 pm ey PBSA/PHBV DCP 0.02 + ECE 0.1 phr TANURWI 172 + 4.65 um

43.1 Aneraudinisdukinuvasweduasivaunlaedl PBS waz PBSA 1Uu
29AUIENOUNANLUAUANUWETDY PBAT %38 PHBYV luszuu reactive blend A281a350990

3nange (Twin-screw extruder) wazdugunaumeATasdasaiaunaadn (Cast film

extruder)

700 65l

I
o i
X
o 600
n
G ]
o
@ 500
w ]
= A8 392
8400
> ]
& 295
~ 300 A
1S
-
™
C 200 195
S 1o 120
o D
e 4 %4%
E 100 B8 (55
KR e
B [
7’0‘0’0‘ '0’0’0
0 B [
T T T T T T T T T
o o2 Cal o o e o> &
& ¢ £ mgﬁ' &° ng?fo “1«00% @"c‘ig,&‘
< o S O PGS
> N O
Q%‘_:\?@ Px?‘&p KLty \@@'LQ\,%“‘%Q
= s\?%s 5\9\)\% oo @® PFY\%
o X Qq,%\ Q;gPA oo
A

JUN 4.27 dnnsBuruvesinwesndiau (OTR) vesnediesiuaunlagil PBS way PBSA
\JussAusznoundniuaudiuinases PBAT e PHBV lusyuu reactive blend fikun137u

JURUMeLASasdnIaTlaunanadin (Cast film extruder)
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100

85.90

80

60 - 54.04

WVTR (g / m?day) at 23 °C, 75 % RH

JUT 4.28 dn51n15Turuaaslen (WVTR) tpswedimasivauslaedl PBS uay PBSA «Ju
BaAUTENRUVANLUAUANUMNETOY PBAT 1130 PHBY luseuu reactive blend Mrun1susy

1Y

AAumMeLAIDIONIATaNNA1ERN (Cast film extruder)

MNHAMIAREUNISTruTesiweendankasleth vesnsivaudlaeil PBS uay
PBSA WWussAUsynaunaniuauany PBAT WWuases laeifinasi@u ECE 0.1 phr wuin a1
OTR wazA1 WVTR Rarlndidsaiuiiduiiifuesdusznaundniiesegiaien dwdunisuaud
fu PHBY 1ullases siennsiiu DB 0.02 + ECE 0.1 phr tay DCP 0.02+ ECE 0.1 phr 31
OTR uaza1 WVTR anasnnnitildunsiiuesinanan win1swieuviia peroxide 370 DB

Hu DCP lildsnaronsildsundasuesdl OTR uay WVTR
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10000.0

1000.0

100

OTR [cm?/m?*day] at 232C, 0-50% RH

0.10 1.00 10.00° 100.00 1000.00 10000.00

WVTR [g/m?*day] at 23-382C, 85-90% RH

U 4.29 A1 OTR waz WVTR #iliainn1snaass lnendennumssnuunussnnuesnisaim

A15PUNIY (Barrier classification) [15]

MnHanIsvmaesdasIsTuresfmeandiau asleth Walusedu lab scale
wazluszdugmaninsssl waemashunsw OTR way WVTR dauanduguil 4.29 wuindnsns
FUNUYDIYOBNTLIY LLa::lmfwLmanzjuﬁ’umumsmauﬁﬁ’mﬂasmLwiazsuﬁﬂ lagnIsiu
ausifu PBAT (9a8unY) uinlihmesd1 OTR ez WVIR tiugatuileifioutunodiedia
vén Tuduvesnsivausiy PHBY (3ndifh) axlinnsfuriuvesinafivinimediwedfinandn
dwalvuultimensfudiuanad Ssduogiusiaomedmesfiiunvaud Tnensuaud
Tussuu reactive wwiliuvesmsfarmvesfigoondiauazleth (OTR uay WVTR) §
wnlihianaudndeaillefiouiunsiuauduuy non-reactive  iflasanilmsuiuuse
interfacial adhesion s¥winsRnveswodmesaouadiity feudriuldfnndsdu 1A
nMsidenrnevesaelanedwed inalulassaifimadousneilfamsausulsainisdy

N1UYBIRYRNTLAU was botle
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432 Anwaulifidanavaswediuasiuaunlaeil PBS was PBSA WussdAusenau

WANLUAUANUWETEY PBAT #se PHBV lussuu reactive blend #18LA3a99n3nan3e

3 a

(Twin-screw extruder) uazluguiaudleiATa@aInnaunaraan (Cast film extruder)

%
3 a = ¥

ASANEIAUURLTINANTIINNITLUAUA Ei’m%’ﬁ\lawsuugﬂmam%q cast film

extruder MUNINTFIU ASTM D-882 MadousieA3ag universal testing machine A211157

TUMSATUIY 12.5 mm/min lagwua load cell 500 N

AN5199 4.7 aulRdanaveaneduasivauslaedl PBS waz PBSA WusiAUsenaunanuaus
fuLases PBAT %3e PHBV luseuu reactive blend fiN1UNSTuUTANAI8LATRIOATANEY

wWandsn (Cast film extruder)

Young's Elongation at |Tensile strength
Sample

modulus (MPa) break (%) at break (MPa)
Cast PBS 473 + 30.39 225 + 2.06 26.3 + 2.71
Cast PBSA 309 +49.12 40.4 + 1.76 16.1 + 1.45
Cast PBS/PBAT 80/20 ECE 0.1 389 + 31.48 67.7 + 23.81 238 + 1.90
Cast PBSA/PBAT 80/20 ECE 0.1 253 + 18.25 116 + 33.05 17.6 + 0.46
Cast PBAT 72 + 0.59 528 + 50.46 18.6 + 3.21

Cast PBS/PHBV 80/20 DB0.02 +

570 + 45.03 16.7 = 2.97 195 + 2.18
ECE 0.1
Cast PBS/PHBV 80/20 DCP0.02 +

547 + 32.98 154 + 2.84 19.9 + 1.87
ECE 0.1
Cast PBSA/PHBV 80/20 DB0.02 +

413 + 29.15 19.5 £ 1.70 12.8 + 1.39
ECE 0.1
Cast PBSA/PHBV 80/20 DCP0.02 +

424 + 10.49 19.8 =+ 2.02 151 + 0.98

ECEO.1
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definsanautidinavesiiduilandiainms cast film extrusion ves¥s PBS uay
PBSA WussrUsznoundn Weiarsannisivausiu PBAT Wuiases ifn1sifu ECE 0.1
phr Wu31A1 Young’s modulus dA1anad LagaA1 Elongation at break dudu e
Wisuiisuiunedwedmandn Wefiansannisiuausiu PHRY Mflumlases sheiidinisiia
DB 0.02 + ECE 0.1 phr i@z DCP 0.02 + ECE 0.1 phr wu31A1 Young’s modulus 311
WfisTu wazAn Elongation at break fifnanas WowSsuifloutiunediwesmandn uaznns

Waguwinves peroxide 910 DB w1y DCP iuliifinasonisildsuniasesaudiieng

433 NISANEIANNLTILIIVDINITAINDBNUAIAINNSUARTINA8AIUS UV
wadafluaualauldl PBS waz PBSA tUussAusznaundniuaudnuiweasas PBAT wse
PHBV Tusguu reactive blend fAa81AT099m3naN3A (Twin-screw extruder) wasugy

NaudlepTasdnsalauwangdin (Cast film extruder)

25

—l— cast PBS

—@— cast PBS/PBAT ECEQ.1

1 @ cast PBAT

A cast PBS/PHBV 80/20 DB0.02 ECE0.1
A cast PBS/PHBV 80/20 DCP0.02 ECEO.1

20

15

10

Peel force (N/25.4 mm)

T T T T T
90 100 110 120 130

Sealing Temperature (°C)
UM 4.30 n91mAUdNiusszning Peel force fugaumginldlunistavesmefiuesivaun

Tneil PBS WuarUsynaundnuausiumases PBAT %ise PHBY luseuu reactive blend 7

HUNSPugUdLmeLATae8nIatldunanadin (Cast film extruder) uu PBS blend sheet
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nsMANEIRUS TN Peel force Augamgiinldlunisiaveanedimesivaudlag
i PBS (upsdusznoundn Mrun1stugufiduimeiniossninfidunarain Walaudiuma
594 PBAT wagdln1siiiu ECE 0.1 phr wu31 PBS/PBAT ECE 0.1 #939aaumniin1sgauaiaen
oonldd187i29 105 - 115 °C Fapgseningd Peel force Augnuniiililunisdaves PBS

v a =

uay PBAT Bnviadsligungiinsdatiogludag easy-open peel n¥193nau wlofiarsmn
nsaudfumases PHBY 7ifin9ifia DB 0.02 + ECE 0.1 phr wuindn Peel force fifnanas
touninilan PBS idntio uazeglutisgamniinisfaudrasneenldiiefiiag 105 - 115 °C
G AIIT peroxide 3711 DB Ju DCP Tmennsiuaus PBS/PHBY DCP 0.02 + ECE 0.1
ohr Suwudn A Peel force LLazquQﬁmﬂums%a Tut9 easy-open peel finsideouly
lunsfigumgiinistaiigeiu iosenfidafilédenamuiuinnd’ 100 pm 9nn1sAnnIs

Wonvndluaelgnadiues IwhliiAanmvaeuramalaenTundweddonmgigidunisdadia

25
—4@— cast PBSA
cast PBSA/PBAT ECEO.1
1|-@—cast PBAT
cast PBSA/PHBV 80/20 DB0.02 ECE0.1 |
20 | [-#- castPBSARHBY 80120 DCPO.02 ECEO1]/
—~~ //
£ | y
e %
< f
w5 15 1 /
S [
~
L SN N ) B e Q7 g T S A R
D
o
S 10
—
)
[
o
5d48N. § QA LT T N NAe S
///
0 — S
80 90 100 110 120 130

Sealing Temperature (°C)

5UT 4.31 n9manuduiudszning Peel force fugamgiililunistavesnadiuesivaun
Inedl PBSA Wuasiusznaunaniuauniuinases PBAT vise PHBV lusyuu reactive blend

MHUNsTUFUTGUMBLATRIERAIATEUNaNaRN (Cast film extruder) U PBS blend sheet
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dmunsnuansnuduiusTening Peel force ugaumiinlalunisdaves PBSA 1

= & Y 1 a6 v A U A a e a A v
WuIAUTENa uURanyuIun1TTUIUNauAIELATDIDATANAUNAIERN NuHwulldy
WumenuAun1sAa PBS WuserUsenaundn Tneilan1swaus PBSA fu PBAT #iu FCE
0.1 phr Wui1A1 Peel force Auguundnldlun1st¥asgsyninaves PBSA uag PBAT {914
gaunnin1sTaudIaenaentidienWuNye 100 - 115 °C wagn siuaus PBSA ffu PHBV 7

\@i3 DB 0.02 + ECE 0.1 phr wui1 Peel force imsiaauvadgigamginistauwdiaonsanta

14
= o

107igatuitag 100 - 110 °C lewfieuiuiidu PBSA Wefinisiasuain DB iu DCP wu

Lo

Y

AaunTusudesusulinunundu Weaannisiauvnenieluaielsd 39vinlian Peel force

Y

aa = : = d' = a 8 o X
wazgauniNldlunisda lutis easy-open peel insideululunsiigamginis@anaadu

Y

11nNI1N15LE DB WJu peroxide

WoNATUINGANITUNITAINDINTBININUAIATUYGI easy-open peel NAI9INNTT

YUsUNAUM BT 099AS AT AUNAIERAN YN PBS tay PBSA MiusiAusenaunan 919013

Y

@l reactive blend AU PBAT way PHBV Mdunasss nuindinnsasnasnuuy adhesive

a

peel usiilogaumgilunis@aasduazinizaenesniuy cohesive peel Faanunsnasnoenta

91
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4.4  msAneUsunu peroxide Mnangaulnansmusednliiinanwaznis crosslink
ARNEE19TEUININSHENNdINafeaNURIBING 1azANLTILSIYRINSADNEBNYAIRIN

a =< v 4 a 4 L3
N5UANUNAIBAIMUIDUVDINDALUDILUAUN

! v & A . PN a o § ¥ a A
NNTARBINBUNENTNUINUIINU peroxide MunAuluazyliAnn s fonwang

al

9 LAYNAINTOUVINNAINAD I UTAULATA AU AIULTILTIVDINITADNDDNNAIINNITUA

Y

[

ninFeANSaUTDIND AT UAUATAULAYYIY easy-open peel %Lﬁauiﬂmqﬁqmmﬁ
msDaniindreniufeugedu fufuiledusuindunavesnts crosslink JsvinisanuTun
peroxide MdlunisiuaudianizgnsMannis crosslink lasasiuaus PBS wag PBSA 1Ty
wlananiuauaniuinases PBAT lnganU3unau DB 910 0.02 phr 1Uu 0.005 wag 0.0025 phr
wagnsiuauanu PHBY Wumlasesazanu3uan DCP 930 0.02 phr 10w 0.01 waz 0.005 phr
ANUAIGIU

a

nsRnauAILTIdRTENINININANMIBIATINAL LUV UATIoUNAH 180 °C AIULST

]

<

soulunisuay 100 sousaua 1 utial 10 u1dl A1siuauanil PRS iuandniuauaiy

1%
=

PBAT uilasosmdaaniiiiiu DB USuaufindu wuirdussdndidigedu Tnon1sfiiu DB
0.005 wae 0.02 phr zdwalins i dnvazveanis crosstink Ad881e Fansfianu3una
DB Wil 0.0025 phr a¥lsitAnns widanuag crosslink AdNEENa WeirussTndansgeningle
\Wigufiu non-reactive ludiures PBSA WWuasAUsznounani inauwsliudwieaiu PBS

uwlandn Fsuunu DB Ivialiinamiladiinanweus crosslink Adnaensds 0.0025 phr



T =180 °C, 100 rpm

20

/ PBS/PBAT 80/20 DB0.02
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g 104 /
e g .— PBSIPBAT 80/20 DB0.0025

5 \ PBS/PBAT 80/20

0 B T T T T T T T T T

0 100 200 300 400 500 600
Time (s)

gﬂ‘ﬁ 4.32 Aus0nTEIIINSNALves PBS/PBAT 80720 blend 7ilsiifiuuazifiu DB 0.0025,

0.005 Wag 0.02 phr

T =180°C, 100 rpm

20
/ PBSA/PBAT 80/20 DB0.02
_ 154
£
=
@ PBSA/PBAT 80/20 DB0.005
g_ f /" H\ A /
2 A
’ . PBSA/PBAT 80/20 DB0.0025
i " AHHW
5 -
\ PBSA/PBAT 80/20
/ W
0 . \/"V T T T T T T T T T
0 100 200 300 400 500 600

Time (s)

U7 4.33 Ausedasewinenisnanues PBSA/PBAT 80/20 blend filaliauagifis DB

0.0025, 0.005 wag 0.02 phr
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A15197 4.10 audiTanaves PBS/PBAT 80/20 blend way PBSA/PBAT 80/20 blend il
WlwazLFd DB 0.0025, 0.005 kag 0.02 phr

Young's Elongation at |Tensile strength
Sample

modulus (MPa) break (%) at break (MPa)
PBS/PBAT 249 + 12.83 | 441.0 + 81.49 35.8 + 4.25
PBS/PBAT DB0.0025 301 + 18.88 | 513.0 + 61.94 34.4 + 1.41
PBS/PBAT DB0.0050 291 + 31.92 | 4605 + 16.48 33.7 + 3.35
PBS/PBAT DB0.02 272 + 11.66 | 4333 + 87.05 35.0 + 3.35
PBSA/PBAT 112 + 4.81 549.3 + 19.31 21.7 + 0.81
PBSA/PBAT DB0.0025 148 + 5.60 673.1 + 34.25 195 + 1.03
PBSA/PBAT DBO0.0050 144 + 10.47 | 628.6 + 32.04 20.2 + 0.32
PBSA/PBAT DBO0.02 116 + 6.58 619.0 + 26.84 232 + 354

nsAnwauURlTInaudiaInnITanUIuin peroxide Upen1sLUausa PBS/PBAT Way

PBSA/PBAT laganUsua DB WUITTAI91nn1siuauaniinisiiu DB d@waliAn Young’s

¥ il
= A

modulus dALfindy waven Elongation at break dAnfinduiieiousunedwesmandn
d1m5U Tensile strength-at break #a931nA1sIvaUATATAALABIAY WAlUVELABIAUATT
s DB luvsinaiigetuaunsmausedasidnunizeeans crosslink Ad8879 azdanalif
i Young’s modulus SiATanas uazeT Elongation at break dAanasdefieuiu
n1siuaunlaensinatusednliddnwazveanis crosslink F9iiin Partially crosslinked

SEN9NsHEN Aauun1sHL DB Tuusunanniiuldasvinlraudfidenaiiiuilduanas



25
—&— PBS
] |—@— PBS/PBAT 80/20
PBS/PBAT 80/20 DB0.0025
—@— PBS/PBAT 80/20 DB0.0050
20 + —@— PBS/PBAT 80/20 DB0.02
—~ —@— PBAT
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IS
<
s 15
N
~
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@
o
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y—
)
s}
o
54 /S T e e
S
=
0 < . — T T I T
90 100 110 120 130 140

Sealing Temperature (°C)

JUN 4.34 n91ANUdNiuSIEning Peel force fugamginlilunisiaves PBS/PBAT

80/20 blend #ililifinuazifu DB 0.0025, 0.005 Wag 0.02 phr uu PBS blend sheet

25

PBSA/PBAT 80/20 DB0.0025
—@— PBSA/PBAT 80/20 DB0.0050

@ PBSA
PBSA/PBAT 80/20
() | [~®— PBSA/PBAT 80/20 DBO.02 /

—@—PBAT

Peel force (N/25.4 mm)

T T 1 T T
100 110 120
Sealing Temperature (°C)

SUT 4.35 nswlanudusiussening Peel force fugamalitldlunistaves PBSA/PBAT
80/20 blend #ildifinuazifiu DB 0.0025, 0.005 uaz 0.02 phr Ul PBS blend sheet
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NNTUT 4.30 wagguil 4.35 uanensmanuduiudszming Peel force Augamgiii
TlunstUaniinveanediwesivaudiid PBS waz PBSA Juwlandnivaudsu PBAT Huiva
509 Tagagfinnsannisifenrndluanelefiunniuluannisdu DB luusuuene) fidwaste
auuduseeinisasnoenvdainmslasdn  wuimsidiu DB TuuSinamnnaznu
SnuarvoensmaussOniinig crosslink Ad1eens Sidananaras easy-open peel Ldauly
Tumsiigamgiiniseaningedu  duffomsiinediwosivaudiniandeusnaiigaasyinlims
Uowilnfuanduenniy TneidleanU3ina DB amasfazanunsaviilieag easy-open peel
eulufigumpinisUaniiniianas

dmsunsiuaunlag PBS wag PBSA WWussAusznaunaniuauaiu PHBY 1umlases
nsfdin DB 0.02 phr aglinunsmaiusedndnis crosslink wiagnun1siAans crosslink
dewdsuwinues peroxide 910 DB WJu DCP lutSinafiviiy iflesann DB fiusuna

peroxide fifosndn DCP 40%

d‘ a

MsAammALssdnsEinamstassoinTemaNULTaTigavall 180 °C A
soulunswan 100 seuseund! Wunal 10 Wit nswwaudnd PBS Wuwlandnivausiu
PHBY (Huwlasesmdsanilin DCP Usnoadiuiy WU’jmeLiqﬁﬂﬁmgﬁu Tgn1silliis DCP
0.02 phr avdaalsinswidnwaeuains crosslink AdEe GensiianuUSuias DCP wide
0.01 phr nsnldlufidnuaigvesnts crosstink LLG}'mLLiaﬁmﬁamqmd%ﬁaL‘ﬁﬂuﬁ’u non-
reactive Tuduves PBSA 1BuedUssnoundnalinawusliiiduiieadu PBS iuwlandn 3

UTunad DCP Mvinlinsmbilifndnweue crosslink AaM8e19Ra 0.01 phr
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Torque (N-m)

T =180 °C, 100 rpm

/ PBS/PHBYV 80/20 DCP0.02

BS/PHBV 80/20 DCP0.01

VAN
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/
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PBS/PHBYV 80/20 DCP0.005 Mw\’v\/\"
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U 4.36 Ausslnszyingnisnanves PBS/PHBY 80/20 blend 7ilsiifuuagifisl DCP 0.005,

0.01 uag 0.02 phr

14
T =180 °C, 100 rpm
124
104 p & PBSA/PHBV 80/20 DCP0.02
ZE \ PBSA/PHBV 80/20 DCP0.01
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N %
PBSA/PHBYV 80/20 DCP0.005 P
5 PBSA/PHBV 80/20
0 T T T T T T T T
0 100 200 300 400 500 600
Time (s)

U 4.37 Ausedasewinenisnanyes PBSA/PHBY 80/20 blend filsiifisuaz iy DCP

0.005, 0.01 wag 0.02 phr
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A15197 4.11 audRiBenaves PBS/PHBY 80/20 blend way PBSA/PHBY 80/20 blend il

LWuLazLAL DCP 0.005, 0.01 wag 0.02 phr

Young's Elongation at |Tensile strength
Sample

modulus (MPa) break (%) at break (MPa)
PBS/PHBV 507 + 49.28 10.2 + 3.29 27.7 + 3.28
PBS/PHBV DCP0.005 624 + 35.50 144 + 1.71 31.5 + 4.02
PBS/PHBV DCP0.01 755 + 27.23 19.4 + 2.10 30.5 + 1.54
PBS/PHBV DCP0.02 663 + 36.43 10.2 + 2.46 29.2 + 4.07
PBSA/PHBV 258 + 43.46 11.7 + 0.45 159 + 1.05
PBSA/PHBV DCP0.005 319 + 21.03 15.0 + 0.87 214 + 1.84
PBSA/PHBV DCP0.01 374 + 11.20 21.1 + 147 20.3 + 1.85
PBSA/PHBV DCP0.02 255+ 31.83 16.7 + 2.63 16.8 + 1.70

nsAnwauURTInanasAInN1anUINIa peroxide ¥83n15lUaUA PBS/PHBY lay

PBSA/PHBV Taganusuney DCP wuI1MadaInnIsiuau

s

ANANITLAN

DCP dsmalitAn Young’s

modulus LazA1 Elongation at break fiA 1y nAletisuiunoatueSilanand1nsu

Tensile strength at break udsa1nn1sivaualiA1lnatAseiu waluauzlagnunIsiy DCP

TuSunauiigatuauns a1t Unldnwaguednis crosslink avadanalyiuualium Young's

modulus wagA1 Elongation at break fimrasasiflotisuiunisiuaunlagnsinainsslnlail

AnwazUaInIs crosslink satun1suay DCP TuuSunamnniiulUasvinlraud@mdanadwullay

BN




25

—&— PBS

4{ |—@—PBS/PHBV 80/20
PBS/PHBYV 80/20 DCP0.005

—@— PBS/PHBV 80/20 DCP0.01

—4— PBS/PHBV 80/20 DCP0.02
PHBV

20
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Sealing Temperature (°C)
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80/20 blend 7ilaiifisiuagifisl DCP.0.005, 0.01 kag 0.02 phr Uy PBS blend sheet
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Sealing Temperature (°C)

U 4.39 nswlenudusiusszning Peel force fugamaiitlilunistaves PBSA/PHBY
80/20 blend #ildifinuazifiu DCP 0.005, 0.01 uaz 0.02 phr Ul PBS blend sheet
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N3UT 4.38 uazgUil 4.39 uanansminrmduussEning Peel force Augaumgiiv
THlunsYaniinvesnedisesiuaudfid PBS uay PBSA iuwlandniuauddu PHBY Huia
s0¢ Tngrzfinnsannis@onvinduaeldfiunduluainnisiia DCP TutSuwumnge fidena
fomuLdiusavenisaeneenndaninnislanin wuinn1siiu DCP luu3unn 0.02 phr
WNUFNYULVOINTINAILTITATNTT crosslink AR1BE1Y LazdINasavI9 easy-open peel
BoululunsitgamgfinsBaningstu vil¥nsUandnfuniadusntu Tasideanysun
DCP wde 0.01 phr A9z 1115091191479 easy-open peel L?iaulﬂﬁqmmﬁmi%mﬁﬂﬁ
anadlnALABIfuUNITIUAUAKUU non-reactive TUAIUIBINGANTINNITABNBONVBINIAUATA
Tuaas easy-open peel o3 PBS waz PRSATuiandniiuaudiiuia PBAT wia PHBV (Ju
wlases Meriduuazliiy peroxide WU13A15a9N08NLUY adhesive peel Way cohesive
peel Lﬁ'aqmmﬁmi%mﬁﬂqﬁu Balposnmedilesiuausiduazannsnasnoonainaale

NeluraEnagay

slevhnsid3euiioueiin uazUSunansis peroxide Inewuinnisldna DB uay

DCP azviliineAwesivaudiandniinnis crosslink wialiintnluianavemediues

waudgedusta 2 viin SeUSualunsifuued DB waz DCP azunnafulasiinasonis

crosslink unuTetey uazauizanlun1sldI1u peroxide il DB azdlAuiuNzaY
as s

wnnd lesansld DCP 1l peroxide fidaidalagnaaranmstuguiluiiduasziinguain

DCP ogdalilimnziuussainaimuenis
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uni 5

#3UNan1339Y

nuTedlaFnuiisunedwesivaudlaedl PBS uay PBSA WWuesiusznaundnyi
A1sLUAURTUTY PBAT %30 PHBY dufluiasesrisluszuy nonreactive blend wazszuy
reactive blend wazyn1sAneaudAnsiunIunsiuriuvesesndiounarlew audd
F9na LarANLLTISII0IN15aDNEDNUAIINNTUARTNAI8ANTEU (peel strength test)
Yo UaiunInussYsiau

ludguusnifudnwinedwesivaualaeil PBS waz PBSA WussAusenaunaniuaus
AUNATDY PBAT %38 PHBV ﬁ'ﬂiuizuu non-reactive blend wazs¥UU reactive blend lag
WuINIsiUauAlaell PBS Lay PBSA WusiAUsznaunaniuauniu PBAT 1uinasasnu
U{A%81 condensation lngifn ECE 0.1 phr (g smafiazUsuusanudnuld lnodnvas
yaansmAsidaivgamgiinisiuaudliiinanyuensmussda crosslink Adefiueng ua
autAnisduinueseendiauuaglorlildgnuiulse dmsvautRdanandannnaiuaus
WU Young’s modulus Sifnanasuasen Eloneation at break winduision3euiieuiuned
wosinlandn way peel strength test ME19INNISUANANUINTTI easy-open peel finins
Y wozdeulUluflaamgiluntsdagstiu wofinssunisaenaanluza easy-open peel ifiu
WUU adhesive peel Wag cohesive peel Faansaaensentiine

dmsunisiuaudiu PHBY W asesihuUiasenis 3 UARSe R URATEN free
radical, UfA3en condensation uarUfie 5 auAuues free radical + condensation #4015
4 DB 0.02 phr 18u peroxide wuiwuIlduvesAr OTR waz WVTR fananaudntesiile
FigufunsIUAUFLUY non-reactive FIN15LUALALUY reactive blend azvinliinsuUsuUss
interfacial adhesion 5#119R2@0UNE WazaUURALTINANAIIINAITIUAUANY PHBY
\WasuulasmnuauTRidenaves PHBY Tnswediuesivausiu PHBY wu31 Young’s modulus
fiAfiaunazen Elongation at break anasilaw3suifioufunedwesiandn dmsu peel
strength test 924 easy-open peel L?i"aulﬂiuﬁqmwﬂumumi%aqﬁu LLaxﬁgﬂ PBS ez PBSA
Jusshusznaundniuauaiu PHBV ngfnssunisasneentuda easy-open peel tHunuy
adhesive peel Lag cohesive peel Feanunsoasneantiieg wazidlefinisasusinues
peroxide 910 DB U1 DCP TudSunaivihfunuinnsduriuveseendiaunazlod lifinng

WasulUas uauSununsiu peroxide Munniiulvaziiansidenvinsluasldnediues 3
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danavinliauUiidnangas n1sdafnduninlaeintu danalitig easy-open peel 1@ouly

= =

Tunangaumgiinis¥ageu uaznsly DCP 1w peroxide fifoidelnenasainnistuguiluy

9 Y

'
a

fauazdnduannisiiu DCP waawdosgeliivungiuussaiamauemis
Tudrufiaendunisfnvinisimisunedwesivaudlnesl PBS uay PBSA 1fu
aadUsENaUNSNIUAUATUMATE PBAT %38 PHBV lussuu reactive blend feipdesn3n
LUUANSA (twin-screw extruder) wagduguTdudoiniasdndafidunatain (cast film
extruden) FafumsAnuilussduiagnavngsy wuiAdasnsturveseendlaulazle
¥ audAdena uay peel strength test Iinafununliuduisrfuiunsnaaesluneuusn
waziilefiansannisasnaanludis easy-open peel #a PBS way PBSA \ussusznoundn
Lagilluaudfu PBAT e PHBV fiwgAnssunisasneaniduuuu adhesive peel uas

cohesive peel @samsnasneontaing
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A29819NAAINNTNAFDUINTINTTUNIUVD NNYDDNTLAY (Oxygen transmission rate ;
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] [ [ s [
Room Conditions EI % Rel. Humidity 25-20 pc Test Temperature °c
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Device Number Volume mm= Gas Stream cm’lmln 0 % Rel. Humidity i3 .
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Sample Area 5.084|/cm? Mask | without Layer | (" Bottom TestGas | 02 L ‘

AANUIN N.1 NANTTNARDU Gas permeability tester (GTR) fefinepandiau U3

PBS/PHBV DB0.02

A19819N15AUIUEATINTSTNHIUTR IlaUN (Water vapor transmission rate ; WVTR)
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Abstract

Poly Butylene Succinate (PBS)is one of the biodegradable polymers with good physical properties but its barrier
properties such as the oxygen barrier are poor. The aim of this study was to investigate the barrier and seal
properties of PBS by blending with biodegradable poly hydroxybutyrate-co-hydroxyvalerate PHBV). PBS and
PHBV (8020 and 7030 «w:w) with and without reactive agents were prepared using an internal mixer. Film
specimens of 100 micrometers in thickness were prepared using compression molding. The morphology, barrier
properties and peelseal strength were investigated. Morphological observations using scanning electron
microscope (SEM) showed an improved dispersion of PHBV in the blends after adding the reactive agents. The
oxygen barrier and water vapor barrier were determined using ASTM D3985 and ASTM E96, respectively. The
results showed that the addition of PHBV into the blend films led to lower OTR and WVTR when compared to
the neat PBS. The addition of reactive agents can further improve the OTR and WVTR of PBS/PHBV blends due
to the compact and dense structure of the films. Peel-seal behavior of the films was examined by the different
sealing temperatures, which determined the failure mechanism after peeling. The blend films with reactive agents
after sealing temperature between 105 and 115°C were peeled from the substrate with adhesive and cohesive
failures showing the easy peel mode.

Keywords: Poly®butylene succinate), Polychydroxybutyrate-co-hydroxyvalerate), Reactive blending film, Barrier
properties, Peelable film

1.Introduction usually sent to landfills after using. With the high

The growing environmental concern on plastic material property requirements of these plastics
pollution has gained global attention. It was reported including a light weight anicro-scale thickness), high
that more than 340 million tons of plastic waste were toughness, complex structures (multi-layen and
generated around the world, with around 46+ of this contamination due to direct contact with foods (Wu
waste from the packaging sector in 2018 (Wu, Misra, et al., 2021y, the collection, separation and recycle
& Mohanty, 2021). For the food packaging are very complicated. Urgent efforts are directed
applications, it is a single-use packaging alone that towards finding alternative solutions, including the
generates a large amount of plastic wastes. Amongst use of renewable, biobased, and biodegradable
these, the plastic top seal for sealing trays is one of plastics Rodriguez Uribe et al, 2021). One of the
the interesting items, which is difficult to be options can be the compostable plastics as they offer
replaced with the sustainable option. Top seal is the composting option, especially for a food contact

packaging, where recycling was complexed by the

mostly made from non-biodegradable polyolefins :
economics of scale and waste management. For food

and polyethylene terephthalatey PET) or even . '
packaging uses, the poor water vapor and gas barrier

Itilayer films. Th re not easil led and 2 2 g
SRS e properties of most biodegradable plastics are the
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major limitations for top seal applications. The main
approach to improve this performance of
biodegradable plastics includes polymer blending.
The method is easily adopted in the industrial
processes (Wu et al., 2021).

Poly butylene succinate or PBS is one of the
biodegradable aliphatic polyester and is synthesized
from 1,4-butanediol and succinic acid monomers by
the polycondensation reaction. PBS has mechanical
properties comparable to polyolefins like
polyethylene ®PE) and polypropylene (PP) Muthuraj,
Misra, & Mohanty, 2017). On the other hand, the
disadvantage of PBS with packaging application is
its poor barrier to moisture and oxygen Rodriguez-
Uribe et al,, 2021). A study conducted by V. Siracusa
et al. (Siracusa, Lotti, Munari, & Dalla Rosa, 2015)
reported the oxygen transmission rate (OTR) of PBS
films prepared by compression molding and with a
thickness of 144.7 ym was ~281 cm®>m?2day!barl J.
Xu Xu, 2015) reported the water vapor transmission
rate WVTR) of PBS films made by using hot-press
and with a thickness of 51 um was 83.8 gmZ2day!.
To obtain high oxygenwater vapor barrier blends,
one component with a high barrier should be
incorporated. Accordingly, the polymer blending by
high barrier properties materials can result in
products with better barrier properties. Among
biopolymers, Polyhydroxybutyrate-co-
PHBV) as a family of
Polychydroxyalkanoates) PHAs) has relatively high

hydroxyvalerate

barrier properties and proven biodegradability has
attracted the attention of the packaging application.
This group of polymer is a polyester derived from
microorganism, including bacterial fermentation of
starting raw sugars or lipids Nuchanong, Seadan,
Khankrua, & Suttiruengwong, 2021; Rodriguez-
Uribe et al., 2021). Since the oxygen barrier of PHBV
is much better than most biopolymers such as PBS,
Polylactic acid (PLA), Polycaprolactone ®PCL), and
some commodity polymers such as PP and PE, it is
a good candidate for blending. This polymer is
however still very expensive. Although the water
vapor barrier of PHBV was inferior to that of PP and
PE, it is clearly better than that of biodegradable
polyesters such as PBS, PLA, PBAT and PCL
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@Rodriguez-Uribe et al, 2021). Thus, PHBV can help

to enhance the barrier properties of biopolymer
blends. The poor barrier of PLA films has been found

to improve with the addition of PHBV by L
Zembouai et al. (Zembouai et al, 2013). The OTR of
PLA was decreased by about 35.3, 432 and 81.5%
with the addition of 25, 50 and 75 wte: of PHBV for
PHBV/PLA blend, respectively. On the other hand,
the value of WVTR of PLA was decreased by about
22.7,36.6 and 58.9+ by addition of 25, 50 and 75 wtes
of PHBV, respectively. M. Cunha et al. (Cunha,
Fernandes, Covas, Vicente, & Hilliou, 2016) studied
the melt blended PHBVPBAT (7030). It was
reported that WVP of the film was close to PHBV,
but the elongation at break of the film showed the
low flexibility. The compatibility between PBS and
PHBYV was poor, resulting in relatively large particle
size and a weak interfacial adhesion in their blends
by Y.J. Phua etal. Phua, Pegoretti, Medeiros Araujo,
& Mohd Ishak, 2015) and P. Ma. etal Ma, Hristova-
Bogaerds, Lemstra, Zhang, & Wang, 2012). Certain
compatibility needs to be introduced into the blend
system in order to acquire better performance. To
achieve oxygen/water vapor barrier and mechanical
balance in biodegradable polymer blends, effective
compatibilizers were normally applied (Wu et al.,
2021).

Therefore, the objective of this work was to
study the addition of reactive compatibilizer in 8020
and 7030 wte: of PBS and PHBV blend. The polymer
blend with and without reactive compatibilizer was
evaluated by oxygen transmission rate (OTR), water
vapor transmission rate (WVTR) and seal strength
test for study the possibility to use with top seal
application.

2.Materials and Methods

A commercial grade polybutylene succinate
PBS)FZ91PM with MFR 5 g/10 min, density 126
gem?®, melting temperature around 115°C  was
purchased from PTT MCC Biochem Co. Ltd.
Thailand). Polyhydroxybutyrate-co-hydroxyvalerate)
®PHBV) Enmat YI1000P with 3  molsx
hydroxyvalerate (HV) content was purchased from
Tianan Biologic Material Co.Ningbo, P.R. China). It

88



Available online at http-»www ssstj scissruacth

Suan Sunandha Science and Technology Journal
©2022 Faculty of Science and Technology, Suan Sunandha Rajabhat University

has the density of 1.25 giem®, melting temperature
around 175-180°C. Multi-functional epoxy chain
extender (ECE) Joncryl ADR 4468 in solid flake
form with epoxy equivalent weight 310 g/mol was
purchased from BASF Co., Ltd.

2.1 Blend preparation

PBS and PHBV pellets were dried at 60°C
overnight before further use. The ratios of PBS and
PHBYV were 80:20 and 70:30 by weight For reactive
blending, PBSPHBV with various contents of ECE
were studied at 0.1, 0.2 and 0.3 phr. PBSPHBV
blends with and without reactive agents were melt-
blended using an internal mixer at 180°C with rotor
speed of 100 rpm for 10 min. Films were prepared
using compression molding at 190°C for 3 min to
obtain films of about 100 pm thickness.

22 Characterization

Scanning electron microscopy (SEM). To
investigate the morphology of PBS/PHBV blends
with and without reactive agents, all blended
samples were cryo-fractured in liquid nitrogen and
sputter coated with AuPd. The fracture surface was
investigated by Field emission scanning electron
microscopy FESEM) MIRA3, TESCAN) with a
chamber pressure <0.009 Pa under high vacuum
mode. A 2500xmagnification was used for all
samples.

Oxygen transmission rate (OTR). The oxygen
transmission rate (OTR) was carried out according to
ASTM D3985 using Gas Permeability Tester (type
GDP-C, Brugger Feinmechanik GmbH). OTR
measurements were performed at 23°C at 50% of
RH, and the results were expressed in cm’.m?day
Lbar,

‘Water vapor transmission rate (WVTR). The
water vapor transmission rate (WVTR) of the film
samples was studied using the «Cup method~
referring to ASTM E96. Silica gel was used as a
desiccating agent, and the cups had a specific
exchange surface of S =4.59 cm” The experimental

setting consists of a cylindrical vessel filled with a
desiccating agent and sealed with the investigated

Vol09, No.2 DOI:10.14456/ssstj.2022.9

film. The mass increase in the cups, due to the water
absorption of silica gel, was plotted against time. The

WVTR was calculated from the slope of the mass
uptake of desiccating agent profile versus time at
23°C at 75% of RH, and the results were expressed in
gm?2dayl.

Seal-Peel test. Heat sealing process involves
sealing temperature between 95 and 110°C and
sealing time 8 s (18 rpm) were directly set on a
continuous sealing machine BSV-5I, Tupack Co.,
Ltd). All of the films were sealed on a PBS blend
sheet. The sheet prepared from PBSPLAPBAT was
about 800 um thickness to imitate the container rim
or the trays lip. Peel strength of films was measured
by a supported 180° test (Technique C)according to
ASTM F88. The grip distance and peeling rate was
254 mm and 200 mm/min, respectively. The testing
machine was a universal testing machine NRI-
TS500-5B, Narin instrument Co., Ltd) with a load
cell of 5 kN. Peel strength values were the average
values of five repeated measurements.

3.Results and Discussion
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Figure 1. Mixing torques of PBSPHBYV (a) 80,20 (b)
7030 blend with and without reactive agents at
180°C and rate 100 rpm

Mixing torque values. The mixing torque of the
internal mixer can be related to the molten polymer
viscosity. The evolution of PBSPHBV 8020, 70/30
blend with and without reactive agents mixing
torque curves is shown in Figure 1. The mixing
torque curve of the non-reactive PBSPHBV 80,20
blend is lower than that of the reactive PBSPHBV
80,20 blend as a result of the reaction between ECE
epoxide group and carboxylic end group of polyester
through condensation reaction, indicating some
degree of chemical reaction. This finding is
consistent with other researches that also modified

SEMHV: 0KV WD:93imm

Vivw ki, 853 s ouse
S8 MAG: 250 kx

polyester ~ through  condensation  reaction
Nanthananon, Seadan, Pivsa-Art, Hiroyuki, &
Suttiruengwong, 2017; Nuchanong et al, 2021;
Phuangmali, Seadan, Khankrua, & Suttiruengwong,
2021; Yang, Xin, Mughal, Li, & He, 2017. The
reactive epoxide groups can react with carbonyl
groups in both polyesters to form copolymer,
leading to better compatibility between two
polymers. For PBSPHBV 7030 blend Figure 1 b),
the mixing torque was not different when adding and
increasing ECE contents. The reason for this might
be the expense of two or more competing reactions
of PHBV, such as the competition between the
degradation reaction and condensation reaction
Nuchanong et al., 2021). Therefore, the change in the
viscosity of the melt is not pronounced.

(b)

@8

Figure 2. SEM micrographs of cryo-fracture surface of @) nonreactive PBS/PHBV 80,20 and reactive
PBSPHBYV 8020 with ECE (5 0.1, (¢)0.2 and (d) 0.3 phr.
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Figure 3. SEM micrographs of cryo-fracture surface of @) nonteactive PBS/PHBV 70,30 and reactive
PBSPHBYV 7030 with ECE (b 0.1, (¢)0.2 and (d) 0.3 phr

Morphological observation. The micrographs
of the PBSPHBYV blends are studied by SEM. Figure
2 shows the SEM micrographs of the cryo-fractured
surface of the non-reactive and reactive PBSPHBV
(80:20) blends. The physical PBSPHBV blends
(Figure 2 a)shows that PHBV droplets are dispersed
in the PBS matrix with an average droplet size of
about 10 um. After addition of ECE to the
PBSPHBYV blends (Figure 2 b - d), the sizes of PHBV
droplets are smaller than nonteactive one. The
particle sizes are about 2 pum. It is evident that there
was a reaction through the condensation reaction
when adding ECE into the blends. Similar
observation was made by I Zembouai et al
(Zembouai et al., 2013). They reported that PHBV
and PLA form mainly a two phase-system. In the
25/75 blend, the phase was formed by PHBV and the
inclusions (bead-shaped) were PLA domains. P. Ma
and coworker Ma et al., 2012) also reported after
adding of the reactive agent to the PHBV/PBS melts,
which acted as compatibilizer between PHBV and
PBS and a network consisting of both PHBV and
PBS were formed.

Vol09, No.2 DOI:10.14456/ssstj.2022.9
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In case of the cryo-fractured surfaces of
PBS/PHBV (70:30), PHBV is typically dispersed in
a form of the filament in the PBS matrix as shown in
Figure 3 a. In Figure 3 b, PBSPHBV (70:30) blend
with the addition of the reactive agent showed the
spherical particles instead of the filament shape. The
filament changes to spherical droplets with a larger
particle size of about 20 um and the smaller about 4-
5 pm. The interfacial adhesion between both
polymers for both compositions of the blends as
depicted in Figure 3 ¢ and Figure 3 d after adding
ECE.:

non-reactive]
FOEALD
ECED2
ECE 03

OTR (em’/m’day bar)

PBS PBSPHBY 5020 PRSPHBY 7030 BV

Figure 4. Oxygen transmission rate (OTR) of
PBS/PHBV blend with and without reactive agents

91



Available online at http-»www ssstj scissruacth

Suan Sunandha Science and Technology Journal
©2022 Faculty of Science and Technology, Suan Sunandha Rajabhat University

Barrier properties. Gas barrier properties of
PBSPHBYV blends were investigated by means of
oxygen and water vapor transmission rate tests.
Evaluations were performed on compressed films
with thickness about 100 pum. Similar trends are
observed for both gas permeation evolutions as a
function of compositions.

Oxygen transmission rate (OTR). The results
are depicted in Figure 4 PHBV possesses a good
oxygen barrier when compared to PBS. OTR values
of PBS/PHBV blend are decreased with increasing
PHBYV contents in the blends. When adding ECE, the
OTR value decreased furthermore when compared
to nonreactive PBSPHBV blends. OTRs of
PBSPHBYV 80,20 and 70,30 blend are improved by
54 and 6929 after the addition of ECE 0.3 phr,
respectively compared with that of PBS. The reason
for this is still unknown. This shows clearly the role
of PHBV as an efficient barrier promoter for PBS,
even at the low content. The lower OTR values

obtained after adding ECE suggest an improved
interfacial adhesion between both polymers helps
create the compact and dense structure of the films
(Chinga-Carrasco & Syverud, 2012).

WVIR (gm’ day)

)
PBS PHS/PHBY 80120 PRSPIBY 7030 PHBY

Figure 5. Water vapor transmission rate (WVTR) of
PBSPHBYV blend with and without reactive agents.

Water vapor transmission rate (WVTR).
WVTR results are presented in Figure 5. It is seen
that by increasing PHBV contents the water vapor
barrier was better when compared to PBS alone.

PBSPHBV blends show the decrease in WVTR
values with increasing PHBV contents. Moreover,

Vol09, No.2 DOI:10.14456/ssstj.2022.9

OTR of reactive PBS/PHBV blends exhibit lower
than that of nonreactive blends. WVTR values of
PBS/PHBV 8020 and 70/30 blend compared with
PBS are improved by 44 and 55.6% after the addition
of ECE 0.3 phr, respectively. The incorporation of
PHBYV can improve the moisture barrier properties
of PBS. This was also in good agreement with L
Zembouai (Zembouai et al, 2013), who reported the
barrier property of PHBV and PLA blend. After
improving the barrier properties of the blends, it was
found that barrier properties lied between PLA and
PHBYV barrier properties. It was reported that the
decrease in barrier properties as crystallinity
increased was mainly explained by two factors. The
first was the inclusion of impermeable crystallites
which decreases the amount of amorphous phase
through which the gas molecules can permeate. The
second was that impermeable crystals increase the
tortuosity of the transport path (Zembouai et al.,
2013).

105 1o 13 120

Sealing Temperature (°C)

(b) Do

PBS/PIBY 7030
PRSTPIBY 7
PRSTPIRY 7
PBSTPHBY 7
PHBY

A

s

s 100 105 1o 1s 120

Sealing Temperature (°C)

Figure 6. Peel force of @ PBS/PHBV 8020 blends
and (b PBSPHBV 7030 blends with and without
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ECE in different sealing temperatures on PBS
blends sheet

Seal Peel test. In this research, PBSPHBV
films were fabricated and used to investigate the peel
properties as for an easy-peel range application. The
peel force of the film sealed on the prepared PBS
blend sheet was carried out to evaluate the
interaction between PBSPHBV films and PBS
blend sheet From the seal and Peel test shown in
Figure 6, Peel force tends to decrease with
increasing PHBV contents. The compact and dense
structure of the films could be the reason for this. On
the other hand, depending on the preparation of the
films dn this case the compression molding was
used), PHBV minor phases can reside at the surface
because of its low interaction with PBS
Liewchirakorn, Ahtong, & Chinsirikul, 2017).
Since the heat seal was studied, optimum heat seal
temperatures of some of the blends may fall out of
this range. Therefore, the blends could be used in
packaging applications with easy-open peelable
features (in-dash lines), which have a peel force of
445-12.24 N25.4 mm (1 to 2.75 1bin as reported by
reported by J. Zhang et al) Diaz, Pao, & Kim, 2016;
Zhang et al, 2009). However, all blends film at
sealing temperature 105 and 115°C had a tendency
to be used as peelable film for easy-peel films.

Peel-seal behaviors in easy-peel range with
different sealing temperatures (105-115°C) peeling
film from PBS blend sheet substrate 800 pmy. Three
types of the film's failure (Liewchirakorn et al., 2017)
observed in this study are schematically illustrated
in Figure 7 a to c. Adhesive failure was found in
sealed PBS/PHBV 8020 blend at 105-110 °C sealing
temperatures and in 70/30 blend at 105 °C sealing
temperatures on PBS blend substrate. This failure is
located at the interface between the film and
substrate, resulting in the lowest peel force values.
For the cohesive failure, the film tends to peel off
from the substrate and peel advances during the test.
There is some residue observed on both peeled
surfaces of PBS blend substrate and PBS/PHBV
blend films. This found in the case of the PBSPHBV
80,20 and 70/30 blend films were sealed at 115°C,
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110°C, respectively. The films demonstrate tearing
failures at a high sealing temperature of 115°C.
PBS/PHBV 70/30 blend films exhibit the complete
tear. This tearing failure means no peel during the
peeling process due to a high seal force between film
and substrate (or seal strength is higher than the
inherent tensile strength of the filmy.

30
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Figure 7. Typical peel failure curve of a PBS,
PBS/PHBYV blends (b) 80,20 and () 7030 in different
sealing temperatures on PBS blends sheet
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4.Conclusions

Biodegradable PBS and PHBV blends
were prepared by melt mixing with and without
ECE Film specimens were prepared using
compression molding. The SEM images indicated
the decreased PHBV dispersed phase as well as
improved interfacial adhesion after adding ECE in
PBSPHBV  blends, indicating improved
compatibility between these polymers. The addition
of PHBV into the blend films without ECE altered
the barrier properties, where the decrease in both
OTR and WVTR when compared with the neat PBS
was observed. Meanwhile, the addition of ECE can
further improve the OTR and WVTR of PBSPHBV
blends due to the compact and dense structure of the
films. PHBV could act as an efficient barrier
promoter for PBS. For the sealpeel strength test,
after sealing temperature between 105 and 115°C
that exhibited easy-peel characteristics. Peel-seal
behaviors in an easy-peel range were peeled from the
PBS blend substrate, adhesive and cohesive failures
were apparent during the peeling process. It can be
concluded that the blend film with PHBV minor
phase with ECE can be used for top seal application.
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