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UFuUgaadosnInnienInusouseying process 104 PHBV nuufiisensiuiusening free
radical Uag condensation Ysulgsaudfisnalaeiuaus dunedtinaudadiunlaasiius
(PBSA) wazyvinpaulwdnlnenisibiudulodudesn (SPF) anasvaassnuInnislguiisen
free radical Iagifu diltert-butylperoxyisopropybenzene (DB) 0.3 phr 321U triallyl
isocyanurate (TAIC) 0.1 phr Ufji3e131uAUsEniNa free radical waz condensation Lagidy
DB 0.3 phr, TAIC 0.1 phr ik & ¢ multifunctional epoxy chain extender (ECE) 0.5 phr
A10150USTUUTUATEIN N NAIINS O UAZEINNTOATUANAIIINTATENINNTLUIUNITVY
PHBV ¢ n1siuaus PHBY $3ufu PBSA ignsadau 80:20 vinliaut@idanaanauiiesin
gl Rssmineneaefisaes iewdin DB 0.3 phr, TAIC 0.1 phr wa ECE 0.5 phr
v‘iﬂﬁwaéma%ﬁ%amL%'ﬁﬁ’ulﬁﬁﬁﬁuiﬂS%uﬁmaymﬂﬁuaq dispersed phase anasain 2-10 u
0.3-1 micron, tensile streneth Lﬁm%umﬂ 35.3 101 38.1 MPa, elongation at break Lﬁm%u
910 7.9 U 20.9% Uay impact streneth WiinTuan 2.1 104 3.7 ki/m? maiuduleduus
sAfiii1un"15U3UUTIK2 maleic anhydride (TSPF) 5 phr $aufUn"51@u DB 0.3 phr, TAIC
0.1 phr waz ECE 0.5 phr vi1l% Young’s modulus Winduain 1268 1Ju 1354 MPa Inel
Tensile strength wa e elongation at break haifinasiwasuuUatuuudvedidn e
Wiguiilsuiu PHBVBO/PBSA20/TSPF5 way impact strength fifnfinduain 2.4 10u 3.3
k/m? uenanigaladnwdnsnavesmsliannslussninensdaivluannzunivasnns
Tan1IzLUULSe WuInauURmInaves PHBY, PHBV/PBSA blends way PHBV/PBSA/SPF
composite fluualtuanandntiosndsandafuiigauug 30 °C Ay 70%RH WHua 4
&Uai Tuvnigfiaudfidanaiinisanatessaiieddunsdivhnisnaaeuluanmsss Wuna
Wanue & §Uailae PHBV flfn Young’s modulus anas 36.4% , tensile strength anas

55.9% , elongation at break aaay 51.1% Wae impact strength aaa 9 41.3% PHBY,
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61402216 : Major (POLYMER SCIENCE AND ENGINEERING)
Keyword : PHBV PBSA reactive blend pineapple fiber accelerated weathering
condition

MR.  PONGSAKORN NUCHANONG : IMPROVEMENT OF MECHANICAL
PROPERTIES AND INVESTIGATION OF THERMAL STABILITY OF PHBV WITH BIO-POLYMER
BLEND AND POLYMER COMPOSITE METHOD THESIS ADVISOR : ASSOCIATE PROFESSOR
SUPAKIJ SUTTIRUENGWONG, Dr.-Ing.

Poly(hydroxybutylate-co-hydroxyvalerate (PHBV) possesses good mechanical
properties. However, this polymer has limitations such as narrow processing window
and low impact resistance. Therefore, in this research thermal stability during
processing of PHBV was improved via combined reaction between free radical and
condensation. Mechanical properties of PHBV were also improved by blending with
poly(butylene succinate-co-adipate) (PBSA) and prepared short pine apple fiber (SPF)
composite. Thermal stability of PHBV was enhanced via free radical reaction by
adding di(tert-butylperoxyisopropylbenzene (DB) 0.3 phr with triallyl
isocyanurate (TAIC) 0.1 phr and- combined reaction between free radical and
condensation reactions using DB 0.3 phr, TAIC 0.1 phr and multifunctional epoxy
chain extender (ECE) 0.5 phr. The melt viscosity of PHBV was maintained instead of
gradually decreased during processing which indicated an improved thermal stability
after applied with these reactive agents. Blending PHBV with PBSA without reactive
agents deteriorated mechanical properties due to poor compatibility between these
polymers. When DB 0.3 phr, TAIC 0.1 phr-and ECE 0.5 phr were added, decreased
dispersed phase sizes from 2-10 to 0.3-1 micron, increased tensile strength from 35.3
to 38.1 MPa, elongation at break from 7.9 to 20.9 MPa and impact strength from 2.1
to 3.7 kJ/m? were observed. An incorporation of maleic anhydride treated SPF (TSPF)
5 phr increased tensile strength from 35.3 to 41.2 MPa and decreased elongation at
break from 7.9 to 6.4%. When DB 0.3 phr, TAIC 0.1 phr and ECE 0.5 phr were applied,
increased Young’s modulus from 1268 to 1354 MPa with an insignificantly changed
tensile strength and elongation at break when compared with PHBV80/PBSA20/TSPF5
without reactive agent could be observed. Furthermore, mechanical properties

stability of PHBV, PHBV/PBSA blends and PHBV/PBSA/SPF composites was also



studied under storage and accelerated condition. Under storage conditions at 30 °C
with humidity of 70%RH for 4 weeks, slightly decreased mechanical properties could
be observed. Meanwhile, mechanical properties gradually decreased during testing
under accelerated condition. Young’s modulus of PHBV decreased 36.4%, tensile
strength decreased 55.9% and elongation at break decreased 41.3%. PHBY,
PHBV/PBSA blends and PHBV/PBSA/SPF composite possessed marine biodegradability
in mangrove and open sea water condition as observed by gradually decreased
sample weight with testing time. In mangrove condition, higher degradation rate was

observed which may be related to a difference in microbial population.
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1.1 anuduanuazanuddi v

o o

nslunanainaniastlnsideniundsdymdaindouainvesnanain gz au

o w 1

wazlignindnedagnis ldaunsadesaaiala Usznaudunislinineinsainumas
WasBonfidunsnensdildudmuely slludagtuinsudladymumaiilaensisan
LLUULﬂwgﬁﬁmaguL””JEJuLLazmsW@umﬁé'fﬁumi% W Winaaannauunlalug, n1sianisean
Tnanadnuuuldadufoans sulddsnsidnaraindanmitaunsagesaansnedaninly
AMes5suh Fadunedwesiindnlsannsnensitanduaildlndliuarauisagesaans
Tan19dinniay weslunatadnan sy (Thermoplastic starch (TPS)), woduan@Anuedn
(Poly(lactic acid) (PLA)), weataiaugadiun (Poly(butylene succinate)) saulufiswodiues
lunqunedlansenddaniluen (Polyhydroxyalkanoate (PHAS)) Fudunedwesfindnldan
Un3d

woalansandTalisn-la-lemsendansian (Poly(hydroxybutylate-co-
hydroxyvalerate) (PHBV)) Lﬁwﬁﬂuwaﬁmaﬂumjm PHAs leefulanediwasseniname
alansondUafisn (Polyhydroxybutyrate (PHB)) wagnealenIanTINsIan
(Polyhydroxyvalerate (PHV)) 1agPHB L"‘f]uwa%LmaﬁﬁﬁmmmumLLiaﬁaLLazuaaﬁaqq WAl
Gﬁaaﬁﬁ’magjmwizmiﬁﬁwé’qﬂumiﬁmﬂ‘ﬁmuﬁaﬁ processing window fIkAY, ATANILNIY
FiOLIINITZUNN (Impact resistance) figh 1, 21 Mmafivdues HY Wiluly PHBY agvinle
PHBV {AUNUNIUABDLIINTLHAN (Impact resistance), ALY (Toughness), AU
Boveu  (Flexibilty)  fnntusasyilfgamgfinavoeuanas  PHBY  #iU3una
hydroxyvalerate (HV) s unedwesiflanidnaiifieunusoussieUssana 39
MPa, uepaaUszanad 1600-2100 MPa wonaniweawesuiaidalunedwesfiaunsa
aaealdmadinim (Compostable plastic) wazanusadevaasldlutimeia us PHBY
Senailtaideroidunadiuesiung (Brittle) & elongation at break Uszdiad 5-7%, dAa

Wfiesn1eAudeus (Low thermal stability) wazflsnaums [2, 3]
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lunideiiRediunAanizusulsuatosmennuiounasanuUssves PHBY lagld
nszvINNsiUauALuUSIOnTiuAunedtfidudadiunlaeziiun  (Poly(butylene succinate-
co-adipate), PBSA) Wagifu short pineapple fiber (SPF) wlauradnwantiidena, aud
ASNITTUNA, auUATInINTou, ANNENTalustesaalunzia (marine
biodegradability) 483 PHBV/PBSA blends wag PHBV/PBSA/SPF composites Tugn1zi
FELAULAYIMELa suluisfnemulat o s iR N andIaInHIUNS IAEA1IZLSS

(accelerated weathering condition)

1.2 FnquivasArasiy

1.2.1 wiaUFulsaatiosnmnienuseutas PHBV Tunseuiunis process

1.2.2 \fiefinw1 mechanical stability properties ¥8¢ PHBV, PHBV/PBSA blends Lay

PHBV/PBSA/short pineapple fiber composite Aela accelerated weathering condition

1.2.3 iileusulssaudflenaazandfinisnszunnues PHBY smenisiuauauusidniiuiy

bio-plastic Laz¥i1 composite fEnI5LAL short pine apple fiber

124 \fiefinwn marine biodegradability w83 PHBV,  PHBV/PBSA blends &g

PHBV/PBSA/short pineapple fiber composite

1.3 WUIAAYDIUINY

Tuaudeilfusuusaadesnmnieanufounss PHBY iuUjisen free radical
39017U condensation IaeLAd peroxide, coagent hay chain extender, @uURAITINALAY
AuURn1INTEUNNUe9 PHBY Tastuauniu PBSA Laztn3eu PHBY composite 1aeld short
pineapple fiber H1UNTEUIUNITIUAUALUUSIONAUNSBUNTANYIAINEINTD IUASE B
ganslunziavea PHBY, PHBV/PBSA blends way PHBV/PBSA/SPF composite syuluda
AnwiAinulatysvesanUfldana (mechanical stability properties) n1eldan11g1s9

(accelerated weathering condition)

14 o w

1.4 U9 UlALAZYDINNAVN 1LY

1.4.1 1% PHBV 5 HV Us¥anay 3-10%

1.4.2 PHBV waumnu PBSA



1.4.3 Short pineapple fiber Adfianueliiu 6 mm, diameter L3itAu 100 micrometer

TneAy pineapple fiber laitAu 30%
1.4.4 M5LUauakazyin composite AluN15IULATeY internal mixer

1.5 dumpunsaniiuanidelagasy

1.5.1. fnwenansuazadseiiiedes

1.5.2. 89NUUUITNITNAADILAZINURNUNITNAGDY

1.5.3. dpmianuazansiadinldluamide

1.5.4. sfiuaudselaontaoenidu 4 g

1.5.5 AAsienaragunanIsIde

1.5.6 Yauediuvilsvemwasiuddelusudpumadninig
1.5.7 MMT1891UNAN1SIY

1.5.8 N3 UUITY

1.6 NM5ANHUIUITY
1.6.1 m3ufulsuafesmmmsenufeulussminaiusunes PHBY

nsUfuUsuatgsnmmIALieuves PHBY . anliunisusulsslagsi
UFFselu 3 Snvazde 1957500 free radical Tneludauveaujisen free radical flazuts
sonilu 2 svuuAesvuuiiinsu free radical  intiator  lnglufiife
Di(tertbutylperoxyisopropyllbenzene (DB) Lilesaengimelul3nim 0.1-0.3 phr hagszuy
fifinsidiu DB 0.1-0.3 phr $3ufU coagent &afe Triallyl isocyanurate (TAIC) TuuSunm
0.1-0.3 phr 2.Ufji%en condensation siunistaesiis Multi-functional epoxy chain
extender (ECE) luuSmafiuansinaiu 0.5-2 phr wag 3.UFATemMsEIIe free radical
uaz condensation Iaeifin DB $auffu TAIC wag ECE lnevhniswaudieipdeanauniely
wuula (intemal mixen) figauugli 180 °C avudalamed 100 souriowd anduia
fogafilaluRnwanTRidena, muviinvemediues, audiirnuiou sauludslaseadng

ML YRINORLBIUAIINITUSUUT



1.6.2 N3UsuUsantRidenaves PHBY lnenisiuauduuusidniivuazyinedwes

ARULNER

1.6.2.1 M3USuugeaudmBenaves PHBY lngluauaiu PBSA

nsUfuUgsantAiBanaves PHBY dudunisinoiuaus PBSA Fadu soft
polymer U PHBV #18051d31 PHBV:PBSA 80:20 Taefinnsifin DB, TAIC wag ECE wialdlu
msUuUsaafissnmmnnuieusasliiduanslunsiiuenuddulddeiuiunisivaud
seedesnaunuula (internal mixer) figamail 180 °C seaandilsines 100 soudeud

[

Hunm 10 il mntudaimegiildlufnuandiidana

1.6.2.2 MsUSuUgsauUmlinavas PHBV/PBSA blends lngvinediuesney
Indnagiduledulyse

N15USUUsauURLBINaTes PHBV/PBSA blend dliunislagiisduleduus
50 (short pineapple fiber, SPF) iU 5 phr lasldidule 2 wuvde 1.duleduussaiilyl
N1UNMSUSUUTIRA (SPF) wag 2 duledudy safiiiunnsusuusein (TSPF) fiuudsinves
SPF #28 maleic anhydride (MA) iu3uias 20wt s minidulelneus SPF luaisazane
MA wazauiigaumgdl 80 °C 1luia 24 Falus Tunnswassiunislnonsnanseesesnay
wuuda (internal mixer) figaimail 180 °C fsanandalsines 100 seusiound Wunan 10
it MnduisihdedwildluAnuaudfitng

1.6.3 MsfinmnsiasuulasautiAiBanauas PHBY, PHBV/PBSA blends uaz

PHBV/PBSA/SPF composite lunisaanuluanmzinfinazmsiianiazise

1.6.3.1 M3anwMaUasuLasausiidenaves PHBV, PHBV/PBSA blends uag
PHBV/PBSA/SPF composite lusyninanasamauluannizunf

nsnaaesludiuddniunisiduailddaiunuaiudu (Stability test chamber) 7

041N 30 °C ANFU 7T0%RH Wutan 4 &Uat Taevinnisiiusiegeduanvias 1 ASuie

9 Y

a LY

ARPuENURATNAlULRaLAUA
1.6.3.2 nsanwINsWasuwlasaudiidanayes PHBV, PHBV/PBSA blends L&
PHBV/PBSA/SPF composite Tuan12zts

Asneasstudiudaniunisinduauldlunssanaaauninu@aunielaaningsa
(Accelerated weathering tester) lngldan11en1uu105§71U ASTM G154 Lagfin15a euas

UVB fgaungil 60 °C 1luiian 4 alus aniuddliduauegnneldaniiziuy condensation



Mgl 50 °C \Juvian 4 lus Wunawisvue 4 §av lnevnisiiumedsdunvias 1

Y

A a

ASI R NELURITINaluLsaz dUA%

1.6.4 M3fnwAuansalunstesaatslunzianusssuvIAves PHBY,
PHBV/PBSA blends wag PHBV/PBSA/SPF composites
msnaaeslududiiiunslaethdunuiildussgadugamieuasilulilungiad qusite
nSwensmamziasazeieinelny Tueen 1aei309 1.1 UININTTLE 8.4nas 1.

[ I~

svpe1 21170 TnethduaululdBluiiui 2 Snuaziedimeiau (mangrove field) e
12.698228 N 101.704296 E LLazaaaiuﬁ’mzLa (open sea water) fifa 12.698357 N
101.703213 E Wuan 4 §aet Taeiianasiiudegedunias 1 ase lun1sinan
auansalunseesdatevesinegssniunslngfamunsasunlasivrenimtnues

Fog19luraa1n1eg lunsnagaey
1.7 Usylewdnianinaglasu
1.7.1 anunsauFulsaiesnmvnenuseuves PHBY a

1.7.2 anansaUsudpauifiifenanayanUinisnszinnyas PHBY 91nn1siuausuuu3idniiv

wazsoniumenIndniu PBSA Wag short pineapple fiber Lot

1.7.3 gnunsausziiumnuaunsa lunns gegdaluued PHBV, PHBV/PBSA blends ey

PHBV/PBSA/SPF composite Iuﬁmzl,a o}

1.7.4 813150 UsZEUNSNUNIUABANINLINRBNTRa PHBY, PHBV/PBSA blends Way

PHBV/PBSA/SPF composite @ann1snageuluaniig accelerated weathering
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2.1 ;AdefiAedes

Yoshihiro Aoyagi Wazame [4] laAnw1 thermal degradation ¥®4 PHB laelw
dn17glUU isothermal temperature ﬁqmwgﬁ 170 °C 31NN1SNAABINUI number
average degree of polymerization (P,) 484 PHB finsanategnesimirludnuusiidu
non-linear relationship Autiatluszwingni1snan1tzd19aulugie 10 WINLINIIng

naasulnafial 1/P, wUsAUATIAUaIfw@unasn 1 wansliiiuin PHB 1Ann1s degrade

WUU random chain scission Tu1313n9890191A7 thermal degradation lag#tinninues
PHB ldiasunlaswanalidiuinlidinisiin volatile Yugnluszninanisnaasunisidunan

30 W

1 1
P——kdt‘l‘_ (1)

nt Pno
187 P, Waz P, o A number average degree of polymerization #1381 t ag 0

PINAIAU WAz ky AD rate constant YoINI5LAN degradation

Hengxue Xiang hagAty [5] 19Anw1 thermal depolymerization mechanism U84

PHBV wuinuwminues PHBV finswasuudaswuuldivdeddgnudazlvigumgin 180 °C

Y

Hurran 30 wiitluvaedi M, 709 PHBV fimsanasann 110,990 ¢/mol luidu 21,050 ¢/mol

a0

lngmsiiintuvesgauuiinaaeuinayinli M, ves PHBV dAanasuindu Tuvae# PDI den

ALTUNEINTINITNAFDUSILAAIIUAITINN 2.1 NNANISNAaBILandliuddnsnaves

{ a

aa = aa ° v
Qm%ﬂm%lmuﬂqimﬂaaU LN@QQAWQNN@WQQﬂ'J']Qmﬁﬂull‘ﬁa@lll,ﬁa'lsﬂ@ﬂ PHBV QS‘VHI‘VI

NAURATEN chain scission Tudanalidinisanasvesimdnluianasgienaiiioasiuiunig

o

WNTUYBY PDI wenannildanuan activation energy, AE, Tun1siia thermal degradation

v o

299 PHBV lu@n1ay nitrogen wag air liumnansnueg1eiiteddeyiiio weight loss fraction

'
o

TA9nI1 50% aenalsAnnuiila weight loss fraction AN 50% Azl AEy nels
an17% nitrogen fA1gendnluanie air wandbiiiunfiwesndaulyladdnswalunisinln

PHBV \inn1saanedimisainusouludiusnuesnisaaiesi ag1slsimuiile weight loss
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fraction ﬁﬂ'ﬂgﬂﬂﬁﬁ 50% intermediate product AAATULAIIY sensitive §1D oxygen ilw

AE, Tuanmg oxygen fimaninaelaanieinglulnsiauniuaninisnen 2.2

M139% 2.18VENaveq isothermal temperature siauninlulanauagn1sNTELFIVeT

Uwiinluanaves PHBY ndsinisvageuiduiian 30 ui [5]

Isothermal Temperature ("C) M, M, M, M,
Neat PHBV 110,990 176,470 1.59
180 °C 21,050 76,620 3.04
195 °C 10,130 69,070 6.82
230 °C 4410 10,790 2.44

597 2.2 activation energy U89 PHBV 7 weight loss fraction 1149 [5]

Weight loss Nitrogen atmosphere Air atmosphere

fractions(%)
Slop coefficient AE,, Slop coefficient AE,,
(kJ/mol) (kJ/mol)

5 19.55 162.52 19.433 161.57
10 18.90 157.14 18.931 157.39
15 18.81 156.36 18.93 157.38
30 18.23 151.57 18.216 151.45
50 17.61 146.42 17.271 143.59
70 17.15 142.62 15.812 131.46
90 16.92 140.64 16.247 135.08

o

Tunaneguwd aﬁsimm[ﬂr—é] IF5rearuieafunisiin thermal degradation VU84
PHBV lman1u beta elimination random chain scission lngtine1u six-membered ring
transition state {84910 C atom Aisumtls alpha ¥4 ester oxygen il electron donating
effect 7iluvais?i methylene sroup 7iF s beta wase ester oxygen il negative
inductive effect findsaliAnnisviavesaneld PHBY ldielneifnniiu transition state
Fanandanaliinsiintusnues carboxylic ended eroup War vinyl ended group

oligomer Aauandluguin 2.1
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E‘Uﬁ 2.1 MIEAYFINIAMNTOUVDL PHBY WIUNISLAA six-membered ring transition

state

Ting Zhenga wagAmg [71 1011 15mIeu PHBV/cellulose nanocrystal (CNCs)

composite laafin15m3su coupling agent Ao PHBV-g-Glycidyl methacrylate (GMA) lag

14 reactive extrusion process lag/ld DCP W initiator wudn@1u150 graft GMA a3uu

PHBV 1§93 98amu peak 71 wavenumber 908 cm'! Usuenilany epoxide lng %grafting

Juegiu GMA content ¥1nAT1 initiator concentration 1ag#l grafting reaction w1111 M,

bbeYe

Absorbance

M,, VLAY AegUR 2.2

(a)

. PHBV-g-GMA A

a_ PHBV

NN

=

FHBV &

PHBV-g-GMA
' PolyGMA

104,307
114,621
137,620
116, 324

316,543
339,639
452,111
628,204

0
29
3.2
5.4

I."; Mw<1000

P3 DCP+GMA=10%
P2 _DCP+GIMA=5%
P1 DCP+GMA=2%

PO Pristine PHBY

4000

T T T
3500 3000 2500

T
2000

T
1500

Wave number (cm”)

T
1000 500

&

7 8 ] 10 1 12 13

Time (min)

'g‘dﬁ 2.2 M5WgAUenNanYaiued PHBY Way PHBV-g-GMA: (a) FTIR spectrum Wae (b) GPC

chromatograms ¥9518819 PO 919 P3 [7]

Clement Matthew Chana wazaaiy [8] laAnwIN158NSNaveIn15LAL Boron

nitride(BN) wag talc Tu radiate pine wood flour/PHBV composite Tagfin1stAuuIuIa

wood Aaneiu commercial wood plastic composite TusuAduilinnismisndlegnslag



14 single-step extrusion process IINAITNAADINUIINS BN @ 1%wt waz talc 71 5%wt
wans nucleating effect lun1siiandnlne BN SUszandamdiania n1sifiu talc 5 was
10%wt ﬁﬂﬁﬁmilﬂm%u“uaﬂ tensile strength Lag tensile modulus Y89 PHBV/wood
flour composite (50/50 w/w) composite Tag micron-sized talc latdluidnlutesinsves
composite

Elisabeta Elena Tanase wazpame [9] WUsuUeaudfiianaves PHB lnenisify
natural fiber luUSinafiunndrsfudaus 2% 8¢ 10% anuisenuiinisiy Cellulose
fiber (CF) a<lu polymer matrix Anavinls melt viscosity anasasnalyf process tad1eun
Fu anwan1sadeudiemeadia FTIR wud1 PHB composite wana band Adnendsiiu PHB
Tnefinng shift ve peak LUl frequency Tidtasinifoenansliifiufenisiin interaction Hu
N9 CF ilieuniiaedanasmuusunansiay CF wagyinly degree of crystallinity
anaiewSeuiilauiu neat PHB wananil PHB/CF composite Sfauana UV blocking
effect uazsili 9etransmittance lutias visible region anawnunTsIRNTUYES CF content
1u composite Imaﬁﬁqﬂé’hadwﬁmiamawaq transmittance Tnedigasd transparency ﬁqq

Sanjeev Singh tagAmdy [10] lavinasiessu hybrid bio-composite Tngn1sifsl talc
uaz wood fiber aslu PHBY Tagvhnistuguiissadienssuiunisdn 99nn1smnaeanydy
st wood fiber a talc 20% ¥ailaiinTsusTuYes Young’s modulus uaz flexural
modulus Usganar 200% laeiin13anasued impact strength dlafinnsify talc uway wood
fiber n1siAu tale Lufidvswasa crystallization ¥83 PHBV

Adriana da Silva Moura wagaag [11] laUsziluaudfinisanuiou, audfidena
wazdugwiner saluemnudAyreenisuiulse coconut fiber (CF) lagyinniswses
PHB/CF composite fgNIzUIUNITANIINNANITNAABINUIINIG treat coconut fiber (CF)
Tngldthsewilfannsadda low molar mass compound leunsaaulnedilaifinng
Wasuwlawwes fiber structure uansliifiuinns treat CF @aethdauaunsoldnaununis
Ufuusssheaaiiild PHB/CF composite finaifisduresgungivaeulasfissas thermal
stability 13léslusyuuves CF uay treated CF 91nKan1snadausie tensile testing wuin
composite Tiwseulldiouniinny rigid 3Ty Taenudn PHB way CF An interfacial
adhesion #ifa1nn1svagey morphological analysis e crystallinity Tuszuuwas treated

CF faiududlawseuieuiulussuuvae CF Nlule treat
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Eduardo Braga Costa Santos wagmeug [12] 1A treat fiber éhmfﬂ’q'u (50 °C) vilw
\n defibrillation ¥@4 fiber lﬁﬁsﬁu W%’e}uﬂz\iﬁﬂmﬁ fiber 713 crystallinity index, surface
area 1w uarladldinaluniswdsuulas constitution waz crystalline structure o4
fiber Clement Matthew Chan uagay [13] laUsgiliudvndnavesaninuwinasy outdoor
(natural, non-soil) Giaamﬁ'a%ﬁa@%ﬂlﬂu PHBV/wood flour (WF) composite Iaevinnng
nogeulunal 1 Jannsnaaesnudn neat PHBV uag PHBV/WF composite 7IH1U
natural weathering §in1stin bleaching effect anmsTauwas UV, Smsiivlvesdesily
wood composite ualinunsiAulalu neat PHBY 21nn1svageaunie tensile testing wuan
neat PHBV way PHBV/20%WF ~ fiannanddeuudawesausidnadniioendandiu
natural weathering \Juan 1 ¥ Tuagust PHBV/50%WF fin1sanadves tensile strength
waz modulus NEINYINNITNAEDY

H. K. Lee wazaady [14] Tatuaua poly(3-hydroxybutyrate) (PHB) fiu Epoxidized
Natural Rubber (ENR-50) #1875 solvent casting NTTINS annealing 7 184, 187,
190, 193, 196, way 199 °C IANISVIAGBINUIN morphology ¥8Y PHB/ENR-50 blend
Wasuwaslumuesduseneuvammeduiesildlunsiwaudlned  stratified PHB  phase
dlowaud PHBENR50 fisasiaai 40/60, spherical dispersion ENR-50 phase 7 60/40
ez phase inversion 7 50/50 1nn13udaee1all annealing wuidinsifin melt
reaction Tty annealing luta 184 &3 199°C fhe DSC technique fimseit 2.3 Tng

NaUfATewagun 2.3



mi’mﬁ 2.3 Heats of Reactions, t0.5 wag 1/t0.5 ¥84 Melt Reaction 114 PHB/ENR-50
Blends [14]

Annealing
temperature (°C)  AH, (g ")ty (min) 1/, (min ")

30/70
184 181 1 5.31 012
187 199 + 1 7.15 0.14
190 204 28 5.82 017
193 195 + 4 4.84 0.21
196 206 + 4 4.28 023
199 2049 342 029

40/60
184 201 +3 9.20 011
187 N3+9 B.63 0.12
190 23 1 6.91 0.14
193 256 + 5 6,09 016
196 207 4.68 021
199 FAL RS an 0.27

50/50
184 0+7 977 0.10
187 213+6 8.48 012
190 219 +1 6.74 015
193 218 £ 8 583 017
19 N3+8 4.77 0.21
1% N+ 7 389 0.26

60,/40
184 178 + 7 11.36 0.09
187 177 £ 9 916 011
190 176 + 8 7.54 013
193 167 + 5 6.29 016
19 179+ 6 5.61 018
199 188 « 9 4.52 0.22

70/30
184 184 + 9 11.20 0.09
187 196 + 3 9.51 0.1
190 203 + 14 8.19 0.12
193 196 + 13 b 015
19 191 £ 5 5.97 017
199 206+ 10 5.24 019

CHy o CHy

R A |
SN AN g/C\m ”°\ﬁ/ B
" 2 2

PHE chaim shorter PHE chatn
o
", '
CH; oH CHs O
CHy o \! f\
‘ C—CH c—c¢ @
SN cn/ \CH CH/ \CH
o i on 2 ey 2 e

epoxide ring LENR-30 chain

0 N

DH\ /CHE/ n i”] ﬁ —_— 0\ /Cq’/ PN TR )

ENR-50 chain
O
", A IHC/

cHé

< N -
C—CH . C—GH /C—C H
—(cr( \ck}% —ecrf \CH,)E —{CH; \cm)m

STl 2.3 UFASenfiAnTuves PHB/ENR-50 melt blends [14]

OH CHy j} CHy D\



12

Piming Ma wazAadg [15] lawn3su PHB/PBS wag PHBV/PBS blend 71835 in situ

compatibilization Tagld DCP 1Uu initiator 99nA15MAADINUIN PHBY %38 PHB Lay PBS i

[y o

compatibility ldFdefuinlian disperse phase fifi particle size Tve) wazdl interfacial
adhesion Mo Lilafin1514 DCP Winlvurnouniaves PHB ldnasuaz il interfacial
adhesion ity dswalsiautfidanaves PHBV/PBS we PHB/PBS Munntu

Yashodhan Parulekar wag Amar K. Mohanty [16] liUsuussaudfidenaves PHB
Inen1sLfn functionalized elastomeric component 1AUITENUINITHN ENR50 aslu
PHB matrix Inedilaifl compatibilizer laifinasion1sifiy toughness w83 PHB iea91n7a
interfacial adhesion szuinalansaed lneginns3delaidentd maleated rubber Ju
compatibilizer Tagld compatibilizer Aunnsaiufie maleated rubber AfUSuas MA (6
groups #ig 1 angld) aausd Mw A1 (3100) wag maleated rubber AfUSI MA #n (2
groups #ia 1 angld) usidl MW @3 (4700) lagwuii compatibilizer Filawsnanunsawiy

impact strencth ¥84 PHB Wfsuanslupised 2.4

miwﬁ 2.4 Notched Izod impact strength, modulus LATYUIALABUTEUBS rubber

particle [16]

No. Composition Impact strength/J m Storage modulus/GPa at 23 °C Rubber particle size/pym
1 PHB 23 + 1.53 1.6 + 0.03

2 PHB + 40% NR 24 + 1.53 0.6 + 0.02 25-30

3 PHB + 30% NR + 10% MRI 22 + 1.61 0.8 + 0.01 15-25

4 PHB + 30% NR + 10% MR2 28 + 1.57 0.8 + 0.01 15-25

5 PHB + 40% ENR 25 + 232 0.5 + 0.02 20-25

6 PHB + 30% ENR + 10% MR1 62 + 0.92 0.6 + 0.01 15-25

7 PHB + 30% ENR + 10% MR2 124 + 4.64 0.8 + 0.03 1-5

8 Thermoplastic olefin (TPO) 84 + 1.17 1 + 0.08

9 High impact polystyrene (HIPS) 70 + 4.98 24 + 0.08

PHB: Polyhydroxybutyrate, NR: Natural Rubber, MR1: RII3IMAS, ENR: Epoxidized Natural Rubber, MR2: RI130MA20, HIPS: Dow
Styron 421, TPO: Basell Research grade TPO.

Estefania Lidon Sanchez-Safont wagaaiz [17] laUsulgsandflanaves PHBY
ImgnIsiia thermoplastic polyurethane (TPU) W impact modifier kay cellulose 18
A9LE5ULST INNSVAABINUTY TPU waw cellulose anunsanszatesiléu PHBY Taeilal
Foail compatibilizer warnuinnsiiia TPU vlsifin plastic deformation waziinasifintu
904 toughness Tuvazifieafiumsiiiu cellulose Wldagyuihiiaduussilimaunuauds

Wanafanaddledinisuey TPU g PHBY matrix

W.V. Srubar Ill kazaug [18] laAnu18nEnaves ambient aging AoanUfAnig

AEAINWALLTINAVDY PHB wag PHBY slan1iznusiegiamagaunigldaniiglivaslae

[
o a

AuANEaMAN (15 °0) wazauduluszezinal 168 Ju 91NN15MAaeInudINg PHB way
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PHBV fiAau stiff dnnTunasannnishianiigiduian 168 Julae Young’s modulus 1A

' (%
a =

WNTU 134% Tunsalved PHB way 154% lunstiaes PHBY, elongation at break U04ned
wesaesiidnanasduiertulnsanas 64% Tunsdlves PHB uaz 72% lunsdives PHBV
Wienfu tensile strength iflAnanas 28% Tunsdives PHB uay 8.9 % lunsdives PHBY
Fepniniswdsunlatantimdanadisduduininavesnisfnnisdndesdlntve
polymer semicrystalline microstructure pg19lsAmININAITNAFBURIEINATA DSC WU
maAsuuandisadntiosvesUiinandniis PHB uay PHBY ﬁ’mamlugﬂﬁ 2.4 uananil
famunnsidsunlaswesgumgiivaenesisliiiodfysuiunsmunisidsuulases
glass transition temperature 39999 PHB waz PHBV flauanin1sneit 2.5 Tnewudn initial
glass transition 83 PHB Wfindwa1n 9.3 Wiy -0.17 °C Tuvauzdt PHBV 1fisduann -9.8 U
Ju 6.8 °C levinsTianzdiuman 168 Ju luvaeiieaiu second order transition 181

PHB a1 35 T 36.2 °C uagaed PHBY winduan 44.3 Ty 56 °C uansliidiy

[ [
av A

MAsasunUasauUA@enagaeis PHB wag PHBY Tusuideiilulaifinduainnisiin
secondary crystallization %38 lamella thickening Tnga1aiAnduaINA1sIALS89d2 T
US1a inter-lamellar amorphous region ®gndsaliiaeauiunIsiudsuLUauantiosves

1ATESLazLEn N WUBY crystalline state

60 . §
O ----- e S
e o e i =
-, 2
50
S ¢PHB .
=< ¢PHBV
4“ —-—t-—-n---——-l—-.-—----g.——-
s 'y . N
30
l 10 100

Storage Time (Days)

gih'?i 2.4 8ndwavesnatlunisvnaausie crystallinity U89 PHB wag PHBV [18]
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AN579Ti 2.5 Glass transition temperatures, Tg (°C) wag specific heat capacities, Cp
(J/g/°C) w84 PHB way PHBV ndsannyitnisnegeuidunan 1, 4 uay 168 Tu uagwes PHBV

N1UAS quenched M liquid nitrogen YiuinasINnasULaD [18]

PHE LNz quenched PHBV PHBV

Tyw  Tez G(-15°C) Gu(25°C) Gu(BD°C) Ty  Tea Cp(-15°C) G(25°C) G (80°C) Ty Ty Gp(-15°C) Gu(25°C) C,(8D°C)

Day 1 -93 350 17 2.04 224 ~0.73 342 269 382 449 ~-98 443 155 191 217
Day 14 -080 371 151 1.78 217 - - - - - 59 502 125 155 1.91
Day 168 -0.17 362 251 3.08 3.89 - - - - - 68 560 234 291 3.81

2.2 Bio-plastic [19] [20]
Bio-plastic wSenanaindanmidunatafinfindnléain renewable resource
(bio-based plastic) n3ardunarainfiarusadesaaislinusssud (biodegradable
plastic) Jsaunsadniun bio-plastic 1o 3 slinne
2.2.1 Bio-based biodegradable plastic
Bio-based biodegradable plastic n3anaafinfindnléiain renewable
resource wazaIsaderaaElinLsIINIIR WanaRnvdniaunsonanain biomass Wy
i1, Sa8, 41lwe, Sudiends fedisvosmarainuiiaiiy Poly(lactic acid) wie PLA,
poly(butylene succinate) 139 PBS, Polyhydroxyalkanoate %39 PHAS
2.2.2 Bio-based non-biodegradable plastic
Bio-based non-biodegradable plastic Senaafinfindnléan renewable
resource waligunsngeaaislinussTuTIR Faed1sveanarannyiiaiigu Bio-
polyethylene %39 Bio-PE, Bio-poly(ethylene terephthalate) %39 Bio-PET
2.2.3 Non-biobased biodegradable plastic
Non-biobased biodegradable plastic vionanafniildléndnann renewable
resource  uanunsngosaaeldnusTsunA  wanaRnelntinanain petroleum  based
material wignunsagoaaulAnILEI IR fhogrvemanainaiiniiu
Poly(butyleneadipate-co-teraphthalate) %38 PBAT, Polycaprolactone #58 PCL

2.3 Polyhydroxyalkanoate (PHAs)

Polyhydroxyalkanoate (PHAs) L‘td;lumjmaﬂ polymer iy polyester 7wy bio-

'
=

based biodegradable plastic Fswuluguues carbon source vasqaUNIdogludnuuedu

v A

granule  Nefnudslagiuiqdunidunueatevlinnanansondn  PHAs  Auunlads
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aansouvadu 2 ngufe 1nguflazsdn PHAs ielésu metabolic stress lngdndn
nutrients UNYHEALYU phosphorus, nitrogen, magnesium LLazﬁgaumaﬁ'ﬁm%aﬂ%LQUﬂduﬁ
aglifinisazauves PHAs Tuseninge growth phase lag 2.ﬂajm7'i%ﬁmiazamm PHAs
Tut9 growth phase usazliifinsudn PHAs wloléi§u metabolic stress lnslassadtaves

PHAs Imaﬁﬂﬂuﬁmﬁqgﬂﬁ 2.5 [21, 22]

R o .
(0 C\H (CH) \c \‘

“100-30000

U7l 2.5 Tassasdlasvhluvesmedmaslungu PHAs [21]

Polymer Tungu PHAs Sipgaaeiunainnateaiauansaniuluaumy -R wag n wwu
poly(3-hydroxybutyrate) (R=methyl, n=1), poly(3-hydroxypropionate) (R=hydrogen,
n=1), poly (3-hydroxydodecanoate) (R=nonyl, n=1) A18lA3385199849 polymer fifiany
vanuaneivinliwediwaslunduilauiainainnats Tnussnwedimeslungy PHAs we
alonsand Dol (poly(3-hydroxybutyrate) (PHB) tlunoduesifautalndidsatuned
wsaNau (polypropylene (PP) wagwodalniu (polystyrene (PS) laedl Gas barrier

a

properties kag Moisture resistance 919 Ineilgaumalivaguaniugadiannd (T,) A -50
Ui 4 °C, grunniivaeu (T,.) Aaus 40 e 180 °C lagauUmidana 13annusounasauding
WWIN1Y (Permeability properties) wad PHB #UI UL AU conventional plastic LaAges

M597 2.6, 2.7 Az 2.8
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AN5197 2.6 FUURATINAV9 PHAS waznadiasuindu [22]

Polymer® Tensile strength (MPa) Young's modulus (MPa) Strain at break (%)

PHB 40 1700-3500 36
PHBV 30-38 700-2900 20
PLA 28-50 1200-2700 7-9
PCL 16 400 120-800
PET 56 2200 70-100
LDPE 10-15 200 300-500
PP 35-40 1700 150
PS 12-50 1600-3100 3-4
PVC 10-60 300-2400 12-32

* Values for individual films will depend on a number of factors including polymer molecular
weight, crystallinity and film orientation as well as the mechanical testing conditions.
Source: adapted from Sudesh et af, 2000; Khanna and Snvastava, 2005; Philip et al 2007.

M1599 2.7 AanUANIIAILTouBY PHAS Lasnadiuesyindu [22]

Polymer T, (°C) Tem (°C)
PHB 15 175
PHBV —1 136-162
LDPE —81 105-110
PP ~7Tto-35 160-168

Source: adapted from Kuusipalo, 2000a.

51971 2.8 Permeability properties U8 PHAS uazwodwosuiindu [22]

Polymer*® 0, permeability Water vapour permeability CO, permeability
at 23°C, 0-50% RH at23°C-38°C, 50-90% RH at23°C, 0-50% RH

(mlmmm 2 (gmmm Zday ") (mlmmm 2

day 'atm™1) day Tatm™)
PHB 2-10 1-5 3
PHBV 514 1-3 -
PLA 15-25 57 35-70
PCL 20-200 300 -
LDPE 50-200 05-2 800-1000
PET 1-5 05-2 15-20
PP 50-100 0.2-0.4 200-400
PS 100-150 1-4 250-500
PVC 2-8 1-2 10-15

* Values for individual films will depend upon a number of factors including polymer molecular
weight and crystallinity as well as the permeability testing conditions.

Source: adapted from Lange and Wyser, 2003; Miguel et al 1997; Thellen et al 2008; Sanchez-
Garcia ef al 2007, 2008.

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 58 PHBV Lﬁuwa?ﬂma%wﬁﬂumjm

PHAs Tnesdulanediuessening 3-hydroxybutyrate (HB) waz 3-hydroxyvalerate autf

[ £
a

Yoanedwesrlintiaziuedivesiusznauves HB waz HV lng PHBV (lunediuesiusey
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(brittle) Ing AU NUsousIAArANAINTTAlUAITAIUNIUNI SR UT U Tu
YUREINTUARIANTUYEUIUI HY Tu PHBY agvilinedweslaudfdeuulatlumeny
Vibiinudaney flexible unTuudninlinunusensisaruegdaanad 1aseaing

9949 PHB wag PHBV LLamﬁquﬁ 2.6a kay 2.6b MmuaINy

i ot MOM

(a) (b)
U7 2.6 Tassadamaniivad PHB (a) uaz PHBV (b)

2.4 Natural fiber [23]

Natural fiber 3aLY4 lignocellulosic material FeUsznouludne 3 esrusznaundn
Faeffufolisaglaa (Cellulose) Faifunedudnailss (Polysaccharide) fiAntuain
slucose unit [eusafugng B-glycosidic bond tintuilulolunedwesaeldnse (Linear
homopolymer), 2.18fllwaglaa (Hemicellulose) Faduwedwesiiinannisdeiusyiuves
Teluuaziomelswadmaifidmidnluanadilasdisuinves anhydro-B-(1-4)-D-
xylopyranose, glucopyranose, mannopyranose, kag galactopyranose units kag 3.8n4u

(Lignin) Feuandlaseadnediesud 2.7 (23]

(A) O=H H, O«H H O«H H O*H H
0 0 0 D
Az 07 g oo 7o
HO==% 0 O HOS 0 J o S O 0 Ho=—¢} O 0
H oH H o-H H (ol H o-H

[=}

O<H H OH H O-H H 0H H,
0 0
'0’\‘5;,9»” Oﬂ"" 0’&,‘1“" 5 o‘é&)‘" oo
HO O 0 HO 0 0 HO 0 HO o 0
OH OH OH OH
OH OH oH . OH

Cellulose

OH

~

®) © Ao o
HOG 0 OMe O O
Moo ~ AOHAL O A PHO
3 HOo / | . R @,
i~o- O HO7~47-0 0, 0N N on oy
Ho = ooy o o o N5 nd ‘o
OH NS OH N
HOHC—Y ( e N
HO Al o Ho”
OH 1 OMe Lignin

0.
Ry

"
HO:

o 0F
O, \/‘ I
oA ] HO- OH
gy, HO L OH
OH

Hemicelluloses

E‘Uﬁ 2.7 1as9a519904 (A) cellulose, (B) hemicellulose way (C) lignin [23]
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Natural fiber usagafiniinnuunna1eiuaesosnusenaun1eg il fiber Ailauain

uwsiazunasilaudanuandrsiuulunsdlves fiver MUSuaeliwaglaagedailiafiosninmig

v
a a

audou (Thermal stability) 7isivi 1 fioer slafiiinnisaatadnisainuden (Thermal
degradation) figamgiininit nislunsdlves fier ffiwaglaagsdirliiAn inter- uay
intramolecular hydrogen bonding ﬁq\iﬁﬂﬁ mechanical strength 983 fiber ﬁﬁ%ﬁ'wﬁu
muUTinaaglaadidvinaveasduszneuluiananluwagladndeautfives fiber uanasa

U7l 2.8

| Lignocellulosic components of natural fibers |

h 4
Cellulose Hemi-cellulose Lignin

v v
Thermal and biological Ultraviolet degradation, and
degradation, moisture char formation

absorption, and flammability

A4
| Strength and stiffness |

JU7 2.8 8nSnaves lignocellulose component ARANTURLTINALALNINIEATNYDY natural

fiber [23]

2.4.1 Pineapple leaf fiber

Pineapple  leaf fiber (PALF) \Hu fiber #1910 renewable resource 91NN
wnzUgndUlzsn - 9mdnluvesdulzsadsinidu - waste  ndsnviinismzgn  Tned
USunaugefia 40-60 tonnes/hectare Faemnidsdinsth PALF srlnuludusaqanniulsl
$anfun1snandmenn pineapple leaf fiber viondnsdnmidus swuludefinisiien PALF
TWAnwlunuidesne devhnswieufiou PALF fu natural fiber fildnaiuluvasity
yilnduud PALF fieidu fiber 7l cellulose content gsiigmlneiuiunaigsiis 80% uaxil
microfibrillar angle FisviTle fiber wiiniiil tensile properties fiiuilawfiaudu fiber v¥findu
[24] fapngnadt 2.9 Tagesdusznouves PALF azusnsnafulumaumasisnysonismizugn

dulzan ululsanenuguosdlussnasianinnsneit 2.10
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91971 2.9 audfives natural fiber uay conventional synthetic fiber [24]

Fibers Density (g/em?®) Tensile strength (MPa) Young's modulus (GPa) Elongation at break (%)
Ramie 1.5 400-938 61.4-128 1.2-38
PALF 1.44 413-1627 34.5-825 1.6
Flax 1.5-3 450-1100 276 2.7-32
Jute 1.3-1.45 393-773 13-26.5 7-8
Hemp - 6O0 - 1.6
Sisal 1.45 468-640 9.4-22 3-7
Cotton 1.5-1.6 287-800 5.5-12.6 7-8
Coir 1.15 131-175 4-6 15-40
E-glass 2.5 2000-3500 70 2.5
S-glass 25 4570 86 28
Aramid 1.4 3000-3150 63-67 3.3-37
Carbon 1.7 4000 230-240 1.4-18

AN97971 2.10 eeAUsERRUTEN pineapple leaf fiber [25]

PALF Chemical constituents composition wt %

Sr.no. Cellulose Hemicellulose Hollocellulose Lignin Pectin Fat and Wax Ash Extractive
2 69.5 - - 4.4 1.2 4.2 2.7 -

3 73.4 - 80.5 10.5 - - 2 5.5

4 68.5 18.8 - 6.04 1.1 3.2 0.9 -

7 67.12-69.3 - 82.3-85.5 14.5-15.4 - - 1.21 3.83-0.87
10 80-83 15-20 - 8-12 24 4-7 2-6 -

2.5 weslulaudndvesnedmesiuaun [19, 26, 27]

ﬁugmmaﬁﬂmmﬁﬂﬁmm polymer mixture gnifgulilag Flory waz Huggins R
Hunguiifinnannvgeives regutar solution a4 simple liquid Tnsilanudgiueg 3 dofe
1. lifnswasunlasUSinasTusevinanauy 2. 3fleen15ufa translation entropy vasanele
WoRWBSNYININI5UT way 3. Conformation vataelgnediuadly mixture §amq

willouriuneuiiu pure polymer dauansluguil 2.9

LRIOOQ®

:

gﬂﬁ 2.9 WeADsUAUANIUNG YT Flory-Huggins [27]

lunsdlvesnediuesivaunaosyiinfil degree of polymerization N, wag Ng @11150108u

dUnn3 free energy of mixing per site o
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AGy, ¢ ¢
P N_jln¢A + N_Eln¢8 + XapPaPp @

lne@l @, fia volume fraction vaswaAwBsHIe i=A 30 B

AU 2 term wsnbuaunsi 2 wansdis entropy of mixing, AS Tuvaue# term anvineuans

24 enthalpic contribution 489 mixture NMsazivaUANEABSNAUlARzfpdll AG,, Wuau
AG, =AH, -TAS, <0 (3)

lunsalvosvewauniluanalvajdwaly term vas entropy fiAdesunilaSeuiusiu

term w94 enthalpy JsUsenalan

AG
JC,T? ~ XapPabp @

(%

9 Flory parameter, X s U04N0a035 A iag B AUAU interaction 109noAN0IVIa0INLAN

1NANS contact NUYDY A-B, A-A wag B-B

1 GAA+EBB]

XAB = KpT [€ap — > (5)

1089 €5, € AT Egg AB interaction energy NANTUIINATT contact AUVDY A-B, A-A
way B-B muarnulaeialuuas interaction lunediueslnediulugjazidu van der Waals

force ¥11l% interaction energy €5 IUBYU polarizability ¥adluiana A uag B €xp=-

o
= &, ! A

KPP; Tanil K\ Hudasitiifiawan dudu Y45 X (Py— Pg)? > 0 ndmfelunsd

] ¥
= aaa a = 1

AlddujAseinTuseninanedwes A uaz B Feaziliiias van der Waals force az4inli

[% [
& 1w v v

AG,, fanduuinmsedlnarudmntiu fdaiulunisiausnedwesineaulvejazfodinig

Y

iinufAsewulussuuiemsiiuaudiiuldsevinanedwesuldlunisivaus

2.6 Drop break up mechanism [19, 27]

G.l. Taylor [19] la@n¥1n15n58218@2004 single droplet ¥89 Newtonian liquid

[
v v

Tu Newtonian liquid BnwstinnilalaeAiuan velocity taz pressure field egululazau

[
=

wen droplet wuin droplet fnsdeguluidunsidananslugun 2.10 Fsuegiudulsts

WY 2 AUUIAD capillary number, K #9@in159 6 1na9l O Ao local shear stress &9iiAn
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WU N,Y 39 Y A9 shear rate, d fa droplet diameter waz Vi, A9 interfacial tension

coefficient

gU‘ﬁ 2.10 n1stdegUves droplet luaniig uniform shear [19]
K: O'd/V12 (6)

Way viscosity ratio, N #9aun15% 7 lae9 N, kay NgAvanuninves matrix wag

dispersed phase #3d10U

A= N/Nw (7)

sUT9v81 droplet Afin1sidesuluaniz simple shear anansa@eulaly term 209 total

shear strain ¥ = # 1ol B wag L Aennuniisuasmueaes droplet sudisu
B/d= (1+y)* (8)

L/d = (1+y?)"? 9)

Tuns@lf term w84 interfacial tension fA U N B USs UL UNU term 989 viscous

(vViscosity ratio i) mnuanuisalunisidesy (deformability, D) wa orientation angle

(00) wes droplet @unsaAuIlaaN

D = (L-B)/(L+B) = (K72)[(19 A + 16)/(16 N\ + 16)] waz O = TC/4 (10)
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\H18991nA1YD Viscosity ratio fAlaaaus 0 f9 infinite FalanArlurdunienuaaves

dun1s 10 dA1Uszanu 1 nanAe deformability fAUszunu K72 Tusugipeiiuiie term
284 interfacial tension UANUBYLIBLUTIUNIBUAU term V84 viscous (viscosity ratio HA1

g9) Faldd
D=5K/8 uay O = TC/2 (11)

Ine Taylor ¥ue31 droplet 9% break difio DD, = 0.5 agislsinunguijves Taylor
arunsaldlaiies 2 nsalAs 1.nsolile term w89 interfacial tension §IAIUINATN viscous
< o . . . N v | ) g v o
738 2.n50ila term 04 interfacial tension A8 viscous WanNaINt Cox LaWmI
mqwﬁ%aﬂ Taylor ﬁﬂﬁﬁﬁuﬁaiﬂﬁﬁunﬂ viscosity ratio @4 deformability wag orientation

angle @ansamwnilaain
D = (L-BY(L+B) = (K72)[(19 A + 16)/(16 N + 16))/[(19 A K7/40)%+1]2

was O = TC/4 +0.5tan™ (19 AK720) (12)

(%
Y

v v Y @ | = -dy (%) . =
f\]’]ﬂauﬂ’l‘J‘UNG]‘uLLﬁmI‘Mmu’J’]miLaE’JEU‘U@Q droplet 9zYUBYNUNY capillary number 94
I~ v} | 1 | dl’ U U 6 o/ N . N .
WUDRII@IUIENIN hydrodynamic force FIUNUSNUAMUNUATDS matrix kay interfacial
tension force 5¥W119 phase Upanpdasivauadunsiivinlv dispersed phase 1asu
;:;Us'wﬂé’umﬁé’ﬂwmmﬁumﬂﬂau [28] 52ulURg viscosity ratio 989 matrix kag dispersed

phase

waNaINd Grace [29] §AnwdviEwavesisluanmz simple shear uay planar
elongational flow ﬁﬂLLamﬂugﬂﬁ 2.11 lpgnuinnels simple shear n1sagyiliiiAnnis
break vaumlasasazintulgieio viscosity ratio 9g/5e1314 0.1-1 1ag viscosity ratio=4
Fuatnveansvils droplet finnns break §1mnn viscosity ratio dAnAuninaiing
droplet asfnnansulunausadoudildsuulifinindesy an curve duandliidiuin
fluid droplet lu viscous matrix @nsainnisineenlneusudeunazvineandu droplet
vuadnle lunanduiu fluid matrix aglalanunsasili viscous droplet Winn1s break

nelaaniig simple shear lunsdivedaniiz extensional flow WU viscosity ratio 3
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dvSnase capillary number igaiantoewitiuneiy drop @unsainnig break ¥e9

droplet 14

cal r A N\,
r simple shur\.\ ‘

10* & N

10°

—_— " J
2-D elongation ———___ . s

/
I
/
[
\
\
\

- NO BREAKUP j
106 105 10 10% 102 10% 10° 10* 10 10°

Viscosity ratio R, (=4/1m)

JUN 2.11 nsmin1siudeuunuas critical capillary number mun1siUdgunUaved viscosity

ratio Ne/leidgA1% simple shear tag 2-D elongational flow [27]

2.6.1 13 break 89 droplet 91nn13L20uU
TugssuAuvesnIsiwaua droplet vasialsyazdauinlndlAssiuauinues polymer
pellet ApuzLAnNITHADIIAIILY continuous matrix NLAANITVABNLAINDY LiTBNIITA

Tuszuuves Newtonian fluid F9 Ky AANAAEY 1 1neR viscosity ratio dmilndlAes 1

Al Fan127 (K DK e S0Tuan1Izd shear stress fldnu1nni interfacial stress ¥
19 drop 1AnN15 deform w3efy matrix Jeludiausnvesni1suau drop aziinnisia
ponifu ellipsoid Mnduiafnnisiineanifiu filament F13Us19v09 filament azduagiudn
484 viscosity ratio lunsaifi viscosity ratio ffa1nn31 1 filament Aildrzdivaneludnuuy
naw (round end) Tunauziiianfiudn viscosity ratio tfaanin 1 filament 7ilfasivatouvay

(pointed end)

2.6.2 N3 break U84 droplet {unsiiadu filament
o drop gnéaeeanidu filament vinldinisanasuessaiisauiun1si interfacial tension &

dvSnase capillary number unndu asAiives filament Hvwindnasiia 1 micron agvitli
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shear stress dAlnalABIAU interfacial tension awiliilAA capillary wave Ul interface

994 filament 9nTuIuAanN1vI0ONURY filament 1Hu droplet YUIALANTUTUNNITVA

(%
1

Iaun1siAn capillary wave instability 991 Rayleigh mechanism é’fﬂLLamﬂugUﬁ 2.12

i e — bp——— -
: &
- b

gﬂﬁ 2.12 sinusoidal deformation w89 Polyamide6 filament Tu PS matrix ﬁqm‘mq:ﬁ 230

oC ftaan 0, 15, 30, 45 way 60 Ui [27]

Y

UeNINISamnun1s break vas droplet é’ﬂ‘wmzSuﬁlﬁgmwmﬂmm%’aﬁub‘]Lsziu end-
pinching mechanism, tip-streaming mechanism Gﬁasﬁuagﬂiﬁ’u viscosity ratio YonedNes
wauaduandlumsedl 2,11 sauluds stepwise equilibritim mechanism 3afunalniiia
nsuUs droplet saniduaed drop Aifivauingfuseisseiiiosaunserilianunsauualédsn

TaeflufinsiAady filament nou ag13lsAnl mechanism dilanudululsnaziinladas

an3739 2.11 nsiin droplet breakup il viscosity ratio #1199 [28]

Viscosity Ratio (p) Break-up Mechanism Description

The break-up occurs at the tip of the
Much lower 0.1 Tip streaming deformed droplet and generally produce
_ very fine droplets

The deformed droplet breaks up into two

01<p<1 daughter droplets.
- - = 4 ‘. o .
The deformation produces a dumbbell
End pinching shape, after which the break-up occurs in
_ -. - . the two droplets formed at the ends.
Interfacial instabilities produce
1<p<38 Rayleigh break-up disturbances that will break up the fibril
o = * ‘ . ‘ into a line of droplets.
p>38 Nobreakiop The break-up of the droplet under shear is

not possible.
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~
UNN 3
A5NTANLHUNTINY

3.1 Yanuagannaifililuemise

3.1.1 wedlansendTafiisnlaa13tsm (Poly(hydroxybutyrate-co-valerate), PHBV)
ENMAT Y1000P 1438910 U39 Tianan Biologic material $1ifn Uszinesu Tnedvsunails
AT9NYI13L50 (hydroxyvalerate content) 7i3 mol%, Young’s modulus 2800-3500 MPa,

Tensile strength 39 MPa, Elongation at break 2% LLazqquﬁwaam 170-176 °C

@) R O R
G-

5UN 3.1 lassadamaeiivesnedlansandtniiignlansisn laedl R fevy -CH, w30 -

CH,CH,

3.1.2 wedatandudagiualpozatun (Poly(butylene succinate-co-adipate), PBSA)
BioPBS™ FD92PM lé@ea1n PTT MCC Biochem Company Limited 1ag tensile modulus
280 MPa, yield stress 18 MPa, stress at break 32 MPa, strain at break 600% LLasqm‘Vigﬁ

%89 84 °C

O O O|

# Mj Aol DA ok et

v

U7t 3.2 Tassadamaeiiveanedfidudadiunlassfiiun
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3.1.3 1duloduuzsa (Pineapple fiber, SPF) #1010 41da71991nA1ANITINYAS
Usnudnnaunasing Jawdafivalan Ussindlve Merunsguiunissin un Ju nsgidlaidule

dulzan dnwazludes Bumeuihenageu dandluning 3.3

N

sU7 3.3 éhiloduzsn

3.1.4 Ditert-butylperoxyisopropyl) benzene (Perkadox® 14S) (DB) fdnwagilu
nedv SUSINauUedeanles 40% Iagrmiin daussAusznousuiiu CaCco, uay SO, Han
MINUTEN Akzo Nobel Uszinalng 1410 free radical initiator 1l 1 lun1sufutse
W HEINIMNIAINLSBUTENINNTUIMATVS PHBY agldiln compatibilizer lunsiuaua
PHBV waz PBSA Tnefivasammginasy 46-52 °C Tnedl Ty, igaimail 180 °C Uszanal 38

AU

o T
H3C—(|j—0—()—(|3 (|J—O—O—(|J—CH3
CH; CH; CH; CH;

'g‘dﬁ 3.4 Ipseas9avnaaiives Diltert-butylperoxyisopropyl) benzene

3.1.5. Multifunctional epoxy chain extender Joncryl® ADR 4468 (ECE) 19 u
asiafiuszinm Multifunctional epoxide Vinutildusavensaels (Chain extender) wag
asifinanudfuld (Compatibilizer) ndna1nuTEN BASF Chemical Co., Ltd. Sidnway
Wundnla fd1 Epoxy equivalent weight winfu 310 nSuselua, qmmﬁtﬂéauamumﬁw

W (T, 59 °C, W wmiinluana 7250 wazgaumgiivaeulutig 120-140 °C
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gﬂﬁ 3.5 Ipsead1eavmaaiives Joncryl® ADR 4468 Tpedi R, 89 Rs W H, CH, vy alkyl

3.16. unadnuoulalangd (Maleic anhydride) tnsm AR 910039 Sigma-Aldrich
Uszmeansgowsn T duaraiioldlunisusuussiveaduloduussaiolndanudniuld
fiu polymer matrix 11074 T fiA3uuIRLWINY 1.48 nTudegnuIAnguRLns 170

PADUMRAWNNY 52.8 °C
O
O C/ \C,;o

HC=—=CH
5UN 3.6 lassafamamiivesadnuaulslase

3.1.7. Triallyl isocyanurate (TAIC) @9370US%EM Innomax a1in Usgwnealngiiie
Usulgeanuaiiesnienuiousas PHBV Tuseninenszuiunis Sanvaziduveunadd

wigedla lneflonmgivaen 24.8 °C, Iniian 149-152 °C uag flash point 71 245 °C

\/\NJ\N/\/
| |

/C\ ,C\
O” 'N” "0

3

JUN 3.7 Iaseaiamaaiives Triallyl isocyanurate
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Aaolsnesu (Chloroform) 1nsa GPR nanlaauTey RCI Labscan Limited ddnweds
Huveanadla Induiendnuel umdnluiana 119.38 ¢/mol Amnunuikiy 1.48 ¢/cm? 14

Wudinazaredvsu PHBY

|

C’H
~AN\"Cl
Cl \CI

5U 3.8 Iaseadramaaiives Chloroform

[
=

3.2. \nseulelinauwasIugy
3.2.1 wn5onaun1ulunuudna (Internal mixer) 31 MX-105-D40L50 NUTENLATEY
viml Uszinelng

3.2.21A3098930aN 348 (Single screw extruder) U SE-D28L540 U3¥M 13aysimd

119 Usenalne

(%
=

3.3.3 Lﬂ%‘aﬂé’m%u‘gﬂ (Compression molding) 3u PR10-W300L350 31nuS¥niasey
il Uszinelng
3.3 \nsesfiolins e MuaznnasuaL TRvasnaaiies

3.3.1 1389 Nuclear Magnetic Resonance (NMR) 1% ADVANCE Il HD 91nu3¥n
Bruker Optic Usgineieasiiu

3.3.2 \a384 Fourier Transform Infrared Spectroscopy (FTIR) Spectrum 100 210
UM Perkin Elmer Useineanigaidsni

3.3.3 N4899aN33AUBLANATEULUUADINTIA (Field Emission Scanning Electron
Microscope, FESEM) 3u MIRA3 97nU3%% TESCAN UssinAansnsassgiin

3.3.4 \p3eanaaaudvinisina (Melt Flow Indexer) §u Plastometer: MFR1 971

Y]

uTEnas e Usewelny

337 LA 30 9 Differential Scanning Calorimeter (DSC)/Thermal gravimetric
analyzer (TGA) 3U TGA/DSC 3+ 9InU3¥W Mettler-Toledo 9111

3.3.8 LseaadpuaNtAnisRadna (Universal Testing Machine) $u 5659 91nu3ev

Instron Engineering Corporation Uismﬂawiﬁamgm



29

3.3.9. Ia3oanaasuaniAn1snszunn (Impact tester) 3u CEAST 9050 91nUTEY
Instron

3.3.10. ﬁmuammm%u (Stability test chamber) model SH-242 21nUTEN espec
UsenAanigowsn

3.3.11. insanpaeundeunelian1iziss (Accelerated weathering tester) i;u
QUV-SPRAY U3¥" Q-Lab corporation Usgimaanigaiusni

3.3.12. Optical microscope § U Seekscope i-Measure HD U § ¥ % VSK
consummate CO,,LTD.

3.3.13. \3esile@nwiandidananuulaunfin (Dynamic mechanical analyzer,

DMA) $u MCR 302 91nUTEM Anton Paar Usginelng

3.4 YUADUNITAWIUIUITY

3.4.1 miﬂ%‘uﬂqqLaﬁaimwmqmm%@ﬂmzwﬁﬁugﬂmm PHBV

nludiuves literature review silinuiy PHBV fitafiosnmmaainufoudiainin
nsfianansaLin thermal degradation lefigaumadilndidssfugumaiinasundn (melting
temperature) yliinmsanasvasihminluanauszaruniinveame Awosvasuiaiotig
saroslusgminnsgviumsdmalinssiiunstuzdlngiivasumandululden Tud
LLiﬂsuaNm'ié’faﬁﬁaoi’ﬁLﬁumsﬂ%’uﬂqaLaﬁasmwmamm’{amaa PHBV lneruufisenlu 3
SnunirAeURA%en free radical TneludrurestfifTen free radical fasutsenniu 2 szuy
Fosvuudiiinaify free radical initiator Inglufitide DB fipsedgiienlutIuia 0.1-0.3
phr wazszUUATin1siA DB 0.1-0.3 phr $3ufu coagent @4fa TAIC luuduias 0.1-0.3 phr
UfRseTiaesfoufisen condensation deiiiiunislaeifu ECE luuTuaiuandeiu 0.5-
2 phr uagUizenanvuzaarnefoUjisesiuiusening free radical way condensation
Tneifia DB 9uiy TAIC way ECE Tnsdndiuvesansiniiflflunismaasslduandlilunisied
3.1 lunrsnaasadifiunisuay PHBY Saufuansiaidnsiudiendosmaunigluuuule

a

(internal mixer) Mgauvgd 180 °C Wurian 10 widl lagldauiianyuvesluniu 100 rpm

Y

TAgiN1SARAIUANLTITATENININTEUIUNTNORANINANUNTLALUTEIININITLUIUNITVDY

a Y] & = o a & Y a .
NeALBSIUTYUU dsntuIimedwesnlaluuameiasasun (grinder)
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YUV Sample DB (phr) | TAIC (phr) |[ECE (phr)

Neat PHBV Neat PHBV - - -
PHBV/DBO.1 0.1 - -

PHBV/DB0.2 0.2 - -

PHBV/DB0.3 0.3 - -

PHBV/DB0.1/TAICO.1 0.1 -

PHBV/DBO.1/TAICO.2 0.1 0.2 -

PHBV/DB0.1/TAICO.3 0.3 -

Free radical

PHBV/DB0.2/TAICO.1 0.1 -

PHBV/DB0.2/TAICO.2 0.2 0.2 -

PHBV/DBO0.2/TAIC0.3 0.3 -

PHBV/DBO0.3/TAICO.1 0.1 -

PHBV/DB0.3/TAICO.2 0.3 0.2 -

PHBV/DB0.3/TAICO.3 0.3 -
PHBV/ECE0.5 - - 0.5

condensation PHBV/ECE1 - - 1
PHBV/ECE2 - - 2
Free radical +

PHBV/DB0.3/TAIC0.1/ECE0.5] 0.3 0.1 0.5

condensation
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3.4.1.1 myfgaliendnual PHBY nasanyinnsusulsaaissnmmianing
SoulusewiniugUves
n1sAnmuNaveIn1sUsulTuaigsnImneauTaudelasasaniaAiives PHBY
ANAUNISIAEIASIERRIemATA "H-NMR Tagul@aa819 PHBY, PHBV/DBO0.3/TAICO.1,
PHBV/ECEQ.5 Wag PHBV/DB0.3/TAIC0.1/ECEQ.5 Tunaaau lun1sim3sudiedeaiiunig
Tnevinazans PHBV 1y chloroform a1ntuien PHBV solution #ldlunsesdne syringe
filter Aoufiazilunaaau wazAuiunisdiemain Attenuated total reflection-Fourier

transform infrared spectroscopy (ATR-FTIR)

Aduiinislua (melt flow indexer) ANIUNINAOUAMLIATZ I ASTM D1238 7
gaunindl 190 °C dhniniiléan 2.16 flansu Tagthdsgrsanevldanuduiigumnd 60 °C
fouflagihnInaaey

NHANIIUNITAAIEAINIIAIUTOU (thermal degradation behaviors) Afiun1slay
yadaU faudtr9gannll 25-600 °C §28 heating rate 10 °C/min Tuvas faudinisaany
30U (thermal properties) ﬁﬁLﬁumiwmaamzaLwiszmqmmﬁ -20-200 °C $18 heating rate
10 °C/min nHusasgamgaliit 200 «Cifunm 1wl wiidsinisuanugungian
200 TUTl -20 °C #a8 heating rate -10 *C/min 91nHu3eAtgamgRlif 20 °C 1Bunan 1
Uit uazdsinisannudeuntasaaunnf -20-200 °C #38_heating rate 10 °C/min #a8

TGA/DSC 3+, Mettler-Toledo FefnnaSinamanaesogisingldaunis

A
XC= n

X 100%
AHO, °

g X, AeUSuuNanTAaYY (%)

AH,, AoA1 Enthalpy of melting (J/g)
AH @1 Enthalpy of melting 409 PHBV fifUsuaunEn 100% 146 J/g [30].

3.4.1.2 MvaaeuanUAlenaves PHBY ndsninisusulsuadesnm

719ANUSDUY

=

lunisessusegnsusulunisnaaauandinisieda (tensile properties)

a

n1sn3enlagldiniesdndugyu (Compression molding) figangil 190 °C usuduiua

Y

%iia V (dumbbell shape type V) #1u1195§74 ASTM D638 laeaiiun1snaasulaeldy
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Universal testing machine 1111105314 ASTM D638 A388n351n13A38A 10 mm/min fae
load cell 5 kN

3.4.2 NM5USuUTanURTnaves PHBY lnen1siuauanuusioniiduazimedues

AUlNER

3.4.2.1 myUSulgsaudRdenaves PHBV lnanisiuausuuusioniiy
TumsuSudgeandmdanaves PHBY sullunislaenisit PBSA Faufu soft polymer
uuaudsIuiy PHBY fi8nsndau PHBV:PBSA 80:20 Tneinnsiiiu DB, TAIC uay ECE titeld
Tumsusudgaatosammisanufounaglfifuarslunisifiunandriuls (compatibilizer)
Fesudumsnanseindosuauuuuda (nternal mixer) figamadl 180 °C femnuisilsines
100 sousiau#t Wuan 10 w17 antussdmeswesilaluuadeniosun (ginder) uas
ihlvavldmnuduiigumnd 60 °C neufiazilunnaeurslulasdndiuvesanaiafiuaz e

wosuandlifnnged 3.2
3.4.2.2 mMUFuUssaudAldenaves PHBV/PBSA blend lnevinediuesnay

Indameiduledudese

Tunsusuugsiuinvenduloduzsn (PP dndunislaenisld maleic anhydride
U0 2%wt %aqﬁﬁwﬁ’ﬂLﬁu’La afiun1svinazats. maleic anhydride Tu acetone mﬂﬁ’ju
Jthasazaneildldasludilonounaziiluldlumeviigumgil 80 °C iunan 24 Halus
[31] Fslsivonmiduduloduuzsafiinunisusuugs (TSPF)

lunsusudgsanimizanaves PHBV/PBSA blend auflunisiagifuduledudyse
(pineapple fiber, SPF) #iY3uas 5 phr Taeldiduly 2 wuupeiduledudzsaiildnunis
U3uUgaRa (SPF) waziduleduuzsnfisinunmsusuussin (TSPP) Tuniswaudidunislnenis

a

NANFBLARINaNWULTA (internal mixer) igaungf 180 °C saauisalsnes 100 sousie
w9 Wuan 10 uil anduisdmedwesiilaliuaniamiesun (grinder) wazilueula
ANUTURaMQIl 60 °C neunazihlunaaeusislilnedndiuvesansiaiuaznodiuosuanaly

AIP151N 3.2



M50 3.2 dndruvesansiaiuaz Tannlvlunmsuiulandaaanaes PHBY

PHBV|PBSA| SPF [TSPF DB [TAIC|ECE
Sample
(%) | (%) [(phr)|(phn)|(phn)|(phn)|(phr)
PHBV 100 | - - - - - -
PHBV80/PBSA20 80 | 20 | - - - - -
PHBV80/PBSA20/DB0.3/TAICO.1 80 | 20 | - - 103]01( -
PHBV80/PBSA20/ECEQ.5 80 | 20 | - - - - 105
PHBV80/PBSA20/DB0.3/TAICO.1/ECEQ.5 80 | 20 | - - 103([01(05
PHBV80/PBSA20/SPF5 80 |20 | 5 - - - -
PHBV80/PBSA20/SPEF5/DB0.3/TAICO.1 80 | 20| 5 - 103]01( -
PHBV80/PBSA20/SPF5/DB0.3/TAICO.1/ECE0.5| 80 | 20| 5 - 03101105
PHBV80/PBSA20/TSPF5 801201 -1 5 - - -
PHBV80/PBSA20/TSPF5/DB0.3/TAICO.1 80 | 20 -} 5 103([0.1] -
PHBV80/PBSA20/TSPF5/DB0.3/TAICO.1/ECEOQ.5[ 80 | 20 | - - 5103]01]05

3.4.2.3 N1SVIAdaUaANUALTNNaves PHBV/PBSA blends wag PHBV/PBSA

composites

33

ANSNAABUABUANUATINAAIIUNSNAABUANUALTINaNIaUURNTTAYERA (tensile

properties) wagauUFAn13nIzUnn (impact properties ¥i1n15m3sulagldinTosdnugy

(Compression molding) ﬁqm%qﬁ 190 °C vJugusinuaviia V (dumbbell shape type V)

ANNUINTZIU ASTM D638 LLazgﬂ?%m?%auﬁuﬁﬁ(rectangular shape) AU1R551U ASTM D256

aua1au lunisnaaevandinisasgnaniunisnageulagld Universal testing machine

MINNINTZIU ASTM D638 fe8n31nN15A98A 10 mm/min ¢1e load cell 5 kN Tunsdives

nsnaasuaniRnIsnszunaadun1snageuludnwuE IUIULULUIN (Notched) fe

Pendulum Impact tester CEAST 9050 lag/lt hammer capacity 1 J
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3.4.2.4 MIANYIIN YA IVINGIUBY PHBV/PBSA blends
NsANwIFgIINeIveIiiag A tiuMsinet e uANUDIT U UNAFR UALTRNS

AeElAwarauURNISNTELNINLIAZBUAIENDY AnTUIUNAaaUmegmAln SEM

3.4.3. maﬁnmnmﬂﬁlauwammﬁaL%aﬂasum PHBV, PHBV/PBSA blends wag
PHBV/PBSA composite Tuszninsmsdaiuluannsuninagnsiian1isihuulss

TumswSeusegmaasudifiunsmeiriossainuuuangiellasiniousiegng
Tudndmduandlumssd 3.3 fogumniseuddudoudarufvdwmamedsd 90, 160,

180 waw 180 °C l¥aruisisounisnyuany 50 5oUReuNdl LdULNNIAN (extrudate) 7

1%
¥ [ v o

ganNuINIIAEIzgNuaeLindisumd I dnsosdinaulidude (pellet) naa1nTIuds

a

1 pellet Alaluaulamuiiufigumgil 60 °C mntuIsiluTusuiunusdduvaria v
(dumbbell shape type V) #1110 5§19 ASTM D638 LLaz%umugﬂ?im%u U HA
(rectangular shape) 111173514 ASTM D256 Iﬂ&JWLﬂ%aﬂﬁﬂ"ﬁugﬂ (Compression molding)

fgaungil 190 °C

a' Y = o v = % ! = =
AN 3.3 a@ajusﬂaﬂaqﬂ;ﬂﬂLLa&'ﬁ'ﬂﬁﬂmﬁUﬂqsLﬁiUNC‘]'J'EJEJ'N“LUﬂ"IiﬂﬂUWﬂ'ﬁLﬂaﬁJ‘ULL‘UaQ

anTALTaNaveIiog 1 luTE NN ISIALAULAZ ISR AN N LUULT

PHBV|PBSA|SPF [TSPH DB |TAIC|ECE
Sample
(%) | (%) {(phn)(ehn)|(phn)|(phn)|(phr)
PHBV 100 | - - - - - -
PHBV/DBO0.3/TAICO.1/ECEQ.5 100 - - - 103[0.1(05
PHBV80/PBSA20 80 | 20 | - - - - -
PHBV80/PBSA20/DB0.3/TAICO.1/ECEQ.5 80 | 20 | - - [03]0.1]05
PHBV80/PBSA20/SPF5 80 | 20| 5 - - - -
PHBV80/PBSA20/SPF5/DB0.3/TAICO.1/ECEQ.5| 80 | 20 | 5 - (03]0.1]05
PHBV80/PBSA20/TSPF5 80 | 20 | - 5 - - -
PHBV80/PBSA20/TSPF5/DB0.3/TAICO.1/ECEQ.5[ 80 | 20 | - 510310105
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3.4.3.2 msanwnsiasuulasautiidnares PHBV, PHBV/PBSA blends
wag PHBV/PBSA composite Tusyminsmsdmiuluanngunid

nsnaaedtududaniunisihdunulddaiuauainuay (Stability test chamber) 7

0duNA 30 °C AUTFU T0%RH Wutian 4 dUaut Taevinnsiiusiegeduanviag 1 ASuie

9 Y

a LY

e uanUATanaluLsazaUa
3.4.3.3. MsAnwnsasuulasaudiidanares PHBV, PHBV/PBSA blends
way PHBV/PBSA composite Tuseninanslwan1igtss

AsneasdtuadiIuianiunisinduauldlunsaanaaauninu@aunielaaningsa

(Accelerated weathering tester) logl9@n13en 101105574 ASTM G154 Lagfin15a euas

]
a

UVB flgaungil 60 °C 1uiian 4 alus anuuddidunuegnneldaniiziuy condensation

9 Y

Y

Mgl 50 °C \uwian 4 Falus \unamisvian 4 §ai lnevhnisiiusmedrsdunvias 1

A a

AN BRRANLANURTINAlULARZAUA

3.4.3.4. NMsNe@eUaNURLlBINavasfngslusz e sIaiuluanizUuns
warluan1ILLs

TunsnegeuandAdanasdunisnaaouiautinasadnuazantinisnssunnves
Fusluudarduainn lumsnagevautinsaedasaiiunisnagoulaeld Universal testing
machine AMUL1ATFIU ASTM D638 meansIN1sagn 10 mm/min a3 load cell 5 kN Tu
nsdlvosnsmadevaL AN sszIIAs A T deUludn v dusuuuuuIn (Notched)

A28 Pendulum Impact tester CEAST 9050 laeld harmmer capacity 1 J

3.4.4. NMSANYIAINAINNTDIUASEEEEAN I UNZIERNTTTUVIRUDY PHBV,

PHBV/PBSA blends ey PHBV/PBSA/SPF composites

[%
o Y 1

EL‘lJﬂﬁiﬁﬂU’]ﬁ’NiJﬁ’m’ﬁﬂiuﬂ’]iEJIEJEJﬁa’]EJKL‘NUWVl%Lﬁ“UEJxW]’J’eJEJ’NGT’]LﬁUﬂWSﬁ’]Lﬁﬂﬂ@iﬂ

wdnldannisveaedluneui 3.4.3.1 lugugududugdidugunugudamdeuiuin 1 cm x
4 cm x 1 mm 7281A3098nTUsU (Compression molding) Mgyl 190 °C 3NTUTU

2 ay v 1 ° PN fa o Y] YR
%UQWUWVLWUiiﬂaQIUQQ@TU”IEJLLaguqlﬂlﬂumgLaW quaﬁﬁ]ﬂmiWﬂqﬂimqﬁmgLaLLaSSU']EJmQE]']'J

Inelans Yuoan @u309 1.1 #.UMNUINTERE 9.bNa9 2.52889 21170 Tasvrduaululalilu

[ '
Iy = 2 =y

WU 2 dnwagAevreiau (mangrove field) wazangluiimeia (sea water) Wuian 4

o

FUa9t IaevinnisiAudlegeduaiaz 1 A5e Tun1sRaRIuAINEINISe lUNTER8 @AY

o

Mg atunisinefnnunisilasullasluvesiminuasiiegnglutignainig
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=
unn a
HANISNARBILAZ I TUNANITNANDS

4.1 nsUSulsnanesnmmeauioulusenineliuglves PHBY

[y

NNNSFEUALINITETE DUl

o

NUAITUNUN PHBV  fvaideuanluisndved
LEDYTNINNNGAIUSDUFN Fanedwasriadanuisainnisaangsuiiolasuninusoun
gaumgilndlfesivgamgivaey  wedwesiianuune suludslagmlunsiin physical

aging  lusgwinsnsdanuiliandfidsnavesmeduesuiadiinisiasuudaslilusening

[
o a (Y

msdaiu  andyminarsdessuinlilusuddedisuaniunsinenisadunsuilutym
Tudwvesadosnmmnuanufouisnes  PHBY - Fululymiinesduguassasenis
AuNsTUFUMeNsEUIUNIINIATINTeUTsInedwesingmididunszuiun1senin

nzUIUNTUITAN wag NIEUIUNIIAN

Wesa1nusade (torque) Tussminnauneduoinasudunusiuaunilalazimgn

luanavesediues n1sneaesiudiuilsniiunisiaefiarsaundusednluseninaay PHBY

a

Tureswaunglunuuln (internal mixer) Nigamaii 180 °C Asalsines 100 sousiawi

Y

Wuan 10w wisldlunsuseiiuanissnannieenusouved PHBY Tusening nszuiunig

20
18
16
14
12

gruvinil 180 °c.
aruialsaas 100 rpm

PHBV

ws90a(N m)

o N A OV

0 100 200 300 400 500 600 700

na(Guni)

5U7 4.1 usedalusgnitamauves PHBY Niaaumail 180 °C sieAdansilswes 100 rpm

a

NFUN 4.1 wuduseUaluiaIanauves PHBY fNgamall 180 °C dn1sanasetn

Y

AoLoIRIwA 4 N.m. M9a1 300 w1 auds 2 Nom. #v3a1 600 3uf nsanasesng
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seomewsidalusyminmeannansliifiuisnsanasetwaiiomesnruniinwazdmin

luanaves  PHBV Tuseninszuiunmsuaziaiesnnnmudouiisues  PHBY
d0nAdeItUMUATEVes  Hengxue Xiang  wavAmiz  [5]  #lViAnw1  thermal
depolymerization mechanism a4 PHBV wuintiwiinlaanaves PHBY anasann 110990
g/mol iU 21050 g/mol ndsanligamgifi 180 °C Wua 30 udl wag  Yoshihiro
Aoyagi wazAMz [4] Anwinmsaanesiniemiudeu 98 PHB Tagliligamall 170 °C WJu
1181 10 W17 WUIT number average degree of polymerization 989 PHB anaga1n 1000

widaUszaas 500 wandliiudaangsninniemnuSaunf1ves PHB

199970 thermal degradation e PHBY. ¥iliiin oligomer ﬁﬁmgﬂmalﬂu
double bond wagny carboxylic Fiakandlusui 2.1 ludmvessnAdeiAsdos samfuns
7i B. IMMIRZ! waznasz [32] ls1e9nunisanawes inherent viscosity a4 PHB 910 2.09 14U
Hu 069 waz 0.76 di/g Welinng treat @nsavany PHB ¢e DCP MUTua 5 way 10%
mudusansliliuinisiy free radical initiator asly PHB vilsiinisiin PHB macro
free radical SusuagyilfiAansaaesIRIuURATe free radical 16 Sevililuaided
wwIRRlunsUSUUTREtusaNmIALTouYed PHBY Tagiilunismeuiisenlu 3 suuuy
Mo 1UfASe1 free  radical - Imonsifauffzenideninvsyninaelanediuedainns
AnUFATeNToNvIvee PHBY macro free radical BaAntufigumis tertiary carbon 970
Nsiiu free radical initiator, -2.U§i381 condensation lagnisiinuinisenseninmy
carboxylic ¥4 PHBV LLaZMyj epoxide Tu multi-functional epoxy chain extender,
Joneryl, (ECE) wag 3.m3lUfis87 free radical 39uny condensation Lﬁaﬁ%mU@m‘m‘%a

a

a & = oA v TR Y ! PN
LWZJV’YJ']@JVU@G?NLﬂEJ'NJ@Q@EJﬂ‘UUTVTUﬂINLaﬂqam@ﬂ PHBV ELU?SVVJ'Nﬂi%‘U’JUﬂ'ﬁVlQﬂJWﬂN

Y Y

IndlAegumaiviaeumad

4.1.1 83naveaUnsen condensation FBLEDYTNINNIIAINTOUTDS PHBY
doswnlulassadiaves PHBY fimy carboxylic egfiansansls lunuideids

antunslagly multi-functional epoxy chain extender, Joncryl (ECE) Fausznoulusne

epoxide group %ﬂﬁﬂmmaﬂmwyj carboxylic Lﬁ'aﬂ%’wqqLaﬁmmwmﬂmm%ausuaa

a o

PHBV lusgninnszuiunsinalfesivgamgiivasuves PHBY Tusnideil

o

WHIUNITNAGD

Toodin ECE Tudsunafiumneneiufe 0.5, 1 waz 2 phr slepseswaungluwuude
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a

(internal mixer) figamgdl 180 °C AuEalsines 100 sousoun? Wunal 10 wd Tae
AnpuAussdnlussnhanaudauandusuil 4.2 wuiwssdalusswinmay PHBY sty
dnifoeilefinisiin ECE 91 1 wag 2 phr egndlsAmufausiasdinisiin ECE Tuuimnigs
figeil 2 phr usAgsnumsanasedrsdeiiosvosusslnluseninensnaunasn 600 Jundt 91
sansnaaasludiutiuandfifiuiininfu ECE fvsina 0.5-2 phr Sslsifissweiiosusuuse

g snmmeauseulusznitnseuiumsigamgilnalfesivgungivassaives

%
PHBV 161
20
18 anuunil 180 °c.
16 anusalsees 100 rpm
14
£ PHBV
g 10
qg 8 PHBV/ECEQ0.5
e
6 L) e PHBV/ECE1
v'o‘v'n.\lm“vw 4
4
-y : PHBV/ECE2
) VA S VMM S A
0 QLD
0 100 200 300 400 500 600 700

nan(Iui)

a

JUN 4.2 uselnluseninanauves PHBY Taeias ECE luuSuaununnsinaii igamgil 180 °C

3

meAuisalswes 100 rpm

4.1.2 BvzwavaUfjnsen free radical matadssnmyieaiusouvas PHBV

o

nsnaaasludaudsniunislnenasld Dittertbutylperoxyisopropylbenzene,Perk-
adox 14s, (DB) 1{u free radicatinitiator TuUSanafiuansafufe 0.1, 0.2 way 0.3 phr o
Uuugaaiesnmvsanufoures PHBY feiadsanaunigluuuula (nternal mixer) 7
gaunndl 180 °C A5alames 100 seusewrdt Wual 10u19 lnefnniuaiwssdnly
iwdwmamé’ummﬂugﬂﬁ 4.3 WUt siin free radical initiator Wi sag g fivunay
0.1-0.3 phr dsldanunsauilymvseusulsnaiissnimniennuiouves PHBV lalaadans

] U ﬁl a U
NUNTANAI0E 1ALV IS DAl UTENININELYBY PHBY
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a ()
18 aqmngl 180 °C.
A2Mu32l5aes 100 rpm

12 PHBV

—PHBV/DBO.1

8 \
6 V‘h —PHBV/DB0.2
: %

) - PHBV/DB0.3
2
0 fa

0 100 200 300 400 500 600 700

wssa(N m)
-
o
I

an(3undl)

a

JUN 4.3 usednluseyinawauves PHBV Tagwiia DB luuSinaiunnsneiu Nigaumail 180 °C

Y

mepusalsmes 100 rpm

PnuanIeaedludInreInUsulTLaRgsn M IeANTaNIuU TN free
radical $ufUNaN1IVAARIURINITUSUUTInERUU 38 condensation vilvilidadansdn
PHBV  ©19in15ifinn1sdanefan1annusauueniviiaanmsiianiy  sik-membered ring
transition state TuduwesUfizen condensation Wuintausagiin ECE esznaulude

Ly

wyjﬂaﬁ%uﬁdaﬂmamg carboxylic 484 PHBV 1Lagua4 olicomer fienenaziistunmdeann
\An thermal degradation wiussOnuay PHBV/ECE nduiasuutaswuulifidudfyiioda
ECE 0.5 phr uasilAifintuiesdniondein ECE 1 uay 2 phr lnefnsduuliuiianas
agsradladlusevinman sulufadleds DB 0.1:0.3 phr uddnsfinsdeuulasuuly
fitfddnyvesaussdalusevinamstdudaianddugui 4.2 uay 4.3 nudiiu videdinisanas
voamamiindau3deves F. Bin uazan [33] @alld DCP 1y free radical initiator lu
115 crosslink PHBY usindunuinnisiiis DCP-#0.17 uaz 0.5 phr Flvdnsifintuves

melt flow index (MFI) 210 12.48 Ui 34.09 uay 28.22 g¢/10min MUAIIU

AINNANITNABDITINAUTIIUIINILITUT 9P ULERAI AU PHB s PHBV Ins

Lﬁmmiamaﬁ’amwﬁﬁém free radical laeA1Aiie chain scission W14 macro free

'
a a

radical MAnTulusEninanszuIuMIAanslugu 4.4
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0] R (0] R
WOMOM\

O R O R
N\,\;\/u\)\)l\ - )\

R: CH3 or CH2CH3
JUT 4.4 MIARNTEEfMNIIAINTauYas PHBV l1uufisen free radical [34]

Y

mafinmsaaneiinianufeusty free radical was PHBY tagvilifinaiinturos
vinyl ended group wag aldehyde ended eroup olicomer ¥ilsidsusiazfin1sifiu ECE 34
Usznauldsemyilsiduiiiediasien carboxylic udlsideslaseny aldehyde denaliinsiin
compound fananrliiaunsolilunisarvauniadiuaunialusenitanszuaunisi
aungilndiAnsfugnuginasumanyos PHBV 1§ uonaindinisifiu free radical initiator
dluluszuudserailFdinasiie macro free radicat vuaslowodiuefuintuSsdsnals

ANUVHAYRY PHBV anasuinduainnisiinnisaanefikudiisen free radical

éhsjmaﬁiuﬂﬁmmaaaﬁﬂgueiaiﬁﬁaﬁmﬂ,% coagent $211U DB 1ae coagent 1u
monomer fifinaiadlasionisiAnufiten free radical Gsusgnauluens] double bond
Tulassadedemaliiinasifia site sroup ’Lumilﬁ@Ug’jﬁ%mmm%ﬂuswuﬁﬂﬁﬁLLuﬂﬁuﬁ%
AaufAsendenviseninsaiolenedimesunuiiaziinufA3en degradation H1u free
radical Tneludruildniiunisnnaeslagld DB fiusutas 0.1-0.3 phr s2ufu triallyl
isocyanurate (TAIC) iUSunas 0.1-0.3 phr smewp3esnaunigluwuula (internal mixer) 7
gaunf 180 °C Amiialaimes 100 souseundl WWunian 10 uril lnefianiuAiussdaly
'ﬁw’mmauﬁmamiugﬂﬁ a.5a wuinluszuuiiia DB 0.1 phr $2uffu TAIC 0.1-0.3 phr
fapsmunsanasegnsseiosasusidalusevinananues PHBY wandlifiuinnsfuasiadl
TuUinadsdugandiiismesenisuiuluafiosnmmennadouses PHBY iflefinisiiy
Uunaswes DB LUl 0.2 phr fauansluguil 4.5b nuiusadeluszninanauves PHBY fnns

WuTunuuSunames TAIC Tnewdowia DB 0.2 phr $aufu TAIC 0.1 phr 9evinliusednly
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seminnauiidnfeuirsnsfinaennisnauduiat 600 Juniifiuseunns 3 Nom. Feanadndu
nnsinsAaURTewsiufuseninsUiitedenenauas Ufisensaanesneglsf
arudiefinu3unas TAIC TU7 0.2 waz 0.3 phr sziliausedaiutuluaudena 300 s
wazanashuszniaaniivian 400 s 1nduiainisanasveusednlusenitmanlud 4.2
N.m. n&aa1ndniuniswauiduian 600 Jundt Feuansdanisiin torque reversion lu
sywinansrankandiiuinsifinusina TAIC induvilid reactive site lusyuuidia
wnfudaliufasefidadsdusuiivunlduiefauiiseontosrmaunntulugiusnves
Asnausilinunisifinturesusidnlutausnvesnisnaastainiuieinisiia torque
reversion 11nM5# C-C linkage TiAntuinanUiATedasuovliudusafivme Tnefing
wumansalludnwayindgeasiulunsdlueanisidia DB 0.3 phr 521y TAIC 0.1-0.3 phr
Sorfiuusunawes DB Uil 0.3 phr fanemsluguil 4.5¢ wuinussdalusgnitamsnaniinng
W umunsiiutuves TAIC iuiieafulagnuindiedinisia DB # 0.3 phr sy TAIC
0.1 phr ¥inlusadnluseninsnisuanves PHBY fArAeudrsnsiifiuseuna 4.2 Nom. aaen
nswasdunan 600 Funil udiflofinstiuduvesuSing TAIC Tl 0.2 uay 0.3 phr azims
WumﬂﬁwﬁmmLmﬁmiuiwdwmiwauashwiaLﬁaﬂs‘z’fﬂLLamﬁqmmﬁmﬂﬁﬁ%wmn%mmw
uwEiinsanasvesAnussdnauanifianisiin torgue reversion lufiuszana 4.2 Nom. 91nwa
nsnaaesdeduLanslfifiuInasliufizen free radical Ingn1sifu free radical initiator
2ufU coagent azdesiinsiiuasiaiassluvsinaivuizalunsalfifnnsfvasedl
fananluviinaiivessuiuluazilinsdinmsanasaseumiaviethuinluanaotis

sowlasluszuinmay Tuvazifendunseuasedseauludsununuinauiuluazyinlmne

NMSIWONVINNNTUUINAR torque reversion Tuserinewauls



wseaUa(N m)

20
18
16
14

usaia(N m)

2
1
1
1
1

wssta(N m)
=

Ul a

U

o N B 00 ®

12
10

0
8
6
aq
2

o N A O

nan(3unii)

(a)

a2

guuil 180 °c.
au3alamed 100 rpm

——PHBV
=—PHBV/DBO0.1
—PHBV/DBO0.1/TAICO.1
—PHBV/DBO0.1/TAIC0.2

= PHBV/DBO0.1/TAIC0.3

700

700

ran(3udi)
(b)
T T T T T T 1
100 200 300 400 500 600
nan(Guni)
(@

gaumgil 180 °C.

anuiialsiaed 100 rpm

—PHBV

- PHBV/DB0.2
PHBV/DB0.2/TAICO.1

= PHBV/DBO0.2/TAIC0.2

= PHBV/DB0.2/TAIC0.3

gauunil 180 °c.
ausalswmed 100 rpm
=—PHBY
e PHBV/DBO.3
e PHBV/DB0.3/TAICO.1
= PHBV/DB0.3/TAIC0.2

—PHBV/DB0.3/TAICO0.3

5 wssUaluszwinawauuas PHBY Ingiiiu DB 0.1-0.3 phr $auriu TAIC 0.1-0.3 phr Tu

USunauiiwansnadiu igamnll 180 °C saanusalsees 100 rpm
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4.1.3 Bvnaveanstduizensiuiusenineufjizen free radical wag condensation ¢io

LEDYTNINNNGANUSOUVDS PHBY

20

= o
18 gauufN 180 "C.

arunalanad 100 rpm

—PHBV

wsaUa(N m)

=== PHBV/DB0.3

PHBV/DB0.3/TAICO.1

PHBV/DBO0.3/TAIC0.1/ECE0.5

0 100 200 300 400 500 600 700

an(iun)

U7 4.6 ussdaluseninasauvos PHBY Tagtfisl DB 0.3 phr, TAIC 0.1 phr uag ECE 0.5 phr

Y
Pamadl 180 °C MepuTlawes 100 rpm

915U 4.6 wudndlefinisliuFAzen free radical $fUU{A3e1 condensation
IneLAn DB 0.3 phr, TAIC 0.1 phr waz ECE 0.5 phr agyinlwuseialuseninan1snauvas
PHBV fiAnAeudnanafifiuszanal 3.5 Nim. AaanszagiaaInisuas 600 Tunfiuansliisiudi
nslU AT iusEnInaUfnsen free radical saufuUfsen condensation awnsaldlu

nsUSuUTsafusnInnIANLToues PHBY 1o

4.1.4 Uiseneainasiieviuluseninanisusudssatesanmiauseuves PHBY
UAseiaadnintulussninen1susul 18adgsnInnieaNsouvaq PHBY [y

U381 free radical wanadis U1 4.7 Tuduusn DB iinnsuandiaidu free radical 91nn13%

a

lasuAueulussuuigamail 180 °C 101U free radical MinTuawLtn abstract H atom

Y

=b.

MILRUS tertiary carbon Y89 PHBV %i1l#An PHBV macro free radical & macro free

radical Haunsainuiserseiuiu macro free radical Mmefuesvilminl iz nteu

1%
a = Y]

a a ra i | a Y & . ~
Y3 N1sAnlEReTEnINNatslenedwesla uanainil macro free radical MAATUEY
aunsainuisendu TAIC vinlvlinasiinu)Asedenuinessninaislegnednes lu
YaugLAINUNITAY ECE vilniinsiinujisenseninavy epoxide wag carboxylic ended

group @4 PHBV duraluiiinisiiuduvesanuviiavsouivinluanaves PHBY tassuandly



a4

U7 4.8 8g13lsAn1d PHBY emsiinisiia thermal degradation Tus¥®InanseUIUAISH

CaN

a v

avgilndifgavasumadfanslugun 2.1 (udiuanuwideiinedtes) way 4.4 vinli

-0

aa

Uffseminvuiinludnwasnusduiuseninsujisenaaediuas U §Aze1n1siouuing

[34] d9waliin1snUNISURULUAIUDILSIUA LUTEMINNAUAINANITNARDINWEAI LUEI Y

Aeunii
\{/OQB/’\@\W\‘/ — 0\*/ + O/N\Q/}\o
A T
R R
O ¢} XN o . Wo o

R R 0 AL 2
] ] O O
C..C
MO”MO +_ 0P IN"T0 R
d er H L=l N\ oy
| o 0*% N0 o

0 M H abstracti /P?\)\ 0
. abstraction + ROH
£ RO ————— 0 0
/P‘\)\O ! 0']; a ﬁ)

R: CH3 or CH2CH3

JUN 4.7 Uisenmadninaziinduluseninanseuiun1sves PHBY lagdin s DB wae
TAIC



45

JUN 4.8 UfAsenmednauiintulusenincenseuiunisues PHBY laeiinsidu ECE

4.1.5 dvSnaveinsUTulssanes A nvNaINsaudelasasavnaAiives PHBY
TusnAdeilaldimeda 'HNVR iloAnylassadremnaeiiass PHBY ndminusuuss
iafosnmmeanuFeushuUfisen free  radical datandluguil 4.9 anmsvaasswuin
PHBV wans chemical shift figwmus 5.27 ppm e?fmamﬁwyj CH (b, b’) ¥89 HB tag HV
sequence, 2.53 ppm %ﬁLLamaﬁwg -CH,- group (a, @’), 1.61 ppm %@LLamﬁw;ﬂ' -CH,- v89
HV side group (d), 1.27 ppm G?IEQLL?{mﬁWQ' methyl group U89 HB (c) waz 0.91 ppm %
wanadiavyd methyl group  of HV. (c’) [35-37) lunsdives PHBV/DBO.3/TAICO.1 Wudn
chernical shift 483 PHBV- in1siuasuuuasiisinumus 4.1 ppm deannindu chemical shift
909 H-C-N Tulaseadnaves coagent () wasdisumia 1.71 ppm Fawanadianisiia linkage
sewing PHBV wae TAIC (f9) uananiifivlsifinnsny chemical shift e double bond Tu
TAseasanes TAIC fiskunis 5.1-5.3 wag 5.7-5.9 ppm [38] wandliifiuin double bond
489 TAIC anunsnifaufiseniiuufien free radical viliAnnsdenvneseninsansly
wa%maﬂé’mmluawdwﬂizmumia'awaiﬁmmaamU@mﬁaﬁﬂwsLﬁ'wﬁumaamwwﬁmaa

PHBV
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(b)

SUT 4.9 'H NMR w83 PHBV (a) uag PHBV/DB0.3/TAICO.1 (b)
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4.1.6 dnswavean1sUsulnatvsnmvauiousemdviinisivavesues PHBV
9n957199 4.1 WU PHBV len MFI gsfis 51.6 ¢/10 min wazusedail 600 Fundilu

nsuasluedewannelunuuda 1.8 Nm ifosannisiia thermal degradation luszming

nszvumahliwiinlnanauasaumiaves PHBY anas nisusudgaadosnmmmania

o ¥

$ouves PHBV l1uujiizen free radical vl MFI fidranasain 51.6 Uil 28.7 ¢/10 min

' £
a o=

Faseandesfudussdaiinar 600 Aurdidiiinduain 1.8 LUy 4.2 Nm iflesainnis
AaufAsendenrinsseninaeldnedwesdwalianunilaves PHBY SA1Auty
AdneadenulunstiveinslduAsesuiusenineufisen free radical Wag condensation
fisnnsanasves MFI 910 51.6 Tty 29.5 ¢/10 min uazusadafivian 600 Sunfifiaduain
1.8 1y 3.5 Nm ag1alsinmunisladufisen condensation tlssagafeadansiian MFI
wazusadadl 600 JuriilndlAEafu neat PHBY wanaliifiuinnasidiu ECE 0.5 phr laifies

oAz USuUTtate sNnNIANLSaRYas PHBY Tusenienssuiunis

A15799 4.1 hansnatinisiva (melt flow index, MFI) waziksatniian 600 ufluases

wauneluluuUnves neat PHBV tag PHBY wasUSuyguatiosnimniaanuiou

Ls5s0nTinan
MFI 10mi a o
(/10min), 1) 00 3
Sample (190 °Q) (N.m)

Neat PHBV 51.6 1.8
PHBV/ECEO.5 50.5 1.8
PHBV/DBO0.3/TAICO.1 28.7 a.2
PHBV/DB0.3/TAIC0.1/ECEQ.5 29.5 3.5
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4.1.7 dvSnavesu)iseallseaufitenavas PHBY

M15199 4.2 audRdenaves PHBV wag PHBY iiun1suulsaatesnmniennusau

Young's

modulus Tensile strength Elongation at
Sample (MPa) (MPa) break (%)
PHBV 1,440 + 100 40.4 1.0 124 + 3.7
PHBV/DBO0.1/TAICO.1 1,651 =74 a7.7 £1.6 74 +09
PHBV/DBO0.1/TAIC0.2 1,692 + 23 50.0 £ 1.7 92+ 1.7
PHBV/DBO0.1/TAIC0.3 1,715 + 53 520+ 15 9.7+ 15
PHBV/DBO0.2/TAICO.1 1,664 + 106 509+ 1.6 8.7+0.7
PHBV/DB0.2/TAIC0.2 1,676 + 31 522+ 15 9.6 +1.5
PHBV/DB0.2/TAIC0.3 1,693 + 81 520+ 21 99 +0.9
PHBV/DBO0.3/TAICO.1 1,643 + 80 469 + 1.5 74+ 1.8
PHBV/DBO0.3/TAIC0.2 1,698 + 49 514+ 14 10.5 £ 1.7
PHBV/DBO0.3/TAIC0.3 1,770 = 41 53.0 £ 1.7 9.7+ 1.2
PHBV/ECEOQ.5 1,875 + 87 574 + 4.7 6.1 +£0.9
PHBV/ECE1 1,889 + 88 575+4.2 53+05
PHBV/ECE2 1,855 + 81 575+ 0.7 6.8 + 0.8
PHBV/DB0.3/TAIC0.1/ECEQ.5 1,803 + 99 555+ 1.7 6.5+ 1.4

N5UFUUTNaDgsAIMNINAIINTEUYEY PHBY HuU)Asen free radical lagn1siiy
free radical initiator S9UAU coagent Anavinli Young’s modulus tag Tensile strength
vesshethadliiudulneiinisanases Elongation at break WiawSsuiiouiu neat PHBV
TneUsunames free radical initiator uaz coagent MiiidnSnaroausfidinaves PHBY
lefinsifistuvesusinn free radical initiator way TAIC agsilvdnisiiudues Young's
modulus Wag Tensile strength Faandlunsedl 4.2 Tned Young’s modulus Uay
Tensile strength ﬁaqﬁqmﬁ 1770 MPa uag 53.0 MPa Lilafin15ifu DB 0.3 phr wag TAIC

Y

0.3 phr

fauin15USuUse PHBY megufiisen condensation agsinlviniuniialusening

1Y

N3$UIUNI5VY PHBV insidsunlasuulifidedAguinisusuusemedsainanndull
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dndwaseauURTInaves PHBV lagwuin PHBV/ECE diA1 Young’s modulus wag Tensile
strength Nigadulaeiin1sanasuas Elongation at break tilolUSuuLfisufiu neat PHBY
uananiFanuinnisiasuulasuSunuwes ECE 910 0.5 Wiy 1 uag 2 phr danadenis

o w

WaruuUasaudfenaves PHBY agelifitudfry

N13UTUUTLatesnInNIeAusauLed PHBY lagrulfisen free radical saufiu
condensation dwavinli Young’s modulus wag Tensile strength ﬁf-ﬁ%ﬁm%{ﬂmﬁmiamm
Y83 Elongation at break diewSeuifisuiu neat PHBV Tnedlan Young’s modulus,
Tensile strength wag Elongation at break 7l 1803 MPa, 55.5 MPa wae 6.5% wlaifinsiiy
DB 7 0.3 phr, TAIC 0.1 phr &y ECE 0.5 phr 99nKanisnaaestadunansliifuitanunse
THUASeUHATEN free radical Weaendhenlagdiy free radical initiator 931U coagent
suluamsliufATensautusEning free radical Wag condensation LileUSuUsaiatiosnm
neANTaulusEINenIzUIUNIIVRY PHBY Taadnanialit Young’s modulus wag tensile

strength fengaTu

4.1.8 dvdnavesunsen free radical, condensation warUiizesuAusENINg free
radical wag condensation ie@UURNIIAIINUSBUYBS PHBY

M15199 4.3 audRniemuieures PHBY tag PHBY MiumsUsuygueadesaimmieniy

[

09U
Cooling 2" heating
Sample Tc,onset Tc,peak Tc,endset Tm,onset Tm,peak Tm,endset Xc(%)
0 Y© Y©) 0 0 Q)
PHBV 125 122 117 166 172 177 67
PHBV/DBO0.3/TA
125 122 116 163 170 177 65
ICO.1
PHBV/ECEOQ.5 123 119 114 165 172 177 66
PHBV/DBO0.3/TA
123 119 113 163 170 176 61
ICO.1/ECEQ.5
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MnAsedl 4.3 wuinsufulsaaiosnmneanufeuves PHBY lagsuufiten free
radical, condensation LLazmﬂ%’ﬁaaaaﬂﬁﬁ%ms’mﬁ’udqma’[,ﬁamﬁamqmm%ausuaq PHBV
Wasuwasuuuliiideddy nsliuiiten free radical Yilvigumniivaesddsuain 172
°C WU 170 °C way degree of crystallinity wWaswan 67% 1du 65% laefinns
Wasuwaswes crystallization temperature wuuliituddnluvnsfetunislaugizen
condensation ¥l# crystallization temperature finUAsuann 122 °C T 119 °C way
degree of crystallinity fdsuain 67% Tl 66% warmsliufisensaufiusemning free
radical way condensation vl crystallization temperature Waswan 122 °C Wy

119 °C , melting temperature Wagwan 172 °C Wy 170 °C uas degree of

crystallinity ¥ed PHBV wWaswain 67% 1uillu 61% mudéu

M13199 4.4 nsaanefInIeANLTouYes PHBY wag PHBY ik un1sUsusaanesnimyig

AT
Sample Tonset CC) Inflection point (°C) | Tengset (°O)
PHBV 285 295 302
PHBV/DB0.3/TAICO.1 287 297 301
PHBV/ECEOQ.5 287 297 303
PHBV/DBO0.3/TAICO.1/ECEO.5 288 298 303

NHANTIUNITAANYAINNAUTOUYBS PHBY Lay PHBV 91301516 DB, TAIC ua

ECE Lanfdn15199 4.4 91nn15Aa89NUI1 PHBY LAAINITEANEAININAINNSOULUY 1

! a

Tumeulnsiduinisanasweniminiionmgd (T, 285 °C Augailgnngd 302 °C way
inflection point #1 295 °C n13U3UYTs PHBY Tngnnsifis DB $auu TAIC Aeusfazanansn
Usuusaadesnmmnnafeulussrinssuiunisléfauanduntsmaaedludiudeuntdhi
uwinsiiuasadidresdurinlimgAnssunisaatefinisenufoudsuuUasuulaiiideddy
Tnefin15iUaeuwlaued Ty ¥a2 inflection point 910 285 Uiy 287 °C waz 295 TUidu

297 °C wuiediun1siiin ECE inulnngAnssunisaatsimnisaiusouliinisiuasundas
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wuuiidedAgy TnefiAsunlaswes Tonset 310 285 LUty 287 °C uag inflection point 310
295 1ifu 297 °C wonaninislduRAsesansznin9UfATen free radical waz
condensation AvilvmgAnssunisaaesimsaudouiinisiasuulasmuuliiteddnlas
TUAULUABY Towe 910 285 Wil 288 °C way inflection point 910 295 Ty 298 °C
nuansaaedluduiuandliiuindusinisiiu DB, TAIC Sy ECE aunTaUTuUse

iesnmmeanuierlusenitemtugulalneiiansanain mixing torque Fallaudumius

a1 I

fupumiauazininluanaveIne A NlAAeuT9AINlUTENINNTEUIUNTUAN Y

reactive agent AanaIndulifinalun1susulenisaatsdinienIusouves PHBY agnadl

Y (9

HadAey

o

4.2 myuSulssaudRdienave PHBV Tngn1siuauniu soft polymer

ay Y vy oy a Y A o v a
"ﬂ']fﬁ/li@lﬂa"rﬂ')“ﬂ'm@uu@ﬂﬁﬂﬂﬂfyﬁqLﬁﬂﬁiﬂquqﬂﬂaquiaummqmaﬂ PHBV LLaInWea

[
Y] Y

6 a = = = % o a d’l
wosriatginsiivadalunuanuiusizyintrluaulse

o

wHunMsUTuUTeandRdnaves

PHBV Tngnisiuauniu PBSA &allu soft polymer lngautRidanavesneodiuesivaunnlaag

v o
(% v = v A

Yuediu phase structure  YeneRIIDIUANATLANGIIINININTUANAGILUTIFBIINTT

Aaa a [}

muauladeselaviwadon siinuasimur  phase structure  veawedlwesiuauALy

Y s s

a ‘;ll a a s a = oAl
ATell Mnnguimamestulauilindveanedwiosiuaunsiulufsues Taylor wuindivany
Yadenddvndnasoniswaiul phase structure FeiidvswaneanURlTanaveswodlLsIUAUA

719 UAIUYDIFAFIUYBINBALUDTUNNTHUALR, DHTNFIUAIIUNNLA ke wInRoulusEnINenIs

[
o

e fadutynivueenaifin . thermal degradation 89 PHBV Tusziinenszuiunisdsd

'
v

AnNdAgynazunlulaymimnunounazinimeaassely  Iegluniddedvinimeass

o

Tnowuaus PHBV fu PBSA #18ms1d@au PHBV:PBSA 80:20 @neimspswannigluwuudn

a

(internal mixer) figaumadl 180 °C Arwndalaimes 100 seuseund Wunan 10 il 91nns
NAADINUIINITUANANTDY PHBY #8391nVINNISNAdaU impact test Un1suaninuuuilsg
TnenuiisesuaniiSeusauandusuil 4.10a Tnenunisnszatesves filler fgniandunlu
PHBV resin Tudnwagdiluusiudininueniiussanas 5 micron wunUszanas 1 micron
Tuvauzdisosunnues PHBV/PBSA Wanslusufl 4.10b wuin dispersed phase fimsnszatedn
Tudnwaridu droplet Tnefauinves droplet firoudrsannranedaus 2-10 micron way

WU cavity %ﬂLﬁm’mqumaﬂﬂJaﬂ disperse phase 311 PHBV matrix naNTUNULASTY
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impact  load  uwanslAiuisanudniule  (compatibility)  waznisdaRnsewingg
(interfacial adhesion) #lifves PHBYV way PBSA mminludnsnavesnisiin thermal
degradation w89 PHBV hlvimunilnvesnedimesyiniiinisanasesenaiiloslusening

NALAINALAAINUNLATZAIN9 PHBY wag PBSA fIA0LANA19IY

MSUaUA PHBY uaz PBSA laenisiuauauwuuiiondiuvhls disperse phase {l
ndnasegiveddglaefivuinegiuseana 0.5-1 Weldiu DB 0.3 phr wag TAIC 0.1

phr wazdlvuin 0.3-1 micron Jlewiu DB 0.3 phr, TAIC 0.1 phr tag ECE 0.5 phr fauanslu

a

UM 4.10c wag 4.10e-f wanslidiutsmudniuldiiamnty (improved compatibility)
vdanAnasafidnedu 1esnnisiAn DB fauiy TAIC vilvianunsamuauvdeliiuanm
wiaves PHBY luszsiunszurumisdiuansiunisnaaesiuduteuniing  suiludenis
AAUARTENAUT interface 5gMin9 PHBV U@y PBSA liAn linkage 5213 PHBV Lay
PBSA dunaliiin1sanadwad  interfacial tension ¥ed PHBV-PBSA msideguves PBSA
droplet luszminsnszuiunsivaudaginli droplet Wavsugussludu fiorl Tuvaed
surface tension wazanuludaladandin (viscoelasticity) w84 PHBV way PBSA awilu
dufifunsdesuvienali droplet Austifiunssnay dwfuiflo interfacial tension
sywhasdenedmesimanass il PBSA anansafinnisdesUludu fibil Advunaidn
asl@unnTuaunseata shear stress insusiiu fibhl wae interfacial tension Slenlndieeiu
9lLAR Rayleigh disturbance Fuusn surface 189 PBSA fibril waziianisumeanidy
droplet fiflvunmdnas [27] wendInil-PHBV-PBSA linkage #itAntuuiians interface &l

' ¥
a a

arulunsesiunioannisiinn1ssusiues PBSA ddnalil PBSA droplet fiiinuiivuin
< 1 N v o w a LY . A a 4%’ LY vy, . . a
Wwnasegnsiitdedify  Tuvazifeniu linkage MiAnTudsdwmalidl interfacial adhesion %1
YUITWIN matrix ag disperse phase @wwaln PHBYV matrix @unsaaewm load TUfl
dispersed phase adu soft polymer laaunTu [39] egslsiaulunsdivesnisidn ECE
0.5 phr tiiggeg1aREINAUNUINEIAI] PBSA droplet Milvuislngjuaziauinfivainais
lngdivunegluyie 2-10 micron WuUAEINUNTAYEY non-reactive blend faunansluguy
4.10d wansliiudnnisidn ECE 0.5 phr Lifisanasonisusulssanudriulalunisivaud

PHBV wag PBSA 718m51dau 80:20
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SEM HV: 5.0 k.V WD: 9.98 mm MIRA3 TESCAN SEM HV: 10.0 kV WD: 9.74 mm
View field: 83.0 ym Det: SE View field: 83.0 ym Det: SE
SEM MAG: 2.50 kx BI: 5.00 Silpakorn University SEM MAG: 2.50 kx BI: 1.00

®
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b . ~ X . -
SEM HV: 10.0 kV WD: 8.91 mm SEM HV: 10.0 kV WD: 8.90 mm | | MIRA3 TESCAN|

View fieid: 83.0 ym Det: SE View field: 83.0 ym Det: SE 20 pm

SEM MAG: 2.50 kx BI: 1.00 SEM MAG: 2.50 kx BI: 1.00 Silpakorn University

\ Z e A ) - B o
SEM HV: 10.0 kV WD: 9.22 mm SEM HV: 10.0 kV WD: 9.21 mm | MIRA3 TESCAN
View field: 83.0 ym Det: SE View field: 20.8 ym Det: SE
SEM MAG: 2.50 kx BI: 1.00 SEM MAG: 10.0 kx BI: 1.00 Silpakorn University

(e) ()

gﬂ'ﬁ 4.10 FIUINYIVDITYUANIINANTNAFBUNNTNTLUNNVBY PHBY (a),
PHBV80/PBSA20 (b), PHBV80/PBSA20/DB0.3/TAICO.1 (c), PHBV80/PBSA20/ECEQ.5 (d),
PHBV80/PBSA20/DB0.3/TAIC0.1/ECEQ.5 firfn&seny 2500 Wi (e) wax
PHBV80/PBSA20/DBO.3/TAIC0.1/ECE0.5 ifn&sueny 10000 i (f)
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aNwAUZNISUANTENYEY PHBY 183191n9n"svngeu tensile test fldnwaziduin
Boudsuansfenisuaninuuuiuse daandusuil 4.11a Tunsdives PHBV/PBSA blend 7
dhsndn 80:20 wuininisnszanedives PBSA fmannviansuualaefivuinegluta 2-10
micron Inefinsny cavity Safindundsann PBSA #§neanaIN PHBY matrix #8331nlasu
tension load Wagdfinisnutesineuuiaidnsgning PHBY wag PBSA denanslyiiiufeniny
iihfuldaysBaRnszuineindidnszming PHBY uaz PBSA dawansluguil 4.11b lefing
385 UauALUBIBNTIURLURATeN free radical wuiisesumnvestunuiimsiAntures
PBSA fibril salufisnsEneanidntiesves PHBY matrix fauandlusuil 4.11c Jauanafianis
disturasnnudnulfuazmsiafaseniasiassrinaemeduesl sdlsfnmalunsdoes
nsLUauARUUTEN AU LURATeN condensation Wuddausiayiinisiiu ECE 1 0.5 phr
ANy PBSA wannviangaunansgaedagly PHBY swulufisnunisvanesnves PBSA 210
PHBV matrix #8sa1né5u tension load wansliwiuinnasifis ECE 71 0.5 phr dsldifiesne
fon13USUUSS compatibility 53wine PHBY way PBSA #18mstdiu 80:20 fauanslugud
4.11d \flevmsnanilagruufiiersamiusening free radical uag condensation lagn1s
|yl DB 0.3 phr, TAIC 0.1 phr#ag ECE 0.5 phr Wu31508uanUsfieg19iin158neanved
matrix  danlauuTReisgua a1te  wandlidtuds  anadiiulduay  interfacial
adhesion s¥wing PHBY. way PBSA fignusuugsduwiliiinistnewussann matrix 1ud
dispersed phase unntu [39] duwalyi tensile strength Wag elongation at break A7

VLT
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SEM HV: 10.0 kV WD: 10.43 mm MIRA3 TESCAN SEM HV: 10.0 kV WD: 10.42 mm
View field: 83.0 ym Det: SE 20 pm View field: 82.9 pm Det: SE
SEM MAG: 2.50 kx BI: 4.00 Silpakorn University SEM MAG: 2.50 kx BI: 4.00

R
Y - 29 e y _ O LT J
SEMHV: 10.0kV  WD:10.71 mm MIRA3 TESCAN SEMHV: 10.0kV |  WD: 11.19 mm MIRA3 TESCAN
View field: 83.0 ym Det: SE 20 ym View field: 83.0 um Det: SE
SEM MAG: 2.50 kx BI: 4.00 Silpakorn University SEM MAG: 2.50 kx BI: 4.00 Silpakorn University

; % ) >
bl
SEM HV: 10.0 kV
View field: 83.0 ym Det: SE
SEM MAG: 2.50 kx Bl: 4.00

U7 4.11 AugIuivenuedsesuanIINnsAgeunNsAsBaves PHBV (a), PHBVBO0/PBSA20
(b), PHBV80/PBSA20/DB0.3/TAICO.1 (c), PHBV80/PBSA20/ECEQ.5 (d) uay
PHBV80/PBSA20/DB0.3/TAIC0.1/ECEQ.5 (e)
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audRiBanaves PHBV/PBSA blends uanafaguil 4.12-4.15 msway PHBY 3y
PBSA 20% lneimiindinariilss impact strength feanaadniiosain 2.3 T 2.1 ki/m?
lurauziReniunsiuaus PHBV80/PBSA20 Tnanisiuauawuusionfiulaenisidu DB 0.3 phr
% TAIC 0.1 phr vl% impact strength Sleifiaduain 2.1 8 2.5 ki/m? Tuvassiinisiiy
DB 0.3 phr, TAIC 0.1 phr uag ECE 0.5 phr 1113 impact strength fiefintuan 2.1 1
37 k/m? Gafumaainnisiiennadfuléues PHBY way PBSA gnuiuusstuvliiins
Lﬁlmsﬁumm interfacial adhesion InevilUuda rubber-toughened polymeric material & 2
WUINIRENMEAUABNISAR internal cavity Tu dispersed phase dlonsBafnszninei
YD matrix-dispersed phase ﬁmquﬁaawauaz debonding cavity US4 interface
59WI19 matrix wae dispersed phase [40] Wiowvaus PHBY $auffu PBSA fishsndan 80:20
gyl PBSA 10u dispersed phase %ﬂ%zLﬂuﬁgﬂﬁuﬁiamLLiﬂ (stress concentration) Tu
PHBV matrix fjesannussBafinsevingiiues PHBY wag PBSA filif eldnsiuauduuy
Sonfiulagnisidn DB, TAIC auiu ECE vl PBSA droplet fvunaianaseesdidudfny
sufumsiinturesusidafnsenieia - PHBV-PBSA  dewadletunuldfuussnszunn
(impact load) foddnganulunisilstunuuaniissnniulunsunniiy  debonding
cavitation &swuntavigreanves. PBSA vhilsiAafuilnsidswalidedldnwdsnulunisvinly
FunuuanTiiumn saulufensidesuves PBSA anniskasulsawuunszinn aauansly
U 4.10f HAnIVRaRsuAns LY impact strength U84
PHBV80/PBSA20/DB0.3/TAICO.1/ECEQ.5 ﬁmilﬂwﬁur}humuﬁm internal  cavitation
mechanism MNAM5LHE3UYEY PBSA Haensifin de-bonding cavitation mechanism 410
N13%RAeNYad PBSA droplet 910 PHBV matrix uanaNinIfiu ECE 0.5 phr LilgsDEs

o W

Wenilnalunisidsunuas impact strength agsliftdodfy

N1SLUaUA PHBY 53uAU PBSA 20%wt finavinliiin1sanasved Young’s modulus
910 1440 Ty 1256 MPa, Tensile strength 310 40.4 1y 35.3 MPa wag elongation
at break 910 12.5 lUudu 7.9% 91nn157 PHBV waz PBSA daanudnfuléiildd (poor
compatibility) 3sdsnalitinisanasvesauifiginavosnedmesivaun lulaslAeIAunIs
W& PHBVBO/PBSA20 Taenisiuauuuusidniiui uufizen free radical lnen1sidu DB 0.3

phr wag TAIC 0.1 phr vilsiin1sanasues Young’s modulus 90 1256 1 1163 MPa lag
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ﬁmﬂﬁwﬁumaq Tensile strength 911 35.3 \Ju 40.4 MPa uay Elongation at break 910
7.9 Wiy 13.1% Tuvaziiniswas PHBVBO/PBSA20 Tasnsiuauskuuiidniiukiuyfazen
condensation ﬁﬂﬁﬁmﬂﬁwﬁwmaa Young’s modulus 310 1256 T 1392 MPa uag
tensile strength 910 35.3 TUilu 37.2 MPa Tneiinsanaswes Elongation at break 270 7.9
TUdu 5.3% lunsdlaesniswan PHBVB0/PBSA20 Tmanisiuauakuuiionfiuniun1ssaniu
5¥1319UfA38 free radical wag condensation Inan1si#u DB 0.3 phr, TAIC 0.1 phr Lay
ECE 0.5 phr dinayinli Young’s modulus, Tensile strength wag Elongation at break &lf1
WJu 1053.02 MPa, 38.06 MPa lag 20.93% NS Lﬁ U Gﬁu Y83 tensile strength ey
elongation at break 489 PHBV/PBSA blend &1 nyiinisiuausuuusidniidiiniuain

[
o Y

dugnineswluienudiiuldseninamediuesisdesigniaundudsuansdusuin d.1le

<9

Fanun158neonves matrix Wnuiagiianisuaninuuuissusandiiuianisaiem load
970 PHBV matrix 1U&s PBSA dispersed phase 340w soft polymer ¥ funTundaand
A13uiiu DB, TAIC waw ECE viliauURidinagesedulesivausaty wuieafunuiseves
Z Peter uazany [41] AlFUSuUImmmilen (toughness) ¥aa PHBV Tngnsiuausiiy PCL
Tagld 2,5- bis(tert-butyl-peroxy)-2,5-dimethylhexane \Ju free radical initiator $23 U
TAIC lu coagent nuinmmiddulisening PHBV uaz PCL asgnuiuussiveiloy free
radical initiator $21iffu coagent Avlsinanmuilongnuivussdulasiinsfiuiues

elongation at break 380% W& impact strength 22.0%

1800
1600
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1000
800
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1440 1393

1256
1163

1053

Young's modulus(MPa)

| PHBY | PHBV80/PBSA20
PHBV80/PBSA20/ECEQ.5 | PHBV80/PBSA20/DB0.3/TAICO.1

PHBV80/PBSA20/DB0.3/TAICO.1/ECEQ.5

5U7 4.12 Young’s modulus %83 PHBV L@z PHBV/PBSA blends



Tensile strength(MPa)

Elongation at break(%)

45
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2
2
1
1

L ©O 1 O »n O U
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[5,]

0

40 40
38
I | ' I I

| PHBV Il PHBV80/PBSA20

[ PHBV80/PBSA20/ECEQ.5 Il PHBV80/PB5A20/DB0.3/TAICO.1

m PHBV80/PBSA20/DB0.3/TAICO.1/ECEQ.5

g‘dﬁ 4.13 Tensile strength w83 PHBV lkag PHBV/PBSA blends

1
1
8
- ﬁ

| PHBV § PHBV80/PBSAZ20

[ PHBVB0/PBSA20/ECEQ.5 [l PHBV80/PBSA20/DB0.3/TAICO.1

[ PHBV80/PBSA20/DB0.3/TAICO.1/ECEQ.5

g‘d‘ﬁ 4.14 Elongation at break ¥8< PHBV iag PHBV/PBSA blends
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45
4.0
35
30 25
25 2.2

20
15
10
0.5
0.0

3.7

Impact strength(kJ/m?

| PHBV | PHBV80/PBSA20
PHBV80/PBSA20/ECEO.5 W PHBV80/PBSA20/DB0.3/TAICO.1
PHBV80/PBSA20/DB0.3/TAIC0.1/ECEQ.5

5U7 4.15 Impact strength 983 PHBV Wag PHBV/PBSA blends

4.3 nMsuFulRaudRdinaves PHBY tneldnissuausuuudidniivuasin polymer
composite preLduladUUzIn
INMSHEN PHBV  Fufu’ PBSA 398y soft polymer d@wmalvifinisanases
Young’s modulus tag tensile strength Immi%’aiudawialﬂﬁ%qﬁﬁmiﬂ%’wqﬂauﬁ’a
\39naves PHBV/PBSA blends Taenisiuduluduvzan (SPF) fiusunas 5 phr Tneuus
dleldlunsneassiiy 2 viaredilodUdzsaiiumsusuus (TSPF) uazidule
uzsniilaisiunisuutss (SPF) Tunisudulsiuinvesidulediiiunislaeld maleic
anhydride " faduansiadiifing  anhydride - ilannsdeshrenaisufAzenfumy)
hydroxyl 784 cellulose fegauiigamgil 80 °C 1uan 24 lus :nmsvaaeUse
wella FTIR éﬁLLamﬂugUﬁ 4.16 #@15ONU peak ¥o3 C=C stretching il wave
number 1595 cm™ uaglinu peak Lonanwalues C=0 ‘UEN‘VT;‘J: anhydride 7i wave
number 1706, 1783 uay 1858 cm’ uandliifiuimy anhydride vos maleic
anhydride @ansaiinuf)iseniuny hydroxyl @4 cellulose [31] é’]’qLLamﬂugﬂﬁ 4.17

Vinlvanansasiy reactive site Tun1siinUfAzeruUfAzen free radical 1o
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E‘U'ﬁ 4.16 FTIR spectra ¥BY SPF; TSPF Wag maleic anhydride

4.17 Ygisennanninaziinlun1susuussuRives SPF 638 maleic anhydride
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Tunsveaessfiunsuauddeniomauneluuuuda  (nternal  mixer) 7
gaumgll 180 °C anusalsiees 100 sousioundt Wuian 10 wil lneasunanismaaes
i’ﬂugﬂﬁ' 4.18-4.21 PMNNTNADINUINNITAL SPF aslu PHBVSO/PBSA20 vilwAiing
anaswes Young’s modulus waziinsifiatuves tensile strensth luwassieniunis
B TSPF shlvdnsiivduves Tensile strength uaviinisanaswes elongation at
break 1ngA1 impact strength U89 composite AlgAnfinduan 2.08 (PHBV/PBSA20)

Tl 2.3 waz 2.4 k/m? definsifiu SPF waz TSPF 5 phr anuandiu

Tunsdlvesszuuifinsidu SPF 5 phr msl#Bnsiauduuuiidndivkiuujizen
free radical ﬁﬂﬁﬁﬂ’mﬁwﬁu"uaﬂ Young’s modulus 310 1136 Uy 1304 MPa uay
Tensile strength 91 39.2 Ty 412 MPa lawil elongation at break N3
Wasuwasuuliitdeddn - Tusnsiinslduqitensaisenin free radical  uay
condensation ﬁﬂﬁﬁmﬂﬁ'mﬁuﬁuaﬂ Young’s modulus 3110 1136 Ty 1229 MPa
e Tensile strength 910 39.2 Tuu 43.05 MPa Tnefl elongation at break e
9n 23 Wiy 34% Tae impact strength Slnfsmuann 2.3 Ty 3.1 uay 3.4
k/m? ilefimsldiuiten free  radical waznisldURRToNTmTENINUAAGe free

radical Wag condensation AIUAIAUY

msﬂ%’uﬂqqﬁuﬁwm SPF A8 maleic anhydride vl#iinnsanasaas hydroxyl
group vuiuinvesduleduUrsrTlUAadunsdfiang C=C vuiiufmoaduloainnis
U AT81MUsE1I79 anhydride group Wag hydroxyl group Fudunisuiia reactive
site waganAuLdu hydrophilic vesdulevinlianunsadnduladu PHBY w3e PBSA
1n3u ag19lsAnu tensile properties 489 composite fn1siUasuudaawuulyld

4 IS

HedAgyduwdasiinisuaur uljisen free radical luvae? composite MviNnTsHaY

[ 1

g157UNUTENI free radical wag condensation BN IALNITEANIUVD

an)

AR
Young’s modulus 310 1268 Ty 1354 MPa Toei tensile strength Wag elongation
at break dn1sasuntatuuldiidoddaiiewsoudiauiu PHBVSO/PBSA20/TSPF5
impact strength fAnfiatuan 2.4 1y 3.1 dlewis DB 0.3 phr 39uAU TAIC 0.1 phr

warifinduidy 3.3 k/m? dlowiiu DB 0.3 phr, TAIC 0.1 phr waz ECE 0.5 phr lagei



Tensile strength (MPa)
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tensile strength 984 composite 1A1g4NI1MTBL ULV neat PHBY $aufiuns

WLAUUVDY impact strength uANN15aAa4U8Y elongation at break

1,800
1,600 1,440
1,400
1,200
1,000

80

o

60

Young's modulus (MPa)
o

40

o

20

o

| PHBV PHBV80/PBSA20

W PHBV80/PBSA20/SPF5 [ PHBV80/PBSA20/SPF5/DB0.3/TAICO.1
W PHBV80/PBSA20/SPF5/DB0.3/TAICO.1/ECE0.5 [ PHBV80/PBSA20/TSPF5

[l PHBV80/PBSA20/TSPF5/DB0.3/TAICO.1 | PHBV80/PBSA20/TSPF5/DB0.3/TAICO.1/ECED.5

E‘U‘ﬁ 4.18 Young’s modulus ¥8Y PHBV/PBSA/SPF composites

50
45 40.4 iy 41.2 y - 41.5 418 42.2
40 353
35 ]
30
25
20
15
10
5
0
[ PHBY PHBVB0/PBSA20
| PHBVBO/PBSA20/SPF5 [ PHBVBO/PBSA20/SPF5/DB0.3/TAICO.1
[ PHBV80/PBSA20/SPF5/DB0.3/TAICO.1/ECEO.5 [ PHBV80/PBSA20/TSPF5
[ PHBVBO/PBSA20/TSPF5/DB0.3/TAICO.1 [ PHBVBO/PBSA20/TSPF5/DB0.3/TAICO.1/ECEQ.5

gﬂ‘ﬁ 4.19 Tensile strength 983 PHBV/PBSA/SPF composites
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3U% 4.20 Elongation at break 284 PHBV/PBSA/SPF composites
4
35 3
3,1 31
o 3
£ 24
3 25 23 23 ]
z 2.1
£
g 2 L
o
7
5 15
]
Q
E 1
05
0
m PHBV PHBV80/PBSA20
W PHBV80/PBSA20/SPF5 [ PHBV80/PBSA20/5PF5/DB0.3/TAICO.1
W PHBV80/PBSA20/SPF5/DB0.3/TAICO.1/ECEQ.5 [ PHBV80/PBSA20/TSPF5
I PHBVB0/PBSA20/TSPF5/DBO.3/TAICO.1 I PHBV80/PBSA20/TSPF5/DB0.3/TAICO.1/ECEO.5

Ui 4.21 Impact strength 983 PHBV/PBSA/SPF composites

Y
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4.4 ﬂﬁﬁﬂmmsLUéauLLUmauﬁ’ﬁL%aﬂasuaa PHBV, PHBV/PBSA blends taz PHBV/PBSA
composite TusgnIemsIaAY

’i]’lﬂﬁzljaigablu?hu“uaﬂ literature review wuinusnuieaineyni thermal stability
fuazausIzed PHBY udifinadlymveanisiudsuwlasautidanaves PHBY lu

sEINNIsIaniuNgamaivies usilesandesldtunululiunaunnsaaeslunisnaass

Y

(%
1 I [}

dulmanmelAIeIdnIAkUUANSIALT (single screw extruder) pgaumngildusdiutou

Y
(%

Winaudadiuiinnenadl 90, 160, 180 way 180 °C I%Q’Jmﬁaiaumimguaﬂg 50 SeUAUNT
nsnaaosludruiildanaiunisiuasuudasii tensile properties way impact properties
994 PHBV, PHBV/PBSA blends way PHBV/PBSA composite Tusyninanisdmiuniela
guvgfl 30 °C AuBU T0%RH uarldagunantsvaassadlunised 4.5 4.6, 4.7 uay 4.8
PINAINU 2INN1TNAGDINULY tensile properties 989 PHBY fllualuuanasluseningnis
NAdau 1n8 Young’s modulus U84 PHBY angasaan 1029 \Ju 887 MPa, tensile strength
anag1ann 49.3 LUy 48.6 MPa, Elongation at break anasann 9.8 19U 8.9% nasannln
anziduian 4 dUami wWuldeaiu PHBY fikun1suiuugsmnuaiiosmisanuiouds
Young’s modulus Tuwulttanatann 1133 40u 1091 MPa, tensile strength ana931n 56.2

Ju 54.9 MPa, Elongation at break ana931n 8.3 W 7.7%

lunsdiveos PHBV/PBSA blends Wu39Te tensile way impact properties U84
Fregranpaeuiiuualiianas 34 tensile strength 489 PHBVS0/PBSA20 anadvn 49.5 1u
47.6 MPa, elongation at break anasain 8.2 10w 7.7% Wag impact strength anasain 2.4
fu 2.1 ki/m? Tnedinsifinduves Young’s modulus 910 900 Wu 904 MPa Tunsdlves
nsiuaL PHBY way PBSA WuUSIONAIUNUI tensile strength vasaeg19anasan 47.9 1u
44 MPa, elongation at break anga331n 8.3 W 7.3% uay impact strength anagan 2.5
Wu 2.2 ki/m? Taeiinsifiuduves Young’s modulus 910 879 tUu 885 MPa ndsannls

annziual 4 e

Tunsiives PHBV/PBSA/SPF composite finunisanasaasiie tensile waz impact
properties yasfietmnaouURTlusEUUTaY SPF way TSPF Sanudn Young’s modulus v
PHBV80/PBSA20/SPF5 anasan 894 1y 850 MPa, tensile strength anasan 31.2 1¥u
29.9 MPa luwauzdi PHBVS0/PBSA20/SPF5/DB0.3/TAICO.1/ECE0.5 fin15anaiues Young’s
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modulus 911 836 U u 804 MPa, tensile strength amasann 356 Wu 322 MPa,
elongation at break 210 5.9 101 5.2% wag impact strength anasan 2.3 10u 2.0 kl/m?
WuLieafu PHBVBO/PBSA20/TSPF5/DB0.3/TAICO.1/ECED.5 iNUNI5anatves Young’s
modulus 370 876 1Tu 803 MPa, tensile strength 911 38.1 Wy 32,5 MPa, elongation at
break 211 6.6 10U 5.3% way impact strength 910 2.5 10U 2.0 kI/m? nasannlvaniigidu
a1 4 &Un9i Mnwansnasedluduiuansdiifiuiinisdaivluane meldgungd 30 °C
AITUT U TO%RH denaliite tensile uay impact properties YOI PHBV, PHBV/PBSA
blends way PHBV/PBSA/SPF composite fuualinanasmasanlianngidunan 4 dUan
Fauanensluanaddeves WV, Srubar lll wavansy [18] #ilddnw1dnSnaves ambient
aging sioaNURALTINaTOT PHBY sffﬂﬁamazﬁ’uﬁaEJEJ'Nmaaumﬂiﬁaﬂnz"l,%'l,mﬂ@stU@mﬁy’q

a

gaundl (15 °C ) wazanuduiluseaznat 168 14 91nn1MAaeInyI1 PHBY daay stiff

Y

UINTUNFINNT I an12ziTuIa0 168 Julne Youne’s modulus SALANTW 154%,

elongation at break IA1anaY 72% way tensile strength UA1aAad 8.9 % AIAIINTT

a  a a

WasuwvasanUadanadreduidudninavesniaiinnisdasesdindves polymer
semicrystalline microstructure Tuusiaad inter-lamellar amorphous region ag19meLilad

Tuvaueh J.Mike wagane [42] Ias1gaunisilasuwlasvesauiidenawasauviniaaing

a

$ouvee PHBV nasarniinisdniiuiigamadl 20 ag 50 °Ctlunan 1 dUavilaewuns

U

\WiNUUVRY degree of crystallinity, aungiivass, aungiiludsuanugAIILT, Young's

modulus Lag tensile strength @3L@RI03N13LARA secondary crystallization



66

mﬁﬁi 4.5 Young’s modulus ¥83 PHBV, PHBV/PBSA blends W&y PHBV/PBSA /SPF

composites Tuszwinsnsiniuigamaill 30 °C AW 70%RH WWuan 4 dUani

Young's modulus (MPa)

Sample

0 week 1 week 2 weeks 3 weeks | 4 weeks
PHBV 1029+44 | 1089+51 905+45 900429 887+43

PHBV/DBO0.3/TAICO0.1/ECEQ.
1133+50 | 1181+60 | 1014429 | 1028+17 | 1091+41

5

PHBV80/PBSA20 900+35 1050+49 978+26 926423 904+61

PHBV80/PBSA20/DB0.3/TA
879+19 933+25 921+22 906+34 885+19

ICO.1/ECEQ.5

PHBV80/PBSA20/SPF5 894+43 955+18 819+12 869+30 850430

PHBV80/PBSA20/SPF5/DB
836+26 931443 807+11 796+30 804+46

0.3/TAICO.1/ECEO.5

PHBV80/PBSA20/TSPF5 885+48 965+30 952+50 932+39 981+54

PHBV80/PBSA20/TSPF5/D
876+43 935+12 791+23 796+13 803+20

B0.3/TAICO.1/ECEQ.5
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M15199 4.6 Tensile strength ¥ 83 PHBV, PHBV/PBSA blends wa g PHBV/PBSA /SPF

composites luseninansdnfiuiigamail 30 °C ALY 7T0%RH Wuan 4 dUani

Tensile strength (MPa)
Sample

0 week 1 week 2 weeks 3 weeks | 4 weeks

PHBV 49.3+1.1 | 54.1+1.0 | 45.6+3.6 | 49.3+2.6 | 48.6+1.8

PHBV/DB0.3/TAICO.1/ECEO.
56.2+2.4 | 58.6+1.9 | 519+1.3 | 51.5+1.7 | 54.9+1.8

5
PHBV80/PBSA20 49.5+1.9 | 50.5+1.8 | 43.1+1.0 | 45.2+0.8 | 47.6+1.6
PHBV80/PBSA20/DB0.3/TA
47.9+1.5 | 458+1.9 | 41.9+35 | 43.8+3.7 | 44.0+2.5
IC0.1/ECEQ.5

PHBV80/PBSA20/SPF5 31.2+3.1 | 35.0+3.4 | 28.6+5.5 | 26.7+4.6 | 29.9+5.9

PHBV80/PBSA20/SPF5/DB
0.3/TAIC0.1/ECEQ.5

35.6+3.2 | 37.0+4.1 | 28.0+4.1 | 32.1+3.9 | 32.2+2.7

PHBV80/PBSA20/TSPF5 36.4£3.8 | 38.8+2.3 | 31.5+45 | 31.8+2.7 | 37.1+2.6

PHBV80/PBSA20/TSPF5/D
B0.3/TAICO.1/ECEQ.5

38.5+1.9 | 37.3+3.5 | 32.4+2.6 | 33.0£2.8 | 32.5+3.5
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A15197 4.7 Elongation at break ¥®3 PHBV, PHBV/PBSA blends uay PHBV/PBSA /SPF

composites luseninansdnfiuiigamail 30 °C ALY 7T0%RH Wuan 4 dUani

Elongation at break (%)

Sample
0 week 1 week 2 weeks 3 weeks | 4 weeks

PHBV 9.8+1.9 9.4+15 8.9+2.2 8.9+0.9 8.9+0.9

PHBV/DB0.3/TAICO.1/ECEO.
8.3x1.1 8.7+1.3 8.6+0.5 8.6+£1.0 7.7+1.1

5
PHBV/PBSA20 8.2+0.7 7.8+0.7 7.4+0.6 7.6+0.5 7.7+£0.4
PHBV/PBSA20/DB0.3/TAIC
8.3+0.6 7.4+0.8 7.6+1.6 7.3+£1.0 7.3+£0.6
0.1/ECE0.5
PHBV/PBSA20/SPF5 4.5+0.5 4.6+0.6 4.6+0.8 4.2+1.0 4.5+1.0

PHBV/PBSA20/SPE5/DBO0.3
/TAICO.1/ECE0.5

59+1.0 5.3+0.6 4.7+0.7 55+0.8 5.2+0.4

PHBV/PBSA20/TSPF5 5.4+0.5 5.3+0.4 4.4+0.7 4.5+0.4 4.9+0.6

PHBV/PBSA20/TSPF5/DBO.
3/TAICO.1/ECEQ.5

6.6+0.6 5.6+0.6 5.7+0.7 5.5+0.6 5.3+0.7
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M15199 4.8 Impact strength ¥®3 PHBV, PHBV/PBSA blends L& ¢ PHBV/PBSA /SPF

composites luseninansdnfiuiigamail 30 °C ALY 7T0%RH Wuan 4 dUani

Impact strength (kJ/m?)

Sample
0 week 1 week 2 weeks 3 weeks | 4 weeks

PHBV 2.4+0.4 2.5+0.2 2.4+0.1 2.6+0.1 2.5+0.3

PHBV/DBO0.3/TAICO.1/ECEO.
2.1+£0.2 2.1+£0.8 1.9+£0.1 2.2+0.3 2.0+£0.3

5
PHBV/PBSA20 2.4+0.1 2.2+0.3 1.9+£0.1 2.1+£0.2 2.1+0.1
PHBV/PBSA20/DB0.3/TAIC
2.5+0.3 2.2+0.2 2.3+0.3 2.3+0.2 2.2+0.2
0.1/ECE0.5
PHBV/PBSA20/SPF5 2.0+0.1 1.8+0.1 2.0£0.2 1.9+0.1 1.9+0.4

PHBV/PBSA20/SPF5/DB0.3
/TAICO.1/ECEQ.5

2.3+£0.4 2.2+0.3 1.9+0.1 2.0£0.2 2.0£0.2

PHBV/PBSA20/TSPF5 1.9+0.2 2.2+0.3 1.9+0.2 1.8+0.3 1.9+0.3

PHBV/PBSA20/TSPF5/DBO.
3/TAICO.1/ECEQ.5

2.5+0.2 2.1+0.2 2.1+0.3 2.4+0.4 2.0+£0.4
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4.5 msﬁnmmnﬂ%uuﬂmawﬂ’ﬁL%Qﬂaﬁuaﬂ PHBV, PHBV/PBSA blends taz PHBV/PBSA
composite TusenI9n15lHaN1IZAY accelerated weathering tester

Tun1sAamunisiUasulUasandmidanaves PHRY seminanisinluldaudusses

1
=2

nanuwuazdedlitunulutiiasnnmavasedlunmeassdudfsauieriodatauuy
aﬂgtﬁlm (single screw extruder) é‘hﬂqmm:ﬁ&y’qLwia"mi’]auLﬁmuﬁedauﬁamaﬁaﬁ 90, 160,
180 wa 180 °C l¥Arusrsountsnyuany 50 soudewit Fueeeasgninlulianny
WU accelerated weathering condition fN13NAT§IU ASTM G154 Taedinisaneuas UVB 1
gaumgdl 60 °C (unan 4 Halus uazegnielianiny condensation Migaumnd 50 °C iunan
4 Falus MnnmeaesUIEnuIEIINIBn YRSt u LN TUABuLatlUnaensy BRI
voamslianiaglag PHBY fmawdsudnndimarfudunuiniunsen ssesnainsls
annefanansluguil 4.22 eldisenulilunuideduqlaeinnnnsin cack vuimdn
VuiuAve st uuT s it ues surface roughness uag diffuse reflectance @ina
4% visible light flunnsemuasuuiiufinues PHBY gnagviousanimniiuindailvidiutusui

Au17u1nTu [43, 44] Fadn1snunisiasudidvaluTusnu PHBV/PBSA blends was

PHBV/PBSA/SPF composite

(@ (b)

a

JUN 4.22 Fua7u PHBV niau (a) waenas (b) Wannzuuuisdlaeiinisaneuas UVB Naaumgil

60 °C vluiaan 4 93l warednieldaniaz condensation Noaunndl 50 °C Wuiian 4

Flua Wuan 4 dend

Tudruvesandfdanalaagulinemisned 4.9, 4.10, 4.11 wag 4.12 WU tensile

Wwag impact properties 983 #2981 PHBY, PHBV/PBSA blends way PHBV/PBSA/SPF



71

composites Twurltiuanasmasnszeznainisnageuiunal 4 dUamdsanindunasin
nsinisane UV lusewinanaslianiigsinldiie chain scission ¥e1 PHRV denaliimnidn
Tuanaves PHBY anad g Young’s modulus fifAnanasain 1029 1l 654 MPa, tensile
strength flA1anasa1n 49.3 LUty 21.7 MPa wag elongation at break fiA1anasain 9.8
i 4.8% wiufieniu impact strength ¥ad PHBV flanategsraiiiewnasnszaziiatiunis
Tan1aglneanasann 2.4 1y 1.4 k/m? nasanlianiizilunan 4 §dan
PHBV/DBO0.3/TAIC0.1/ECE0.5 in15amasaed Young’s modulus 910 1133 14 Wu 1047
MPa, tensile strength anagan 56 TUidu 41 MPa, elongation at break anasann 8.3 14

Ju 5.6% way impact strength anasan 2.1 L1l 1.6 ki/m?

Tunsalaes PHBV/PBSA blends #u31 Young’s modulus 989 PHBVS0/PBSA20
Wi udntasain 900 Wiy 928 MPa; tensile strength anatann 49.5 Ty 37.2 MPa,
elongation at break anas31n 8.2 LUilu 5.3% way impact strength anasann 2.4 1Uidu
1.8 kl/m?2 luaquzdi PHBVB0/PBSA20/DBO.3/TAICO.1/ECEO.5 {ifn Young’s modulus angs
910 879 1Uidu 869 MPa, tensile strength anasain 47.9 iy 35.6 MPa, elongation at
break anagann 8.3 LUilu 5.4% way impact strength anasann 2.5 Wy 1.8 ki/m?

[ o [~ [ '3
%8991NVNTNAFaULURNIE 4 dUunn

Tunsd e PHBV/PBSA/SPF composite # U3 1 Young’s modulus 9 ©
PHBV80/PBSA20/SPF5 anasaan 894 TUilu 733 MPa, tensile strength anasann 31.2 1u
12.2 MPa, elongation at break ang431n 4.5 LUy 2.2% uag impact strength ana331N
2.0 T8y 1.2 K/m? Wuiiioa U PHBVEO/PBSA20/SPF/DB0.3/TAICO.1/ECE0.5 714 fi1
Young’s modulus anagann 836 1wy 750 MPa, tensile strength anagan 35.6 Ty
13.1 MPa, elongation at break 5.9 Wy 2.3% uay impact strength 910 2.3 Wy 1.6 kI/m?
PHBV80/PBSA20/TSPF &A1 Young’s modulus L‘ﬂlm?gumﬂ 885 LUL¥u 993 MPa, tensile
strength amasan 36.4 lULu 21.3 MPa, elongation at break 5.4 TUtlu 2.9% way
impact strength 3 10 19 14U 18 w17 kW/m* lu 39 w ¢ i
PHBV80/PBSA20/TSPF/DB0.3/TAIC0.1/ECEQ.5 §1A1 Young’s modulus anadain 876 LU
Wy 754 MPa, tensile strength ama331n 38.5 Ty 16.7 MPa, elongation at break 6.6

WU 3.1% way impact strength anasain 2.5 [y 1.8 ki/m? ndsarnvinnisnaaeutdu
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a1 4 §Ua1i Feaoudrsunnm19luanneauiduaes Roberta K. Sadi wagamg [43] 9
#1n15@n¥1 photo degradation U84 PHB laglian 12z uuy accelerated weathering
condition Tnan 13218 UVA laaungfl 60 °C 1uwan 4 dalusuazuazagagldaniie

condensation igauundl 50 °C \uiaan 4 Falus wudn Young’s modulus e PHB diAn

6 =

ADUTNAITINADATEBEIAINTITNAGOU 12 dUn19 Tuaezil tensile strength, elongation at

break fANADUYNAINAUNTLNIDIFUAYT 3 wazdlAanasag1samladlasludunan 12 1
ANanad 59% Way 65% LUULRBINU impact strength 7iflAnanas 65% wasanlwan1izidu
a1 12 &UA1% 91nn15nnandteduLanlimiulInislianizuuuLsalagaly UVB 7

gl 60 °C WWuan 4 Faluanasuarednieldaniaz condensation Nigaumgll 50 °C Lu

q Y

nan & Hlus WWuszeznawionun ¢ SUeviiinarialiii tensile uaw impact properties ves
PHBV, PHBV flsnun1sufudsaiaiissnmmisanuiou sauluis PHBY fiiiunisuiuuss
autAdanalasiuaudiu PBSA uaziaSuusanoduleduissn In1sanasetisseiiowmann
S2H¥1A1N15VAABITUANIINNI5AA photo degradation 184 PHBY ndsannléfuuas UV
Fagnyvanliluaiuiduveq Renate Maria Ramos Wellen uaganz [44] #ifnw1 photo

degradation v8¢ PHB Inglign1iguuy accelerated weathering condition lagn1sa1e

=

UVA figaunigdl 60 °C lunan 4 daludnazuazagniglsaniiz condensation Nigaungdl 50

3

1%

<

°C 1funan 4 lug Wunan 12 &anst nuindvestunudsuwlasanndiimaduden
FAlo9a1nnsiAn crack vUIABNUY surface RalsAAnITEE o UNdUYBS Visible light
Tuvaug? tensile strength lag elongation at break ATULINAINIUATENIDIEUAUN 3 oy

anasagsaiodlnsanad 31.3% way 33.8% miuanunaeannlraniiziduial 12 dUans

[y

awmnnan1svaaeslunuifell

autauanel Ui TedssuanIndudnsnaves UV

source uana1iulagluITedlyd UVB Fellndasugnda UVA luanidednaduideinli

i
[y

1A degradation Tunwidedliinlauinnin
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ANST 4.9 Young’s modulus ¥8¢ PHBV, PHBV/PBSA blends ey PHBV/PBSA /SPF

composites Tusgninamsian1guuy accelerated weathering tester WWutian 4 dUani

Young's modulus (MPa)

Sample
0 week 1 week 2 weeks 3 weeks 4 weeks
PHBV 1029+44 | 915+132 994+51 917+84 654+94
PHBV/DB0.3/TAICO.1/ECE
1133+50 1088+53 1114+36 1128+14 1047+54
0.5
PHBV80/PBSA20 900+35 936+38 926+13 970+26 928+56
PHBV80/PBSA20/DB0.3/T
879+19 852+8 865+18 941+27 869+71
AIC0.1/ECEQ.5
PHBV80/PBSA20/SPF5 894+43 863+65 913+44 909+52 733+38
PHBV80/PBSA20/SPF5/D
836+26 847+46 899+61 771492 750+14
BO.3/TAIC0.1/ECEO.5
PHBV80/PBSA20/TSPF5 885+48 942+51 925+35 973+29 993+21
PHBV80/PBSA20/TSPF5/
876+43 810+39 908+30 892+19 754+62

DBO0.3/TAIC0.1/ECE0.5
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AN597 4.10 Tensile strength Y89 PHBV, PHBV/PBSA blends way PHBV/PBSA /SPF

composites Tusgninamsian1guuy accelerated weathering tester WWutian 4 dUani

Tensile strength (MPa)

Sample

0 week 1 week 2 weeks 3 weeks 4 weeks
PHBV 49.3+1.1 41.0+4.3 43 7+3.2 29.1+4.0 21.7+3.6

PHBV/DB0.3/TAICO.1/ECE
56.2+2.4 |-50.0+4.6 | 44.4+49 | 36.3+3.1 41.0+4.7

0.5

PHBV80/PBSA20 49.5+1.9 45.2+1.4 37.6x£2.6 34.2+2.6 37.2+2.4

PHBV80/PBSA20/DB0.3/T
47.9+1.5 43.0+1.9 36.0+£2.8 32.5+3.8 35.6+£3.6

AIC0.1/ECEQ.5

PHBV80/PBSA20/SPF5 31.2+3.1 27.4+3.2 31.1+5.5 27.1+1.7 12.2+3.2

PHBV80/PBSA20/SPF5/D
35.6+3.2 28.1+1.8 30.5+5.1 22.7+3.2 13.1+2.3

B0.3/TAICO.1/ECEQ.5

PHBV80/PBSA20/TSPF5 36.4+3.8 38.7£3.7 26.6x4.7 24.9+2.3 21.3+1.3

PHBV80/PBSA20/TSPF5/
38.5+19 | 31.2+4.8 | 285+4.2 | 25.1+2.3 16.7+1.9

DBO0.3/TAIC0.1/ECE0.5
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M15197 4.11 Elongation at break W83 PHBV, PHBV/PBSA blends e PHBV/PBSA /SPF

composites Tusyninanslian1izwuy accelerated weathering tester Wuiian 4 &av

Elongation at break (%)
Sample

0 week 1 week 2 weeks 3 weeks 4 weeks

PHBV 9.8+1.9 7.9+2.1 6.7£0.2 4.7+1.1 4.8+0.7

PHBV/DB0.3/TAIC0.1/ECE
0.5

8.3+1.1 8.2+1.9 6.5£0.9 4.9+0.4 5.6+0.8

PHBV80/PBSA20 8.2+0.7 8.0+£0.5 6.1+0.7 5.14£0.6 5.3+£0.5

PHBV80/PBSA20/DB0.3/T
AICO0.1/ECEQ.5

8.3+0.6 8.1+0.9 6.7+1.0 4.9+0.9 54+1.1

PHBV80/PBSA20/SPF5 4.5+0.5 4.3+0.9 4.7+1.0 3.8+0.1 2.2+0.5

PHBV80/PBSA20/SPE5/D
B0.3/TAICO.1/ECEQ.5

59+1.0 4.5+0.4 4.9+1.1 4.2+1.1 2.3+0.4

PHBV80/PBSA20/TSPF5 5.4+0.5 6.1£0.8 4.0+0.7 3.4+0.2 2.9+0.3

PHBV80/PBSA20/TSPF5/
DBO0.3/TAIC0.1/ECE0.5

6.6+0.6 57+0.8 4.3+£0.7 3.9+0.5 3.1£0.4
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AN3991 4.12 Impact strength 983 PHBV, PHBV/PBSA blends uay PHBV/PBSA /SPF

composites Tusgninamsian1guuy accelerated weathering tester WWutian 4 dUani

Impact strength (kJ/m?)

Sample

0 week 1 week 2 weeks 3 weeks 4 weeks
PHBV 2.4+0.4 2.7+£0.2 1.8+0.1 1.3+0.2 1.4+0.1

PHBV/DB0.3/TAICO.1/ECE
2.1+0.2 2.1+0.2 2.0+0.1 1.9+0.2 1.6+0.2

0.5

PHBV80/PBSA20 2.4+0.1 2.3+0.1 2.0£0.2 1.8+0.1 1.8+0.1

PHBV80/PBSA20/DB0.3/T
2.5+0.3 2.4+0.1 2.2+0.1 1.8+0.2 1.8+0.3

AIC0.1/ECEQ.5

PHBV80/PBSA20/SPF5 2.0+0:1 2.0+£0.2 1.8+0.2 1.2+0.1 1.2+£0.2

PHBV80/PBSA20/SPF5/D
2.3+0.4 3.0+£0.2 1.9+0.3 1.6+0.3 1.6+0.3

B0.3/TAICO.1/ECEQ:5

PHBV80/PBSA20/TSPF5 1.9+0.2 1.8+0.1 1.8+0.1 1.8+0.3 1.7+0.1

PHBV80/PBSA20/TSPF5/
2.5+0.2 2.5+0.2 2.1+0.2 2.0+0.2 1.8+0.2

DBO0.3/TAIC0.1/ECE0.5
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4.6 Anuausalun1sgesaanslunzaves PHBVY, PHBV/PBSA blends wag
PHBV/PBSA/SPF composites
nsAnwiauausanisgesaaslunzianiunisiaeidmegelunaaeaulu

anmuandeu 2 dnvarAoU1weiay (mangrove field) 7ififn 12.698228 N 101.704296 E
LAYANTIZLMELa (open sea water) ififin 12.698357 N 101.703213 E Tnefnananimni
WasuwUasluvesfeginaensyazaal 4 duani Tnewseusegndenisnanlngldiasos
Sr3nuuuangiien (single screw extruder) fegamnisausduousinauivaiusmedsil
90, 160, 180 waz 180 °C ld¥mnugiseunisuyuans 50 soUfwI 21NNTVAGBINUT
'ﬁuﬂwaa%umu%qmzma%wé’amnﬁw%mmiﬂmaauﬁaLLam’lugﬂﬁ 4.23 Fauansliiud
5LAR surface erosion TusenitansnAAEUTANINREUYES Udey enzyme wndosaane
Uuﬁuﬁ’mm PHBV [45, 46] FapdnendeiuimAdeves D.Morgan uazaady [45] fidnw

ANNENTaluNsEesaaglulvzlaves PHBY &wunasiin surface erosion $auAUNNT

ANANUBIUMUNFIBE19 I USEMINNANSNAEBURE NRBLHB LAz saae lUuAluS s eEa1 9

LY

(@ (b)

(0)

U1 4.23 Wukvea PHBY 310 optical microscope fiou (a) nasmagaunisgegaanglui

¥etau (b) wazimea (©) Wuan 3 e
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YoNINLNUINFVDIRUNUAsULUa N FU e aldudrn@andianiinisneasuniseday

o’ a & a o | oA =
aaqﬂlungaﬂqﬂquUuNaﬁnﬂﬂqﬁL‘UaﬁluLLUaﬁWﬂN’]GU@Qm')@Uqﬁﬁﬁﬂiﬂjqﬂmqq]ﬁSNqﬂeﬂuLLﬁg

dyviau visible light 151’6’1’&%21@@1143% 4.24

@) (b)

(0)

E‘Uﬂ 4.24 Jusu PHBV nou (a) paanadeunisgasaatalutvieiay (b) wazdimeia (©

Wuan 4 deni

Mnnsiemutrdnvestusnulyseninmegeuluanmwndeutneaunayin
vzafauandumssi 4.13 uwag 6.1 awddu wuindvtinaes PHBY anasedsdaliiosly
SEMININTNAF UT I@BIANTNIINEBNNABASE BEaINISAdaUlnuanas 19.12% LAz
4.16% & negaelianmuandesmeaunarimziadunm 4 SUnvinudiiu wans

TAiuqn PHBY fimnuanuisalunisgesaanslalunsia lunisnaassnuivieauiinisanad

Y99UMENFI9871901N NI I UFN 1L U IMZLAAIAINTUBNTNATDIANULANAIA U UTEWINT
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AUNTIFIEINIIONER enzyme dmsugos PHBV balugasaninuwindeuil wutheaduly
ASMYe9 PHBV/DB0.3/TAICO.1/ECEQ.5 Munninanatagemaiiaiseninanisnaaaulnganag
5.68% Way 3.22% wé’qmﬂagjma%’famwLLfmé’amﬂwmmauLLazﬁmzLaL'flul:;m 4 gUai
o Y] v & 1 Y] = 1 = v 1
ANUAINU LAAILILIALIN PHBY g9psiianuanunsatunisgssdaslungiafawilagsiunig
USuUgesnuuisensauiusening free radical waz condensation agalsimuluantizyn
¥18Lau PHBV/DBO.3/TAICO.1/ECE0.5 fin15anadvuasumiintiasnii neat PHBV A1y
FN3NaVINITHNANTIENAUYM TR AAN T aNTINeTEUIsae e Aesvin lAAnNISE oY

aanglaennuInIu[46]

Tunsédlves PHBV/PBSA blends wui1 PHBV8O/PBSA20 Siwiinanaseta
doviesluseninanisvanaeulansanas 14.72% wag 7.46% uLieafu
PHBVS0/PBSA20/DB0.3/TAICO.1/ECE0.5 dativifnanas 1447% way 3.42% nda91nog
aelfanmuandeudnmsansastmsaduna ¢ flasinudisu uansliidiuin PHBY
Sepailmuaunsatunisgesaanslungiatndaveunisivaunuuusionituiu PBSA /1

Unse15mniusenINg free radical wag condensation

wideadulunsdlves - PHBV/PBSA/SPF  composite  finunisanatesng

saidewesiminsogndusemininisnaaedag  PHBVBO/PBSA20/SPF5  unwiinanad

(%

14.54% way 4.54%, PHBV80/PBSA20/SPF5/DBO.3/TAICO.1/ECEO.5 fmiinanas 16.10%
uay 5.59% i negnglianmuandertimeauuasivsadunm 4 dUnminudis

T PHBV80/PBSA20/TSPF5 fﬂwﬁfﬂa@aq 12.74% ey 5.15%,

PHBV80/PBSA20/TSPF5/DB0.3/TAICO.1/ECEQ.5 Sy utinanad 12.5% way 3.43% #1adan

(%
o

agnelianmuindenumeaulasimealunm 4 daminuaiau wandliiiudn PHBY

(% =

fapaiiauaninsalunisgesaangluiimgadwdasUSuusaudhdenamenisiuauiLuy

a g A 1 [y o . 1 1% [y a . %
JWNAUTIAUNSIN composite Mmatduledulzsn  Tuaae? MKjeld wazang [47] 16
Anw1BvdnavoInIsin  natural filler sioANAINITOlUNITHOUARNIIAINGTTUTIA L UNEZLA
¥99 PHBV wuinmstsiaule Miscanthus grass 15 wag 20%w/w agviliaanuanuisaly
NN3Y0LAMNENINTITUYIRLUNLLAEINI1 neat PHBY 15% uaz 20% mua1diu 1uiediu

S.Maurizia [48] ﬁWU’jﬁmiLamé’uﬁla Posidonia oceanica 30%w/w adlu PHBV %L‘ﬂlu
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Anuanunsalunisgesaanslunzialevinlvidnedns PHBY  aunsadesaaislaviualuiiansn

71 6 DU

msm‘?i 4.13 miamawaaﬁmﬁfﬂ(%) PHBV, PHBV/PBSA blends Laz PHBV/PBSA/SPF

composite Tusgninsnsmageunuansalun1stevaaslunziananinuwindontigng

LAl

Weight reduction (%)

Sample 1 2 3 a4

week | weeks | weeks | weeks

PHBV 1.00 5.47 13.86 | 19.12
PHBV/DB0.3/TAICO0.1/ECEQ.5 0.63 13.95 8.28 5.68
PHBV80/PBSA20 1.65 2.12 12.05 | 14.72
PHBV80/PBSA20/DB0.3/TAICO.1/ECE0.5 0.81 2.08 8.76 14.47
PHBV80/PBSA20/SPE5 1.61 10.25 7.99 14.54
PHBV80/PBSA20/SPF5/DB0.3/TAICO.1/ECEQ.5 0.49 5.19 6.13 16.10
PHBV80/PBSA20/TSPF5 2.00 13.29 15.3 12.74
PHBV80/PBSA20/TSPF5/DB0.3/TAICO.1/ECEQ.5 1.30 6.84 7.07 12.50
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M597t 4.14 miamaa‘umﬁ’/ﬁmﬁﬂ(%) PHBV, PHBV/PBSA blends iay PHBV/PBSA/SPF

composite Tusgninsnsmageunuansalunstovaaslunziafianmiindondinga

Weight reduction (%)

Sample 1 2 3 4

week | weeks | weeks | weeks
PHBV 0.39 2.84 1.65 4.16
PHBV/DB0.3/TAIC0.1/ECEQ.5 0.44 2.25 1.89 3.22
PHBV80/PBSA20 0.73 2.96 2.17 7.46
PHBV80/PBSA20/DB0.3/TAICO.1/ECEO.5 0.24 2.38 8.76 342
PHBV80/PBSA20/SPF5 0.8 4.23 2.87 4.46
PHBV80/PBSA20/SPF5/DB0.3/TAICO.1/ECEQ.5 0.69 3.35 6.13 5.59
PHBV80/PBSA20/TSPF5 0.95 2.19 2.74 5.15
PHBV80/PBSA20/TSPF5/DB0.3/TAICO.1/ECEQ.5 0.78 3.17 2.73 3.43
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o
UNN 5
ayunan1TideuavdalauaIuY

5.1 @5unanside

lunuddelavsudsaaiiosnimnisanuiounes PHBY Tusenineanseuiunisiiy
UA381 free radical uag condensation, aut@@anawazautifinisnszunnues PHBV la
Usuugalasuuuiidniid fu PBSA Safumsldiduleduussaiinunsuiulsiade maleic
anhydride tioldlun1sia3uiss PHBV/PBSA blend wenanniisdldinaunisidsuntas
auUAITanaves PHBY, PHBV/PBSA blends iag PHBV/PBSA/SPF composites A18lansin
anrLuuisuaznslianisfigaumdl 30 °C wagaudu 70%RH saulUT AN
Auansatunisdesaatslunzialaslunis@nwiaiuisaudsnisvnassesndu 4 diu
ey

dudl 1 nsusvlsaaisnmvisaradonluszrindugUres PHBY anmsvaaos
nuaunsaUTulgnadesnmmianLseulusEnIngngEuINnNsues PHBVY Laruujizen
free radical lpulfia free radical initiator $9uAU coagent WUIIN15LAN DB 0.3 phr wag
TAIC 0.1 phr Ja2smneaufianannisfiansnauauamuninves PHBY lusening
nszuunslénasiinnuningadulaeilifinsiia torque reversion wwideafunsdinisld
UN38137u U589 free radical Wag condensation Wlewfiu DB 0.3 phr, TAIC 0.1 phr

ey ECE 0.5 phr

dauil 2 msududgsauiRiBanaves PHBY lnsmsivauduuudidniiuiagnisvin SPF
composite 91NN1SVAABINUIINITIUAUA PHBV $9uiu PBSA wuuianfuniunisufisen
FUAUTENIN free radical uaz condensation aunsausuugsauiulanazusslunis
gnfnT¥1I19 PHBY way PBSA lae Young’s modulus anasann 1256 Uiy 1053 MPa,
tensile strength Lﬁmﬁuﬁ]ﬂﬂ 35.3 lUidlu 38.1 MPa uag elongation at break Lﬁwﬁumﬂ 7.9
Ty 20.9% luwaedt impact strength fAinduain 2.1 Wy 3.7 ki/m? nsiisdule

[

dUUgsaTii1un13U3UYTs maleic anhydride (TSPF) 5 phr $auuUjAsensaufuszving



83

U758 free radical wag condensation #1119 Young’s modulus fianfiuduain 1053 14
w1349 MPa, tensile strength iinduain 38.1 Uy 42.2 MPa Tnefidfans impact
strength 15167 3.3 ki/m?

ai’m‘i?i 3 ﬂﬁﬁﬂmmﬂﬂ?{aw,l,ﬂammﬁaL%Qﬂasuaa PHBV, PHBV/PBSA blends wag
PHBV/PBSA/SPF composite Tus¥1314n153AAULALAISIHEN1IEILUULTE 3INAISNARD
WUANUALTINaUDY PHBY PHBV/PBSA blends tiaz PHBV/PBSA/SPF composite Huwualiy
anasdntiosndsanegluaniednfuiigumad 30 °C Arwdu 7006RH Wuan 4 FUai
Tunsaiviinismaasuluan1ILwuuInINEINsgIu ASTM G154 Hunawtonun 4 §av
wunautidananazaudinisnszunnvasiietavaaeuiinisanasedenaifioinasn
STYLLIAINIINAGDY

dwdl 4 nsdnweaunsnlunseeyaanslunziaves PHBY, PHBV/PBSA blends
uaz PHBV/PBSA/SPF composites Fasndunmsnaaadluanmundonuuuimeaunasii
nzafung 4 dunilasfamunisanasussimiinlusenitnismaaes wuiidiediamn
siaflauanunsalunistosaaesslutimgautarluivziadanunisanasedsdeiiies
vpafnag19lusyrInenIsnageuLanslifiuin PHBY fepadimnuanuisalunisdesaanslu
neiadawdaguNIsYTUYTHadgs M meALSousg U Asensauiusening free radical

wag condensation, N13UFUUTIaRURRNNalelUAUATU PBSA wastasuusemeiduloduds

N

5.2 Tolausliug
5.2.1 AnwIN1sUTUUTHadesnImNIeANTauYes PHBY lnely free radical initiator wae

coagent ¥UADU

5.2.2 A15LAY free radical initiator kag coagent ludSutaMmuigaulunisusuuse
ERYTAINNIIAIINTDUVDY PHBY TuauAdeinuinaasiiin DB way TAIC 1 0.3 way 0.1 phr

ANUFIAU
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AANWIN 1.1 Complex viscosity vad PHBV Tuseninmisnaaaulu rheometer Nigaunil

a

Y

185 °C, 1% strain ey frequency 1 Hz

Integral 902.41 mJ
!8]2[sample 1 normalized 89.70 Jg*-1
sample 1, 10.0600 mg Onset 125.41°C
Peak 12198 oC
e Endset 116.51°C el
Integral -1049.95 mJ
normalized -104.37 Jg*-1
Onset 172.95 °C
3 Peak 184.85 °C
Wor1 Endset 189.96 °C
18]4sample 1 “H ’ o
sample 1, 10.0600 mg —_— x—_A]J.‘I-IJ[ b, — i —
'
1&]6[sample 1
sample 1, 10.0600 mg Integral -986.60 mJ
normalized -98.07 JgA-1
Onset 166.00 °C
Peak 172.13°C
Endset 177.47°C
20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 19  °C
Materials Engineering STAR® SW 16.10

AMANUIN N.2 DSC thermogram U84 neat PHBV
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texo
N 1&]2[sample5
S __ sample5, 9.6900 mg
—
m———
—_—
Integral -1041.77 mJ
normalized -107.51 Jg*-1 I
Onset 171.18 °C
Peak 181.22 °C
Integral 852.67 mJ \ Endset 186.25 °C
normalized 87.99 Jg*-1 |
Onset 122.99 °C |
Peak 119.40 °C
2 Endset 114.08 °C
| Wgr \

1&]4[sample5
sampleS, 9.6900 mg

&
\
18]6[sample5 o
sample5, 9.6900 mg
Integral -932.66 mJ
normalized -96.25 Jg*-1
Onset 165.37 °C
Peak 171.85°C
Endset 177.39°C
-20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
STAR" SW 16.10

Materials Engineering

A1ANUIN N.3 DSC thermogram U831 PHBV/ECEQ.5

Aexo
\- ——
e ]
18]2[sample 2 ToTm oA s K
sample 2, 10.3200 mg T T )
- |
| Integral -1024.04 mJ
normalized -99.23 Jg*-1
| set 168.05 °C
Peak 176.65 °C
Integral 908.00 mJ | Endset 183.09 °C
normalized 87.98 Jg*-1 |
Onset 121.24 °C
Peak 17.36 °C
Endset 111.84 °C
2
| Wgr 18]4[sample 2 4
sample 2, 10.3200 mg f l
n ' - il t
R = — g
O
1&]6[sample 2 - i e e M o \
sample 2, 10.3200 mg e "M‘MUMU.UHHHJL T } 4
J i
g
Integral -959.85 mJ \ 1}
normalized -93.01 Jg*-1 | I
Onset 164.63 °C i/
Peak 170.75 °C /
Endset 176.76 °C }r
\
20 -10 0 10 20 30 40 50 60 70 80 %0 100 110 120 130 140 150 160 170 180 190 °C
STAR® SW 16.10

Materials Engincering

AANUIN N.4 DSC thermogram ¥83 PHBV/DBO0.3
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1&8]2[sample 3
L sample 3, 9.2200 mg

Integral -778.41mJ
normalized -84.43 Jg*-1
Onset 161.63 °C |
Peak 176.14°C I
Endset 181.09°C
Integral 797.71 mJ
2 normalized 86.52 Jg*-1
Wg*-1 Onset 125.32°C
Peak 121.96 °C
Endset 115.65 °C
\
1&)4[sample 3 A
sample 3, 9.2200 mg ol ]| [ — e
L PP - B \
g —  — e — — L \
2
— p
,'"
1&])6[sample 3
sample; 3, 9.2200'mg Integral ~ -878.13mJ /
normalized -95.24 Jg*-1
Onset 162.65 °C
Peak 170.49 °C
Endset 176.87 °C
J
-20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 °C
Materials Engineering STAR" SW 16.10

AANWIN N.5 DSC thermogram Ua4 PHBV/DB0.3/TAICO.1

1&]2[sample 4
\\savmle 4, 9.3500 mg

Integral -893.97 mJ
normalized -95.61 Jg*-1
Onset 165.10 °C
Peak 176.50 °C
Endset 182.06 °C

Integral 775.68 mJ
normalized 82.96 Jg*-1
Onset 123.13°C 1
L2 Peak 119.00 °C
Wg*-1 Endset 113.20 °C
18)4[sample 4
sample 4, 9.3500 mg
% I 1 e
A s ey Y
SR - I T !
U‘ Ur
1&]6[sample 4
Integral -834.81 mJ
SEmple’d; 93500 mg normalized -89.28 JgA-1
Onset 162.86 °C I
Peak 169.78 °C
Endset 176.44 °C
20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 19  °C
Materials Engineering STAR" SW 16.10

AMANUIN N.6 DSC thermogram W8y PHBV/DBO0.3/TAICO.1/ECE0.5
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Aexo
% | 1&]1[sample 1
Sample Weight
100 sample 1,6.9817 mg .
90
Onset  285.18°C
" Endset 301.78°C
Step 976289 %
-6.8092 mg
70 Residue  1.6879 %
01178 mg
Inflect. Pt. 295.08 °C
i Midpoint  293.19 °C
50
40
30
20
10
0
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 430 500 520 540 560 580 °C
b wETTiER STAR SWiE T
Aexo
%7 18]1[sample 3
Sample Weight
100 sample 3, 7.2449 mg
%0
80 Onset  287.48°C
Endset 30091°C
70 Step -98.6001 %
71436 mg
Residue 07102 %
60 514513603 mg
Inflect, Pt 297.44 °C
Midpoint 28359 °C
50
w0
30
20
10
0
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 620 540 660 580 °C
o wETTLER

AMANUIN N.8 TGA thermogram U89 PHBV/DB0.3/TAICO.1

STAR' SW 16.10
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% { '&]1[sample 4
Sample Weight
10p L5amble 4, 10.6784 mg )
o Onset  287.34°C
Endset 303.00°C
B0 Step -98.5247 %
10,5208 mg
Residue  1.0728%
70 0.1146 mg
Inflect Pt. 297.36 °C
Midpoint  294.74 °C
60
50
I
30
20
10
0
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 620 540 660 580 °C

STAR' SW 16.10

AMANUIN N.9 TGA thermogram U89 PHBV/ECEQ.5

Aexo
% | 18] 1[sample 5
Sample Weight
100 sample 5, 8.3266 mg N N
\
%0
Onset 287.92°C
80 Endset 302.91°C
Step 98.1719 %
70 81784 mg
Residue  1.4820 %
0.1234 mg
- Inflect. Pt 298.39°C
Midpoint  295.00°C
50
40
30
20
10
0 i *
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 620 540 660 580 °C

STAR' SW 16.10

AMANUIN N.10 TGA thermogram ¥8¢ PHBV/DBO0.3/TAIC0.1/ECE0.5
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AMANUIN N.11 auUANnawasauUANISNSEWINNYeY PHBY, PHBV/PBSA blends wag

PHBV/PBSA/SPF composites

Impact
Tensile properties
properties
Sample Young's Tensile | Elongation Impact
modulus strength at break strength
(MPa) (MPa) (%) (kJ/m?)
Neat PHBV 1,440+100 | 40.4+1.0 12.5+3.7 2.3+0.2
PHBV80/PBSA20 1,256+94 35.3+1.7 7.9+1.2 2.1+0.1
PHBV80/PBSA20/ECEQ
1,392+121 | 37.2+3.6 53+1.6 2.2+0.1
5
Polymer
PHBV80/PBSA20/DBO.
blends 1,163+57 40.4+1.1 13.1+2.6 2.5+0.2
3/TAICO.1
PHBV80/PBSA20/DBO.
1,053+29 38.1+0.6 20.9+2.9 3.7+0.4
3/TAICO.1/ECEQ.5
PHBV80/PBSA20/SPF5 | 1,136+83 39.2+2.0 7.0£0.9 2.310.1
PHBV80/PBSA20/SPF5
1,304+62 41.2+1.6 6.2+0.7 3.1+0.2
/DB0.3/TAICO.1
PHBV80/PBSA20/SPF5
/DB0.3/TAICO.1/ECEOQ. | 1,229+56 43.0+1.9 8.2+0.8 3.4+0.3
Polymer
5
blend/c
PHBV80/PBSA20/TSPF
omposit 1,268+70 41.5+3.3 6.4+0.5 2.4+0.1
5
e
PHBV80/PBSA20/TSPF
1,297+72 41.8+1.6 7.6+£1.0 3.1+0.2
5/DB0.3/TAICO.1
PHBV80/PBSA20/TSPF
5/DB0.3/TAIC0.1/ECEQ | 1,349+8.6 | 42.2+2.7 8.4+0.9 3.3+0.2

5
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ANARUIN N.12 'ﬁyuﬂwm PHBV, PHBV/PBSA blends wag PHBV/PBSA/SPF composites 11

seninnshiannizuuuisalagany UVB fiaamgdl 60 °C Juan 4 $alus wazneldante

WUU condensation 7igaunll 50 °C 1Wuvian 4 Halua iWunanvianue 4 &am

Time (weeks)

Sample

PHBV

PHBV/DBO0.3/TAICO.1/E
CEO.5

PHBV80/PBSA20

PHBV80/PBSA20/DB0.3
/TAICO.1/ECEQ.5

\
PHBV80/PBSA20/SPF5

PHBV80/PBSA20/SPF5/
DB0.3/TAIC0.1/ECEQ.5

PHBV80/PBSA20/TSPF
5

PHBV80/PBSA20/TSPF
5/DB0.3/TAIC0.1/ECEOQ.

5
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ANARUIN N.13 Nufnwos PHBV, PHBV/PBSA blends wag PHBV/PBSA/SPF composites Tu

SEINaneEaUANNEINNTaluNSYRsaanlunaluan U v eLau

Sample

Time (weeks)

PHBV

PHBV/DB0.3/TAICO.
1/ECEO.5

PHBV80/PBSA20

PHBV80/PBSA20/D
B0.3/TAIC0.1/ECEO.
5

PHBV80/PBSA20/5SP
F5

PHBV80/PBSA20/SP
F5/DB0.3/TAICO.1/E
CEO.5

PHBV80/PBSA20/TS
PF5

PHBV80/PBSA20/TS
PF5/DB0.3/TAICO.1/
ECEO0.5

2 3 4
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MALIN N.14 HuRIves PHBV, PHBV/PBSA blends tag PHBV/PBSA/SPF composites Tu

SEMINNAFBUANNAINTDLUNSYRsaaNsluNZE AN 1T UL

Time (weeks)

0 1 2 3 4

Sample

PHBV

PHBV/DB0.3/TAICO.
1/ECEO.5

PHBV80/PBSA20

PHBV80/PBSA20/D
B0.3/TAIC0.1/ECEO.
5

PHBV80/PBSA20/5SP
F5

PHBV80/PBSA20/SP
F5/DB0.3/TAICO.1/E
CEO.5

PHBV80/PBSA20/TS
PF5

PHBV80/PBSA20/TS
PF5/DB0.3/TAICO.1/
ECEO0.5




100




AAKNUIN V.1 BEAIITATUINUSUIUKNENYBY PHBY a1nn1snagdaunlamatin DSC

USUNUNANVDY PHBY @1UN50AUIALA1INELNNST 1

X, = iZg x 100%

el X AsUSHURANTILAATY (%)

AH,, AoA1 Enthalpy of melting (J/g)

AH. Fodn Enthalpy of melting ¥e¢ PHBV 7ifUSanaudn 100% 146 J/g [30].

Fa9819 91NM1309 4.3 AziansISnnsAIuIaUsIaNENves PHBY
Toed PHBV fidn
AH,, AU 98.07 J/g,
AHY Wiy 146 J/g

WNUARNY 9 adluanis 1

98.07

awla X, = x 100% = 67%

146
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HSTORY
) (PHEV) has recently caught mose and more attention  Receved ) February 2021
aswell as biodegracability.  Accepted S Ageil 2011

adding ECE, the mixing torgue sl
system consisting of DE/TAIC or

torque, were studied. The results revealed that the miding
wdwmw ng 10 min of melting time and eventually dropped to 2 N.

increased best still decreased during 10 min
ANCECE, the mixing torque reached the

were used The miing statsbty; reactive agents;

mdmm roughdy twofold higher than PHBY alone. The possible crossknking reaction
mwm?mmmwmmmmdmmrm'

H NMR spectsa suggested

the reaction of DE/TAK and PHBY. Young's modulus and tensile

strength
of system consisting of D8 at 0.3 phw, TAIC at 0.1 munaummmt«ow
respectively.

404 MPa 10 1803 and 55.5 MPa,
ture and inflection point were when
Indicated that the combination of

TGA thermograms showed

that the onset tempera-

D&/TAC and ECE. From the findings, It
'AIC and ECE was one of the simplest and effective ways to

improve the melt viscosity without acrificing the mechanical properties.

1. Introduction

Polyhydroxyt <o-hydroxyval (PHBV) as
a family of Polythy&uxyalkanmm) (PHAs) has become
popular among researchers due to its renewability and
biodegradability. This group of polymer is a polyester
derived from microorganism, induding bacterial fermen-
tation of starting raw sugars or lipids. The marine biode-
gradability as well as good mechanical properties
comparable to Polypropylene make it very attractive in
terms of the inability of . es and
circular ec y. Ho , low th | stability of
PHBV s one of the main disadvantages that has been
frequently reported. The thermal processing of PHBV
results in the severe thermal degradation through beta
elimination random chain scission resulting in the deds-
nation of molecular weights and viscosity dunng melt

H. Xiang et al {2] reported that M, of PHBV rapidiy
decrease to 20% of initial M,, of its nitial M, after apphed
heat at 180°C for 30 min. Similar study was conducted by
Y. Aoyagi and his coworkers [3], they studied the thermal
degradation of dehydrouybmyrue (PHB) and found
that the number g of polymerization of
PHB rapidly decreased from Immaboutsoodber
applied temperature at 170°C for 10 min. As a result of
this severe problem, several researches [4-10] have con-

d on the impi of the thermal stability of
PHB or PHBV. There are a few existing methods aimed to
ease the thermal degradation. For instance, the molecu-
Lar weights can be maintained through the addition of
peraxide [9,11] or chain extender [4,5,7] and other coa-
gents [6,9,10]. To some extents, the side reaction might
result in the adverse effect such as when adding perox-
e slone in the processed conditions. A Rezaei and

processing [1,21. In order to maintain the desired prop
ties for certain applications, the thermal stabality of PHEV
must be improved. In other aspect, the thermal degra-
dation of PHBV should be prevented.

< rker [9] reported that complex viscosity of PHB
was decreased from 607 Pas to 435 Pas and 444 Pas
after applied DCP at 0.2 and 0.3 phr. X Zhao et al [12]
also illustrated the reduction of complex wviscosity of

CONTACT Supubi) S gwarg @ g ,_t.untll?"— o Lierce ared Erg 5. Facdty of Engirewring and
al Technelogy, Sdpadesen L Nathon Pathern, Thadand /3000
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PHEV treated percodde. This indicated that the addition
of peroade induced degradation reaction instead of the
light crosslinking reaction im melt processing. B Fed ot sl
[11] reported an increasing of PHEV melt index from
1248 to 3409 g0 man after applied with DCP 017
wi. Howesver, the reducton of melt index was obsernved
when further increased DCP content to 3 phr with melt
index at & g/10 min and gel content more than 50% as
a result of crosslinkieg  reaction. The appropriate
amounts of peraxide should be taken into sccount due
to the undesired resctions such as chain sdssion or
heavy crosslinking reaction. In addition, B. Immirz et al
[13] reported that the reduction of inherent viscosity of
percaide treated PHE from 205 to 0069 dlfg after trested
PHE with $3%DCF in PHE soluton under nitrogen atmo-
sphere and temperature at 120°C for 24 b This result
confimed that peroxide could induced degradation
reaction of PHE result in the decreased wviscosity.

Coagents are multifunciional monomers with high
reactivity to free radicals or other reactions, which can
be wsed in peroxide-induced crosslinking by increasing
the reactive sites or the rate of reaction results in the
reduction of the side reactions. These reactive sgents
can be classified into two types. Type | cosgents inoresse
both the rate of reaction and the reactive sites such as
bismalesmade and methacrylates coagent, wheress Type
Il coagents increase the reactive site during free radical
reaction such as allyl-containing cyanurabes, Bocyanu-
rates and phthalates [12,14,15]. A Rezaei et al [$] mod-
ified PHE by wsing dicumyl percside with triallyl
traimezsate [TAM) as coagents. This resulted in crosslinking
reaction & indicated by the increase of visoosity. Bor-
Kuan Chen et al [6] llustrated that when incorparating
PHE with benmoyl perovide and cosgent acryloylox-
yethyl isccyanate, the formation of oosslink between
PHE chains and poly|ester-urethane) linkage at ended
group of PHE increased M, and restrict chain mobility
resulting in the formation of six membered ring transi-
ticn state become harder and improwed thenmal stability
of PHB. T_ Zheng et al. [10] prepared PHEV grafted GMA
using D{P as an initiator through reactive extrusion
process. The crosslinking resction, grafting of GMA inta
PHEV chain and intermodecular chain extension reaction
through DCP and GMA, caused the increase in M, and
M- However, to the best of owr knowledge, no warks on
have yet been reported an emphasized on the PHEY and
other coagents.

In this work, we focus on the improvement of the
thermal stability during melt processing of PHEV
throwgh a combination between the free radical and
condensation reaction.  Dilkert-butylperaxyisopropyl]
benzene (DB was selected as a free radical initiator
and triallyl isocyanurate (TAIC) was wsed as a coagent

for inducing the crosslinking reaction, hence contralling
the melt viscosity and molecular weight of PHEV
through free radical reaction. Mearwhile, 2 multi-
functional epaxy chain extender (ECE) was used for con-
denszation reaction of PHEY during melt processing. The
effect of free radical resction, condensastion reacton,
and combination between free radical and condensastion
reaction on mechanical propesties, thermal properties
and chemical structure as well as thermal stabillity during
meelt processing were systematically investigated and
discussed.

2. Materials and methods

Polyihydroxybutyrate—co-hydrowyalerate] (PHEV)
Enmat ¥1000P with 3 meol % hydroxywalerate (HY] con-
tent was purchased from Tianan Biclogic Material Co.
{Mingba, P. B China) with Young's modulues 1600-2100
MPa, Tensile strength 39 MPa and D5C melting tempera-
ture at 175-180 °C. Diltert-butylperoxyisopropyliben-
zene (DB} [assay S60%man), perkadoxids-fl, was
purchased from Akzobobel Co, Ltd. in slightly yellow
flake foamn with active oxygen content peroxide 9.08%
min. Triallyl isocyarurate (TAIC) was purchased from
Innomax Thailland, Multi-functional epoxy chain exten-
der (ECE] Joncryl ADR® $468 was purchased from BASF
Ca., Lrd. in solid flake form with epaxy equiraleant wesght
310 g/meal.

The resctive melt processing of PHEV with various
resctive agerts was performed using & torgue the-
ometer madel M 105-D40L50 CHAREON TUT 0., LTD.
at 180°C wath rotor speed 100 rpm for 10 man. For free
radical reaction, PHEV with different contents of DB (0.1,
0.2, and 0.3 phr) and TAIC {01, 02 and O3 phel were
studied. For the sake of clarification, the sample desig-
nated & PHEV/DBEO.1/TAKD.1 was referred to 0.1 phr of
D8 and 0.1 phr of TAC incorporated into PHEY. This
referred designation was used throwghout the text. For
the condensaticn reacticn, PHEV with vanouws conmbents
af ECE were studied at 0.5, 1 and 2 phr and the combina-
tion between free radical and condensation reaction
was carried owt using 0.3 phr of OB, 0.1 phr of TAIC and
0.5 phrof ECE

Melt flow index (MFI) was measured according to
ASTM D238 wsing Plastometer: MFR1 CHAREQON TUT
O, LTD. The tensile test was conducted accarding to
ASTM D624 at speed of testing at 10 mmimin wsing an
Instron universal testing machine model 5659 Instron
0. LTD. Test specimens were prepared by
& compression maolding process in dumbbell shape
type V.

The chemnical structure of the samples were character-
ged by wing the nuclear magnetic resonanoe
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spectroscopy  (MME] ADVANCE 0l HD Bruker Optic,
Germany and the Attenuated total reflection-Fourier trans-
fiarm infrared spectroscopy (ATR-FTIR) Spectrumn 100 Perkin
Elmer, UISA

Thermal properties were investigated by heating
from —20 to 200°C with the heating rate 10 *C/min and
held far 1 min, then cooling from 200 to - 30°C with the
cooling rate —10°C/min and reheating from —20 to 200°C
with heating rate 10°C/min and Themmal decompasition
behavicur was investigated by heating from 25 to 60°C
with the heating rate 10°C/min under nitrogen atmo-
sphere wsing TGA/DSL 17 Metter-Toledo, The orystal-
lizatbion temperature and melting temperature were
investigated in cooling scam and ™ heating scan,
respectively. Specfic melting enthalpy (8H) was inves-
tigated from l"'“hﬂﬂing scan. The degree of crystallinity
M) was calculated from the melting enthalpy [AHL)
using the following eguation.

=

AHn .
e, w 100 (1}
Wihere A7 of PHEV was taken to be 186 1ig [14].

3. Results and discussion

1.1. Torgue versus time of PHEV and its redctive
codgents

Typically, the change of the mixing torgue during time
inberval in an inbemnal mixer can imply the change in
polymer viscosity and the molecular weight of polymer.
Therefore, the observation of the evolution of the mixing
torgue can be used for monitoring and investigating the
melt viscosity and malecular weight changes as well as
the thermal stability of palymers during melt processing.

The evolution of the mixing torgue of PHEV and
PHBY with various contents of DB is shown in Figure
1{a). The mixing torque of PHBV declined from about

=1 EEE;
-1 |
N
‘ [ Ty — e -
{al
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4 Mom at 300 5 to 2 Num at 600 5. The declination of
the mixking torgue indicated the reduction of the
melt  wiscosity and possible reduced molecular
weight of PHEV as a result of the thermal degrada-
tion of PHBY [5,17]. This result confirmed that PHEV
experienced the degradation under the constant
processed temperature. Similar to other researches
[1-4,18], the thermal degradation of PHE or PHEV
near the melting temperature resulted in the
decrease in the wiscosity as well as fis molecular
weight through beta-elimination random chain scis-
sion. The ewolution of the mixing torque of PHEY/DB
nsignificantly changed as compared to neat PHEV
and the declination of the mixing torgue stll
observed even at the highest contents of DB. Thess
results were similar to those reported by A. Rezaei
and coworker [9]. They found the reduction of PHE
caomplex viscosity from 607 Pas to 435 Pas and
444 Pas after applied DCP at 02 and 0.3 phr,
respectively, as a result of the degradation reaction
through chain scission. B. Fei et al [11] also reported
the decreasing of PHEV melt viscosity that implied
by melt ndex. Melt index of DCP treated PHEV
ncreased from 1248 g0 min to 34.0% gMd min
after applied with 0.17%wt of DOP. Howewer, incres-
ing melt viscosity was observed when further
ncreased DCP content upto 1%wt with a melt
index at 1166 g/10 min. This result indicated that
an addition of a free radical initiator ranging fromm
0.1 to 03 phr was insufficient to tune the thermal
stability of PHEV.

Thee addition of ECE could promate the extents of the
molecular weights as a result of the reaction of the
epaxide groups with the carboxylic end groups of polye-
ster. Thus, the viscosity and molecular weights of polye-
ster could be altered or even increased during the melt
processing.  Howewer, the evolution of the miing

—

Lk S ) ]
]
[

Terpm b |

Figure 1. Mixing torgues versus tme of PHEV and PHEV with warious contents of D8 (2) and ECE [b)
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tomques of PHEV with varicus contents of ECE (0.5-2 phr}
as shown in Figure 1(b) demonstrated the insignificant
change when compared to neat PHEY, The deciinaticn
of the mixing torgues was still observed even at the
highest content of ECE of 2 phr. This finding was con-
sistent with other researches that also modified PHB or
PHEV through condensation reaction [4,5,7,9]. The addi-
tion of ECE ranging from 05 to 2 phr was unable to
improve the thermal stability of PHEY.

The evolution of the miing tonque of PHEY incorpo-
rabed with DB at 02 phr and various contents of TAIC
(0.1-03 pha is shown in Figure 2[a)l. The mixing torgue
of PHEVDBOLTAICH showed the improved thermal
stability. Almast constant tomque st 300 s to G00 s of
about 3 Mm was noteworthy observed, implying the
constant melt wiscosity of PHEV. The reason for this
might be the expense of two or more competing reac-
tions, such as the competition between the degradation
reaction and crosslinking-branching reaction. Howeswer,
the inorese in the mixing torgue at about 300
s followed by decreasing of the mixng torgue at abouwt
400 5 were obeerved when the higher contents of TAIC
was added. This phenomenon implied that the compet-
ing reactions could shift toward the crosslinking reaction
at the beginning as a result of high concentration of
reactive sites from coagent. The newly formed netaork
may not be strong enough and the breakage of
C-C network bonds between polymer chains can simul-
taneously oocwr and could lead to the decrease in the
mixing torque or torgue reversion. The constant tongues
were also observed in the case of 0.3 phr of DB with
warious contents of TAIC (0.1, 0.2 and 0.3 phe) as shown
in Figure 2{b]. PHEY/DBO3/TANCD.1 showed the constant
tomque from 200s to G00s at about 4.2 M.m, which indi-
cated the improwed thermal stability of PHEY. As
expected, the crosslinking reaction followed by the tor-
gque reversion was also obssrved when the higher

—
R 2

— Pl 3Tl
FHROTIG AT T

— Pl BT

i (M

@ =m o» o = 8 & F B B O

content of TAIC was sdded. The addition of free radical
nitiator combined with TAIC coagent could improve the
thermal stabillity of PHEY, depending on the concentra-
tion of both. The sufficient content of initiabor and coa-
gent is required to optmally improve the thenmal
stabdlity of PHEV. Otherwize, the cromslinking reaction
and torque reversion or the declination of miing torgue
would be observed. In addition, the melt viscosity of
PHEVDE/TAIC insignificantly changed when compared
to neat PHEY and the redwction of the mixing torgue
was still seen when low content of DB at 0.1 phr and
wariows contents of TAIC (001, 02 and 0.3 phr) werne
added (data not shown). Upon combining both systesmes,
the evolution of the mixing torgque of PHEV/DEO 3/
TAICD/ECEDS showed the constant miding torue dur-
ing process from 3040 s to 00 5 at 3.5 N.m, which implied
the improved thenmal stability of PHBY as illustrated in

Figure 3.

22, Melt Row index (MFI)

Thee melt viscosity of the polymer is inversely relsted
to the meht flow index (MFl) of polymer. Table 1
showrs MFl values of PHEV and PHBV with different
reactive agents. Neat PHEV and PHEV/ECEDS pos-
sessed high MF| values possibly due to the thenmal
degradation of PHEY during melt processing, thus the
lower molecular weight and the melt viscosity of
PHEY. As expected, MFI value of PHEV/DBO.LTAICOA
was dropped by 44.4% when compared to that of
neat PHEV. This could be dwe to the formation of
crosslink-branching between polymer chains. This
higher melt wiscosity was comrelated well with the
miming fongue measurement. Samilar to PHEV/DEOLS
TAICOA/ECEQS, the lower MFA value when compared
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Figure 2. Mixing tonpues versus time of PHEV and PHEY with swarious contents of D8 (a) and TAIC ().
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Table 1. Melt flow index of FHEY and PHEV with diffesent

reactive agents
Sumple M 1% min]
P PHEN 516
PHEVWECELS -1
PHEVTIED 3 TAND1 7
PHEVTHED 1 TR VECESS S

to neat PHEY indicated the higher melt viscosity after
adding D8, TAIC and ECE.

3.3, Chemical structure analysis

'H MMA was performed to elucidste the chemical
structure of PHEV after applying the free radical
reaction. "H MMR spectra of PHEV and PHEV/DED.3/
TAICO.T are demonstrated in Figure 4. PHEV showed
the chemical shift at 327 ppm, which was related to
CH (b, b") of HE and HV sequence. The chemical shift
at }53 ppm was assigned to -CH,;- group {a, a7l The
chiernical shifts st 1.61 ppm, 1.27 ppm and 0.91 ppm
were corresponded to -CH,- of HY side group {dl,
methyl group of HE (c], and methyl group of HWc'],
respectively [12,19,20]. As expected for PHEV/DEQ.3S
TAICD.1, the spectrum showed the different chemical
shift at 4.1 ppm, which might correspond to
H-C-M of the cosgent (d) and 1.71 ppm, which was
relsted to the formed linkage between PHEV and
TAIC (e, fi. In addition, the chemical shift of vinyl
group of TAIC at 51-53 and 5.7-59 ppm [21] was
not observed. It indicated that all vinyl groups of
TAIC reacted to form the linkage between the poly-
mer chains, leading to the higher melecular
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structure of branching. Conseguently, the melt visc-
osity of PHEV was maintained or even increased as
discussed in the previous sectbon. Surprisingly.
'H MMR spectrum of PHEWECEDS (data not shown)
was similar to that of neat PHEV. The condensation
reaction might not be concentrated enowgh. It is
nown  that the thermal degradation of PHEV
resulted in small molecular weight fractions when
exposed to a longer period. In order to be reacted
with epoxide groups, the avaiable carbowylic end
groups, the konger period of mixing and higher con-
centration of ECE should be taken into account.
H. Xiang and his groups [2] studied the thermal
degradation processes and decomposition mechan-
ims of poly3-hydroxybutyrate-co-3-hydrosyvale-
rate] [PHBV] using thermal gravity analysis{TGA)
They reported that the depolymerizstion of PHEV
clearly relied on the isothermal temperature and
degradation time as high as 30 min In general, the
polymer processing such as for cast and blown film
aften operate less than 5 min. The degradation can
anly occur for the residual polymers in the proces-
sing equipment and might accelerate the reaction in
the screw banrel.

Thie effect of various reactive agents on chemical
structure of PHEV was also investigated using ATR-
FTIR. PHEY showed the peak at arcund 1720 cm™'
corresponding to © = O stretching vibration, the
peaks at 1X78 and 1054 cm™! corresponding  fo
-0 stretching and the peaks at 2081, 2934 and
2880 om™' corresponding to C-H stretching of
PHBYV [2X]. After wvarious reactive agents were
added, the clear difference of the spectra was not
pronounced. Modified PHEY showed almost similar
spectra to that of neat PHEV [dats not shown). It
may be suggested that the reaction may mot be
concentrated enough to detect by this technique.

3.4, Mechanical properties

The mechanical properties of PHEV are summarized
in Table 2 For PHEV/DBORTAICOY, the tensile
strength and Young's modulus of PHEV with reactive
agents were slightly increased while elongation at
break was slightly deoreased when compared to that
aof neat PHEY. Young's modulus of 184246 MPa,
Tensile strength of 46.91 MPa and elongation at
break of 7.37 MPa were obtained when DB and
TAIC were added at 0.3 and 0.1 phr, respectively.
Although the addition of ECE hardly affected the
melt viscosity of PHBY but this reactive agent
appeared to alter the mechanical properties of
PHEV. PHEV/ECEDS showed higher Young's modulus
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Figure 4. 'H HMA spectsa of PHEV (a) and FHENV/DBO.3TAICD. (k).

and tensile strength and lower elongation at break
when compared to that of neat PHEV. On the other
hand, PHBV/DBO L TAICON/ECEDS had  higher
Young's modubus and tensile strength with slightly
lower elongation at break when compared to that of

PHEV/DBO Y TAICO. 1. Based on this fnding it sug-
gested that the addition of ECE together with DB
aned TAIC did mot hinder the effect of DB and TAIC
reaction, but improved the mechanical properties of
PHEV.
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Table 2. Mechanical properties of PHEV and PHEV with various reactive agents.

Sampla Peung's iadul MPa) Tirridi @aragth (WP Elengatiaon it beaak %)
PHEV 1448 £ 10K LR 1152317
PHEVTHED 3 TAKD T [FotEY -] L TERE] T4z ik
PHEVELELS LEMS £ 87 Stazdal &lz 18
PHEV/DEDLY TAMD VECESS 1581 = HHEE1E & = 14
Table 3. Thermal properties of PFHEY and FHEY with vanous reactive agents.
ol idan f"hld.irqu

L Ty r— - T LS—
Sumple Pl o r (] (] 4] K1
PHEN 125 i1l 17 168 i in &
PHEV/DEDLY hFil 17 112 165 1m {1 L4
PHEVTHED 3 TAKDLT hF-] il 114 163 1M in -]
PHEVECELS 13 (b ] 114 165 1712 m &6
PHEVTED 3 TAD VECESS 153 it 113 163 1M i &1

1.5, Thermal properties

Thermal properties of PHEY and PHEV with vaniouws reac-
tive agenits are sumimarized in Table 3. PHBY showed the
wngle melting temperature [Ty at 17213 °C and the
crystallization temperature (T} at 12198 “C. Thesmnal
properties of PHEV were insignificantly altered after
applying the free radical and condensation reactions.
However, the degree of orystallinity (X of PHEV with
warious reactive agents was slightly decreased from 67 tor
61% in the case of PHENV/DBO.LTAICD/ECEOS. The
decrease in the crystallizabion temperature and the
degree of onystallinity of with varous reactive agent
samples may be due to the effect of formed cosslinking-
branching between the polymer chains, which pre-
wenited the chain arrangement into crystalline lamedls,
leading to the retardation of crystallization and decreas-
ing of crystallinity of patymer [11,23,24]

TGA thermograms of PHEV and PHEY with varous
reactive agents are illustrated in Figure 5 and summar-
ized in Table 4. PHEY showed one main degradation step
from 2852 to 301.78°C with inflection point at 295.1°C
After incorporating with D8 03 phr and TAIC at 0.1 phr,
the onset degradation temperature and the inflection
point of PHBY were slightly increased from 2852 to
472 %C and 295.1 to 297 4, respectively. Although the
addition of ECE at 0.5 phr was insufficient to improwe the
thenmal stability during melt processing of PHEV as
observed in the torgue curve but the onset degradation
temperature and the inflection point of PHEV/ECED.S
were slightly increased from 2852 to 2873 °C and
51 o 2974 °C In the caze of the combination
between free radical and condensation reactions
(PHEV/DED. 3, TANO IECEDRS), the ons=t degradation
temperature and the inflection point were improsed

from 2852 to 2879 °C and 295.1 to 2984 °C, respec-
tivehy. When considering the DTG curves of vanaus reac-
tive agents Figure 5{bl, it was evident that, the
wombination of two reaction systems resulted in the
delayed degradation compared to that of neat PHBY.
Based on these findings, it could be pointed cut that
although an inconpaoration of free radical reaction com-
bined with condensation reaction couwld improwve the
thermal stability during the melt pracessing of PHEV as
indicated by almiost stable miing tonque during mibdng,
these reaction system: could result in the shght
improvement of the themmal stability in the case of
TGA test. This finding was similar to the work reported
by D.5ittha and his coworker [7]. They studied the effect
of chain extender on thermal degradation behavior of
PHEY and founded that although the chain extender
was added up to 1%wt, the thermal degradation temn-
perature insignificantly changed when compared with
nexst PHEY.

3.6. Possible reaction mechanism

During melt process, thermal degradation of PHEV
ocours result in the decreasing the melt viscosity and
maolecular weight. This reaction has previously been
meparted through beta-elimanation random chain scis-
sion involving sik-membered ring transition state. As
a result, the vinyl end group and carboooyl end group
palymer are generated as illustrated in Scheme 1 [1-3]
Typacally, the addition of ECE will react with carbaxylic
end group and formed the chain extension or branch
structures, subsequently inoreasing the wiscosity and
maolecular weight [25-27] However, the addiion of
this reactive compound insignificantly altered the melt
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Figure 5. TGA thermograms of PHEV and PHEV with varlous reactive agents.

viscosity of PHBV as shown earlier. Semlarly, the addition
of DB also did not change the melt viscosity of PHBV but
could lower the melt viscosity of PMBVY [11] Therefore,
we proposed another degradation pathway through
free radical as illustrated in Scheme 2. This mechanism
results in the formation of aldehyde and vinyl ended

group polymers. As a result of low reactivity between
aldehyde and epoxide groups, so that melt viscosity did
not change significantly even when the high content of
ECE was added.

The schematic representations of the possible reac-
tions, free radical and condensation reactions of PHBY,
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Table 4. Thermal degradation temperature of PHEY and PHEV with various reactive agents.

Sample Tooo 1D nllection painl ') Vi MO
FHEY FITH] A ETTF]
PHEV/DE0 3/ TAICEL1 2602 74 08
PHEM/ECENLS 2803 74 310
PHEM/DHE0. 3/ TAICD VECES S 2600 284 319

were illustrated in Scheme 3 and 4. Firstly, DB disso-
ciated and generated alkooyl radical when hested st
the appropriate temperature. These generated free radi-
cals can abstract H from tertiary C on PHEY chains to
farm macro-free radical {3a). The newly formed macro-
fres radicals can further react with cosgent (3], which is
a multifunctional monomer that increases reactive site
for free radical and results in the induced crosslink-
branchineg reaction instead of the degradation side reac-
ticn. The resction can however compete with another
adverse reactions such as other degradation reactions.
This phenomenan results in an increased or maintaned
melt viscosity as well a5 improved themmal stability of
PHEV for the period of processing. In the case of the
epaxide groups on the ECE chain, which has high reac-
tivity to carboaylic group, can react with carbosgylic end
group of PHEV throwgh condensation reaction [71
Although 'H MME technique could not provide the
clear ewidence, the branching can also be possibly
formed due to the several reactive epoade groups. The
competition between crosslinking-branching resction,
condensation resction and degradation reaction could
also take place duning reactive melt process and gves
rise to a variation of mixing torque behavior during medt
process. The formation of branching and crosslinking
between polymer chains as well as ester linkage derived
from condensstion reaction resulted in an increased
melt viscosity and improved thermal stabdity of PHEV
during melt processing as well as mechanical properties
of PHEY.

4. Conclusions

Thermal stability of PHEV was enhanced through both
frese radical and condensation reactions. The addition of
DB and TAIC cosgent could result in the formation of
branching-orosslinking between PHEV cdhains, hence
impraving the thermal stability of PHEV during the per-
icd of the meh processing as well as the incresse in the
medt viscosity, However, the sufficient contents of DB
and TAIC must be added, in this case (.3 phr of DB and
0.1 phr of TAI.. The incorporation of ECE alone insignif-
icantly altered the melt viscosity during processing. The

"H NMR results suggested the reaction of TAK in the
pressnce of DB with PHEY. The reactions of ECE, TAIC
and D8 could not however be observed using ATR-FTIR
technique. The increase in the tensile strength and
Young's with the expense of elongation at break was
obsenved when the free radical and condensstion was
spplied. The mixing torgue of PHEY incorporated with
0.3 phr of DB, 0.1 phr of TAK and 0.5 phr of ECE reached
an equilibrium about 3.8 Hm, where the tensile strength
and Young's modulus were increased o 5554 MPa,
180274 MPa and the elongation at break was dropped
slightly to 6.47%. The free radical and condensation
reactions slightly affected the thermal properties of
PHBEY wath various reactive agents. The melting tempera-
ture, orystaliization tempersture and degres of crystal-
ity were slightly lower when compared to neat PHEBY.
TGA thermograms confirmesd the shght improvement of
the thermal degradation when combining two reaction
systermns. These results indicated that combination of DE/
TAICECE is one of the simplest and effective ways to
improve thermal stability of PHEV without sacrificing
thermal and mechanical properties of PHEV.

Scheme 1. Thermal degradation mechanism of PHEV
through beta-elimination random chain scission inwal-
wing six-membered ring transition state.

Scheme 2 Proposed thermal degradation of PHEV
through beta-elimanation from the formed free radicals.

Scheme 3. Possible free radical reaction of PHEY with
D and TAIC.

Scheme 4. Possible condensation reaction between
PHEY and ECE (R is methyl or ethyl. R1-R5 are H, CH3,
& higher alkyl group, or combinastions of themn; RS is an
alicyl growp, and x, y and z are each between 1 and 200
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