Journal of the Korea Academia-Industrial https://doi.org/10.5762/KAIS.2024.25.4.8

cooperation Society ISSN 1975-4701 / eISSN 2288-4688
Vol. 25, No. 4 pp. 8-19, 2024

sA 7HaA 718k &34 H7o] 9tk AR
Polyamidel1/Poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
A9 7IAH B4 A+

= % o THS o Lo
SMIE, =2+, OEHT, 2, HHEIR, HHS
RIS DO OILIRIAATSISIBE T SBateTarNT

Study on the Mechanical Properties of Biodegradable
Polyamidel1/Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) Blends
through Introducing the Multifunctional Crosslinker-based
Compatibilizer

Se Jun Yang, In Gyu Choi, Tae Min Lee, Jae Uk Yoon, Jin Woo Bae, Byeong Uk Nam'

Department of Applied Chemical Engineering, Korea University of Technology and Education

2 9 Polyhydroxyalkanoate (PHA)E PIAE 7[5t Hlo]QujA JTEZ}o|HA FHojd HEFE 7FA L Gt} otA
9 PHAE &2 43 A41& o]99] o 714 E/do] g FoFsto] thfsl -§-8-ofol|9] ARgo] Aghao]rt.
wEba] B AFoA s Hio]QujA TEAOIHA w2 7|AH 4 7HK Polyamide 11 (PA11)# EA st ol&
AAdstaAt stelct. T8 PHAS PA11 7He] ¥-53t A4-84E 4 JA1717] 84, PHACl 249 maleic anhydride
(MA)Z 7154 7FaAQl Trimethylolpropane trimethacrylate (TMPTMA)Y Divinylbenzene (DVB)2} 22} ¢
A A7¥sto] o]& AE7|oA T UER O R o]F9] PHA-g-MAE A|R511 T=FHE PA11/PHA EF =0 ZdsHH
ot Az A& =99 7tuAY o] 7S4S MAY grafting yield7l $7F5F31al PHAS B-scission®©]
AA| =0} FEIAY EAFLE S71EE AL & 5 ARtk o|FA AxT FEIHAE PALL/PHA EEC] TYHAS
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Abstract  Polyhydroxyalkanoate (PHA) is a microbial-based biopolymer known for its excellent
biodegradability. On the other hand, PHA has weak mechanical properties beyond its high flexibility and
elongation, limiting its application in various industries. Therefore, this study aimed to enhance these
properties by blending PHA with Polyamide 11 (PA11), a biomass polymer known for its high mechanical
properties. In addition, polar maleic anhydride (MA) was added to PHA along with multifunctional
cross-linkers, such as trimethylolpropane trimethacrylate (TMPTMA) or divinylbenzene (DVB), to improve
the compatibility between PHA and PA11, and reactive extrusion in a twin screw extruder was performed
to produce different PHA-g-MAs. These were then introduced into PA11/PHA blends in varying contents.
The introduced compatibilizer exhibited an increase in MA grafting yield proportional to the cross-linker
content. As the cross-linker content increased, the inhibition of 8-scission of the PHAs led to a decrease
in melt flow index (MFI), indicating an increase in the molecular weight of the compatibilizer. The
mechanical properties and compatibility improved when the produced compatibilizer was introduced
into PA11/PHA blends. This enhanced compatibility can be attributed to the chemical imide bonds
formed between the MA group in the compatibilizer and the N-H group in PAll, indicating an
improvement in the mechanical properties and compatibility of the blend.
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TAELE TR Hofoll A ARSET 1 AR A
A F7bekal Qlek. HE 2ARRE HlofE o] mEH 20509
o= AlA Azt 71 EetAE ARFE 119E] o2
I, 195095 205097149 4 7] EStAE Y] 4
ARFEE 3409 Eof| o|24 1] o|X¥H EtAE Y
2H7F F7FeAA fRreE AR ARA Aol Amet
ojArsketA & F719] klo] Ha St ol ARA
718k IEAE AT = s A 7T Hiol QufA
TEA] gt BRAS A7IskaL ITH2-5). X2 5
W1 Sl Hio] QUi A MR FoflA Poly(3-hydroxy
butyrate-co-4-hydroxybutyrate)= EU 2 sfFof A
A&5 BES7E 7Hse Hold RS Aol
ER B2 A4 AAES 7RI Qlo] ot Eok
oA f-&5HA AMEE 4= gloH, ool T3t ATt S
5| A= QIrH6-9]. SHATE AAleS A Qg 2E 7]
A /o] Hosto] &g ot AFtELL qlo] ol&
siast] gt A7 g esitH10]. olHE 9 a1 EAL
9] HoRt 7|AH E44E JiAske o RE TREA]
Ed4[11-14], 7tx Z3H15-18], EAF[19] 5°] U
om, o] FojA 1EA EAEE= GY IEX] 7AH
E49E JMAste ol 583 3 5 studelth v o
PRl nHA B =X ¥]&5H] (Immiscible)S 714
<= AIRO] Qlof ol& sfidsk= o] a7tErH20]. &3,
EAE9 HF 42 284900 s 2HEER[21,22]
EAE9] 84S TS sl AeSAY S5EA,
ezl SAAY 22 A7HAE AMgSe W E
-85} o] FollA 4839l H7H= Amino/Maleic
anhydride®} Z-2 E43F 30| ¥-g FAoA LAYst
£ Sishy uhg-S Bol TEA EATofA st AW A
g FHste] 489S FIAIRITH23-25].

£ AFolA= PHAY 714 E45 7I4sH] fsh
Polyamide 11 (PA11)2 =I5 PA11/PHA Ed=
£ Aol PA11S 284 98] o7t 7182
7|8k0 & Sz Hlo] QU A MEAR, =2 d MEA, 7]
AR =4, st AR, 181 =3k X5 A AJ126]
< 73 §lo] PHAS] FHoFdE Hsr]o] Z9ts)t.
O3, PHASF PA11S A& 24 zjol7} F7] o
[27] A} 749 AJ5A-8o] glo] HEsdE war glom
2, 839 H717F dasith detd o e A
AAE F7Iste] 98 gEel Yo Az 8=
US04 B-scissionC& Q18] EA}eFo] ZAshH,

i

J8 28719 Grafting yielde Wopxitt. wheha
PHA t71574 7HaAlE 3 H71ste] rjz ZHAIA]
2 QIgt B-scission®] JAIE 17|54 TEARF] F&
S| (Polyhydroxyalknoate-grafted maleic anhydride,
PHA-g-MA)E AXsiAT) oA AxH A83AE
%5 9 FPEE PA1L/PHA Ed=of H7leto] 71414
4% S5kt E3L A8 B7FE 9si DMA
(PerkinElmer, DMA8000)E AH&3t F-2] #o] &9
ol 4%} FE-SEM (ThermoFisher, Phenom ProX)
< ol&sto] RERAE A1, EAE9] AF83HAI%
o] WSS EISH] {8l FTIR spectrometer
(PerkinElmer, Spectrum 100)2 ARg3lo] A8SHA|
ZoJol w2 71AH E47] AAE Dokt

2. 4

0%

2.1 AN 2 =

2 AolA ARRE HoleulA  TEAKRI
Polyhydroxyalkanoate (PHA)+ 3-hydroxybutyrate
¢} 4-hydroxybutyrateS]
Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) 2
CJ BioAle] PHACT AI000P A|ES AREsISAT,
Polyamide 11 (PA11)2 Arkema AR Rilsan®
BMNO TLD AlE& ARSHITH 8o Al=E 9%t
MEA=A ARESE Maleic Anhydride (MA)= Sigma
Aldrich A&& AMESIL 7HAl= Sigma Aldrich
A9 Trimethylopropanetrimethacrylate (TMPTMA)
(Density = 1.06 g/mL at 25 T, MW = 338.4 g/mol)
¢} Samchun AF9] Divinylbezene (DVB) (Density =
0.918 g/mL, 130.2 g/moD)E AH&H oM, 2l 7HA]
A= Akzonobel AF] Di(tert-butylperoxy-isopropyl)
bezene) (Perkadox 14) (Half time at 156 T : 0.1
hr)E ARESH] Alzstgint. E3E Al A] PHAY ¥
ABLE wH7] ol AREEE ABPIAIAIE 12F ASPEA] A
Q1 Songwon AFY Songnox® 24502 ARE-5IATE.

random copolymerS!

2.2 MESHH =8 ¥ H=E

PHAS 7RAIA, AEA, 8|1 o764 7HuAE
Table 13 Z-2 2/J0 2 33N F Bautek AH9] ol&
&7] (Twin screw extruder, BA-19, L/D=40, 19
D)E §h& FESH PHA-g-MA A-83HAIE A=XsHH
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Table 1. Formation of Radical Initiator, Cross-linker, and Modifier for Preparation of PHA-g-MA.

Base Resin Initiator Modifier Cross-linker ) )
Grades (Wt%) (phr) (phr) (phr) MFI Grafting yield
(g/10min) %)
PHA PK-14 MA TMPTMA DVB

M3T1 1 278 0.90
M3T2 100 0.1 3 2 183 0.81
M3T3 3 33 1.41
M3D1 - 84 1.04
M3D2 100 0.1 3 - 24 1.35
M3D3 - 16 1.60

ot oy, o]F ¥&7|9 2&=2AL 130~150TC, &3
F9] gH4EE 150 RPMO.2 A5t AZH 4
B3HA|19] A2 Table 1074 Uehd vie} o] Frgs}
Act. ojltf M2 JHEAII MAE T¢ D= 7HuAIQd
TMPTMA®} DVBE Z12f Yerdlich E3F M, T, 12]3L
Dof| dA&ste] Uehdl A= 2R 1005%l sk
MAAL} 7} A7t -7 per hundred resin (phr)&
LERTE

2.3 PA11/PHA SHE XM=

PA11/PHA E4=+ Table 298] ZAHZ Bautek
AH9] o]& ¥&E7| (Twin screw extruder, BA-19,
L/D=40, 19D)& A&t &8 EW=3IH. ol
180 € o9 2Zo4 dojih= PHAY] A4S
of 9%t EA=F AA28]F A5 Yo He 2/3oA
12} ABPIAAIE 0.1 phr F7F6HAo 4 2=242
170~190 T, 23% 3]d<%%E 200 RPMO.2 A7gst
o] s}t wHEo]A EATE water bath zoneoll
A B2 = o] Helelo| A& Fof Al FHE 7HEA
ok AzH " Ax7]IA 60 T 2ER7CRE 24
hr 212 = 7144 B4 54& A% 22AH ARE
sl =23 A7 (@TIATY, SIHVM25V)E
o] &3l ASTM &0l 93] EFAIHS A XS

2.4 MFI ¥ Grafting yield 2

ZtuAet A o] wet Al2E PHA-g-MA
9 85 Bt Holl 88 55 AX4(Melt Flow
Index, MFDE &785I%tt. MFI= &8 35 A4 5%
7] (Melt Flow Indexer, Tinius Olsen, MP 600)& A}
&t} SAsilon, 9942 ASTM 1238 4l
FeoleE S35tk ojmo &4 23L& 150 T,
2.16 kgt2 A7tk 7141 45871 s MA

10

9] Grafting yieldg& 9874 WS AH&sto] S74519
ot "EESE MAE AAsH] Aol A& 5 g& oHE
500 mLoll Al&sto] AT F 60 TlA 24 hr &<
AzAFeH, JgnEH B 5 g SEEXE 100
mLol| §3jA1AE. 283 1 M2 HCIE 5 mL 718t
1, 300 RPMOfA] 302 wytsto] HjgkEo] AHAIR &
2 dejot] Aol MEZ 1Ax71914 60 TE 24 h
B¢ ARAFH S HE 1 g2 100 mL S22XF] &
As] &ofAZl H HsExgd el 84 1 mLE Frlsta
0.03 N KOHZ ZAslo] ol 4 (1) &5t
Grafting yield& AAFFHTH29,30].

mLKOHX N KOH X< 56.1
g Polymer

Acid Number (mg KOH/g) =

_ Acid Nmber < 98.06

MA Grafting Yield (%) = 2561 W

25 7[AX 24 &4

AxE B9 AFA= (Tensile strength)oF &
4l& (Elongation), 2% ©/d& (Flexural modulus)
S4Z Hoto] A AL Bo AlES Alxsta, 742
ASTM D638, ASTM D790 20| g0} thsA|g 7]
(Universal Testing Machine, UTM, Tinius Olsen)&
ARESle] 2435190 Izod 27 E (Izod Impact
strength)= AZXE AHES X ZF7E Bt

Table 2. Formulations of PA11/PHA Blends according
to the Compatibilizer Content.

Base Resin Compatibilizer
Grades
PA11 PHA PHA-g-MA
PA70PH30C0O 0
PA70PH30C3 3
— 70 30
PA70PH30C5 5
PA70PH30C7 7
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ASTM 256 A o3 Az
(QMESYS, QM 700A)5 AH&sto] E4stqlct. BE
A 4L 7709 MES F4slel, 15 gt H
23k A BAXE AL

=

S0 48Y 24

=2 ——

2.6 PA11/PHA

PA11/PHA ER1E0A AlzH AJ-83H49] g} &
ol o 18X 719 89S S5k fldl, 5471
AEA7] (Dynamic Mechanical Analyzer, DMA,
PerkinElmer, DMA8000)E AR8sto] 8 o] 2%
(Glass transition temperature, Tg)E &5}t ©]
£ 9¢f 4ol 10.5 mm, & 7.5 mm, ¥4 3.5 mm¢%
AlEE 30 ~ 80 T 2% H9olA] 2 T/minl & 524
ZIAA AE 20 m9 sine BP9 k52 7ot ZH5t
ek E3E A3l o3 PA113} PHA Afe]o] 2E
BER EAE BAsP| YIsto] HA A -FARA A
7 (Field Emission-Scanning Electron Microscope,
FE-SEM, ThermoFisher, Phenom ProX)& AH&s}o]
Morphology #4& ZgsIitt. S4Z 9% AlHE
AE AEES Boll ARE AlES A4 dao] G
ZAZ & gdste] Azstgon, moE gHS AT
E F¥7] (Sputter Coater, SEMIAN, SMC-12R)E A}
23] Ion sputter HOo& & & ¥ SEMS 53] 15kV
9] Ak 2704 50008 HiEE SIS viAte R
PA11/PHA ERE0]A A83A19] ¥k o5 ERIsH|
A Feof Mgk Held E3g7] (Fourier-transform
infrared spectrometer, FTIR, PerkinElmer, Spectrum
100y AH&ste] B4 sttt

Ta=a

3.1 A8aiRle By

£ AP olF FE7IE ol8sto] BRE &R
2 Table 19] /o] w2t PHA-g-MA -&3HAIE Al
Zol3drt. detdgog 483l Scheme 19] HAY
Zof wzt 7RAAe] Qs PHAOIA eftjzo] FA==t,
o] F YF= MAZ} 9R&5HA Ha YH+= B-scission®]
o5l EAFY] AREo] ArtE|o] EAFo| ZHAsHA Hrt
[31]. ol&3t A-&3AY AR Aaie IEA A TE
9] QIgo] oFsfA 1L, ¢I37] (Entanglement)°] 3=
ojFA stuE AEIHA9 7|AA E4o] FAasHA "ot
[32]. ol& A5 =Yooz It Ao 484 F
7HlE Bt EAEY 7AH 49 #AE 24T
4 9l WebA Scheme 19 HHESQl B-scissione

23S 474 et

T TUYo v

7] s o1 ZheA

Scheme 29] 7t HAYZo| wte} A x5t Fig. 1
2 Scheme 13 Scheme 29 HAUZESS wet w3 &
£¥o 2 Az PHA-g-MAQ] MFI®} Grafting yield
£ J=E YRl Zlo|tt, Fig. 194 &91& 4= %
o], TMPTMA 7} 2491 M3T1, M3T2, M3T39] 74
2, 247} 278 g/10min, 183 g/10min, 33 g/10min<]
MFI & UeRi1aL, DVB 37 27391 M3D1, M3D3
9] 3%, 2+ 84 g/10min, 25 g/10min, 16 g/10min
9] MFI g Uetigich. ol &df Alxd 483Al=
itz XA MAS] o] FUT AY, 5%
7k ARl TMPTMASH DVBE] deFo] JF71gho] uheh
MFI7} 4she 2s g1 4= Qlrh o] Scheme 2
o] HAYSHZ 7k Al TMPTMAS}E DVBOY| 9J5f 7}
o §k3o] dojton dgo] FUIIGE Th WhSol
S o] LA} ARE2] B-scission©] AANHIL EART
o] Z7FrE & &= Utk ¥HA Grafting yield: 7H
A9 A7F=Fol F715tol wet A4 F7vek=dl, Fig. 291
A ZRIgH 4= 91%o] TMPTMA H7F 240 M3TI,

M3T2, M3T3%= 0.90 %, 1.10 %, 1.43 %& AH Z7}

H — .
WOWO% ’,.:\/\"/D o O, * 'r,.l\/\n/o Ou,,,
° CH, O ?{?u?ical o CH; © o CH; O
PHA initiator
\ + H—R
B-scission
0= 0N -0
H’\/\II/O\T + YOW H“"\/\[ro Os, 4 Re
0 CH3 0 o CH; O

Scheme 1. Mechanism of Synthesis of PHA-g-MA
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Scheme 2. Mechanism of Cross-Linking of PHA by (a) Trimethylolpropane Trimethacrylate and
(b) Divinylbenzene.
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Scheme 3. Mechanism of Formation of Imide bond.
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400 2.0
4 [ MeltIndex
. 350 === Grafting Yield
£ 1.6
E 3001 e
S ] I s
3k 2504 L, 2
b 1 .
fm] [
- —
= 150 0.8 =
= 4 3
= 100~ =
= | L0.4
= 50+
] L_Lg.o

M3T1 M3T2 M3T3 M3D1 M3D2 M3D3

Fig. 1. MFI and Grafting yield Results of Compatibilizers
Prepared by Twins Screw Extruder.

Fe & S llth E3h ZhuA|9] o] Sl wt
A F7VshH, DVB H7F 2ACIA = vt 2 7t
A ko] Z71E 1.04 %, 1.35 %, 1.60%= A
S7Foke 2& ERIE 4= Qi) o= 7tuA =2 vt
S22 PHAS MASEY] whg/do] =7 wfio|
Grafting yieldd $7F8 427l ZAo& A¥d 4= 3l
tH33). &3, 22 9] ZtuAlE =Yste] AlxE 4
|3H Fol4= DVBE Z7Ikt 4% TMPTMAE 37t
St F9-Eot MFI o] o ¥l Grafting yield= ¢ &
et 22 T 7tuAE EYFolE Bk, o
A7} 4QE olf= TMPTMA”ZL DVBRL} RS- 2
o7} Blwd & F2E 714 PHASKS] ¥hgAdo] HolA]
I, 7k A9t PHAS] B34 FAukgo] gA dojut
o3 BARF 3710 38 & 5 ATHB4l 2 AT
oA AR o 7t AE AHESH PHA-g-MA FollA
MFI o] Yo mAl Grafting yield7l &2 A2SHAQ
M3T3¢ M3D3E Adste], PA11/PHA EH=9] 4
el AHgsH7E SFct.

L

N R

1

FI

3.2 PA11/PHA SHIEQ| 7|AN 4 Hal
PA11/PHA EHE AR A, PA119 &2 713e%
£ Qs PHAY] $&go] F7Istol wht 1204 9] A&
Abgh ghgof & 43k v "ot 24 Table 2004
H7I3 & PA11/PHAY] &=H171 70 wi%2t 30 wit%
9] 24L& 7Ivte g M3T39 M3D39] PHA-g-MA 3
T2 S7H7IEA EAEE ARt E3L oY
7IAH BT A8 1Y AEdE ERlistr] el
PA11/PHA ERIE0A &AL 0, 3, 5, 7 phr &
77t TARES 9] AFAE, 2T BEE, dXE, O
g3 $A0EE 24359 Fig. 23} Fig. 39 I1==E

40

(@) M3T3
[CIm3p3
-
= 304
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<h 23 23 g3 M 2 ¥
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&
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= 6750
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Fig. 2. (a) Tensile Strength and (b) Flexural Modulus
results of PA11/PHA/Compatibilizer (M3T3
and M3D3) blends.
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Fig. 3. (a) Elongation and (b) Izod Impact Strength

results of PA11/PHA/Compatibilizer (M3T3
and M3D3) blends
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e ATt 837 =EA] ¢ PA70PH30C0]
v)5f, AgoA7 =YH B ARSI Sk
of wet mE 7|AF EAo] P AESHARL
M3T3& 7 phr 375t 2/3%1 PA70PH30C7°A4] 714
A 249 &4 Aol AFATE 25 MPa, 24 &
382 7740 kg/em?®, AALL 198 %, 121 FA7
T 708 J/m= AFESHA Wz 24991 PA70PH30C0]
gl 71412 E4do] S71e-S BRIskaL, ol M3D3
A7t 2NN E AJESAE et 240 7A1H &
o] Z7Vok= Adkg RIS 4= Qloltt. E3] 5UTF
o2 % PA11/PHA E=o)A M3T3HTH M3D3
7t AFESHA 2 AR EE W 71AE B4ol B 2 7
S Bt ol#st AT M3T3 T35t AW A2 &
ol 9Jgt 484 NS Bl 71AE EAS S7HAIE
4 AT, M3D3ET W2 EAFI Grafting yieldg
7HA7] W&o PA11/PHA BA=2] 7]A 2l B4 A
o SAE 7= AL & 5 lth

3.3 PA11/PHA EHIES| HEH 24
PA11/PHA E3=0] 831419 E& B3 71414
B2 7 4 Atk A2 & 4 ALk ol 4
|3HA|9] =10 95t 7|41 A9 A} Yole A=
o] k= o]F uRA 719 AW HFHL Z7HA7)

7] gZeltH21]. 53, ] do] 2= F4S S5 Al

o]

2 UE /8 Ho] 2&F 7L Sl olF 1EA 11
AH ol 5Z ERIg 4= UtH35]. ol2fst AHe] gtk
B3t o5 A48/l whet gt = Sk 1EER A
S| 7ol gt 71AA &4 ol EAEY S
S 7ol oJgt ARJAE HEs] ERisk] {IsiA
PA11/PHA E3129] {8 Ho] 29 Hsts FIstct.

PA11/PHA £4=9] DMA E4& 53] tan § A=

o HnHE S5kl 7 Ho] LES FHIL, oS

PA70PH30CO Z/do] Miscibledtttrl 7FgS wf
Fox equationd AR8-sto] A4gE o]24Q1 -7 o]
259} vlwste] 4844 F7ISHAT. Fox equation
ARgste] Aalgt PA70PH30C02] ©ol24Q1 {2 o]
2 3ol LA 58] Hol &9 olFo| IA Lo]
945 8o F AS gu|dtH36,371. Fig. 40014
£ 4 9J%0] PA70PH30C0O AT -34S A7t
Ternary A& 2AE79] {8 o] =& H|ust
23}, PA70PH30C7°I4= §2] Aol %7} 56 TR
A PA70PH30C09] 2] o] 2521 58.5 THT; W2

14

? 70
=~ 0.3
g WS 874 56.1 56
Z 50+
:
: 40+
E Miseible PATOPH30CO
T 30
z
B —a—M3T3
& T-n.s —a—M3D3
U 5l =
o %
LR ﬂ@qa}“ﬁ“ﬁ W e @%’f*"ﬁ
4 T Th 4

Fig. 4. Glass Transition Temperature of PA11/
PHA/M3T3, and PA11/PHA/M3D3 blends.

M313 [ PATOPH3ICY.
o s rfl o ST o L

| PATOPH3(CO'

“LM3D3

30pm  xs00

Fig. 5. FE-SEM images of (a) PA11/PHA/M3T3 and
(b) PA11/PHA/M3D3 blends

S 7S g 5= At} ol ARSSHA kol
Z71gto] wek PA70PH30C09] 12291 8] o] &
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