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RSy, 5 PLA B AE W3 AT] B4 )& v
FHARCOS0L BR G, o] @ O R ) T2, SEI
PLA TEfRIF A EYIERF TR T, AR 3R
SRR PR RE 7T, e 2R AR S R R
EFHER

BT AT R, AHAMLAILER(LA).
B TOuEE A e R R, Gl 2 Ju L R A
KT MR AE Y5 R G 1-BPE, . 1%
AYFERTEA W RS (1) 2o ER T R
RERFHE AR, MR ERLS S, WTH SR
itk (2) & HAREITI RS, RTHS
PLA BF BIRH A s (3) BUIR 73 8 ] 41 ) e 2
g, WP RS ERmaitE, ik Hom
PLA [N THERE; (4) FLR AW M mTH /N o
T 396 98 7 5 B K T B R B 3 )
(5) BT A AR N A PR RIR, ARAE T JL A9
FeJEME . JE T 1-BPEL,,, 18I 5 T HUBLAL R 65 fik
FLIR A4 PLA/I-BPE, , JLIRY), REGHH TR AR
LRI EER . J1EMERE . N TR RE K PR RAT
N, N RAAYRE. EEIvE HAGE R R PLA
POEHE AL E S, K Bh )13 58 A U PLA M EH
SRR

1 SLIGEY

1.1 EEER

EILMR(PLA, 4032D, L-FLERMN &8N 98%)
I H NatureWorks (3£ [E]). 3% 1 & (SuA, 99%)-
Z% TR (SeA, 98%). 1,3-P4 —[Z(PDO, 98%).
1,4- T —EZ(BDO, 99%)F1FLER (LA, 98%)IH
FIRHA RA A P E L), 1Y T 3E4K(TBT) W
B g hn T AR A TR A = (B, B
FEFREAAEH, JorRiE— il
1.2 1-BPE,. ., HI& R

¥ SuA (42.5 g, 0.36 mol). SeA (72.8 g,
0.36 mol). PDO (48.7 g, 0.64 mol). BDO (41.1 g,
0.46 mol) I N\ F| 250 mL [ DY I [ e, 4%
il LA 5 & &7 5 B AR & 1 10%, BN LA
(20.5 g, 0.22 mol). fr FF ¥2 5t 5 3 Jk 1) BE IR L
(n(OH):n(COOH)) A 1.5:1.0, fizJa I i & 7 %
0.5% () TBTIR G2 FFEHEAN,, 25 min 57+
IRZ 180 °C, FTJFHFEAIA RS, FhlEE N
240 r/min. [F]A PLSCER 2156 — /K o8 & SRR
ISR 2 h, ELEIZE 0.5 h AN FEAT 7K I B AT

PRAE TR S A0 B B 25 0. B e i HS IR R 25 &
K% B B RIN,, K% 2 kPa LLR 5 [ B
1 h; JBEJETHIR A 220 °C, s H =B B E S
<50 Pa, M. 1h&5iH, HUHAESTHE24 0,
P 4 9 1-BPE; o1, 1-BPE; s A1 I-BPE 50 31 5
PRI il & IR IR RS . B R faifb gy
5 EiR 8, AR LA (5 R AR B ) 20% Al
30%.
1.3 PLA/I-BPE,,, BRI #l &

REHT, 4 PLAYE BB T 50 °CF )
12 h. 28 J5, PLA #1-BPE_,, 7 HAAKE PolyLab
0S (60 r/min, 170 °C)_&- ¥4 mlyE & 22 P HI M (2
7 min). BL 7 WK s RE T, BIXERAY
7£170 °C '~ EA 10 MPa 7£ - [ i AL HL(BS-6170-B-
50T, [ EHEHRENMREES ) ERE, 152)F
FEZ1N0.5 mm B4

Table 1 Specific formula of sample.

m(PLA) m(I-BPE,,,) m(I-BPE,,,)

Sample
(g (2 (2
PLA 50 0
PLA/I-BPE, 4; (10 phr)  45.5 4.5 1-BPE; 410
PLA/I-BPE| 45 (10 phr)  45.5 4.5 1-BPE z5
PLA/I-BPE| 43, (10 phr)  45.5 4.5 1-BPE 430
PLA/I-BPE| 45 (5 phr)  47.6 24 1-BPE; A2
PLA/I-BPE 5, (15 phr)  43.5 6.5 1-BPE o5

14 WX 5RAE

i B AR 4 20 A0 O% 1 (FTIR) WU ik . 3%
I-BPE; 510~ 1-BPE a0 «~ I-BPE a3 A fiE T — & H
B (CHLCL) H i INAE BAL R BE A 1, SR i G A
3U7E Nicolet iS50 B A HLIH-2T 4N 38X (FEER ) F
BT, FHEIER 4000~600 cm™, FAFE 32K

0 3L PR AC(NMR) M s B 1-BPE o0+ 1-
BPE| ps0~ 1-BPEy a3 ¥ fift T AR 57 (CDCLy) 7
WEENS mg/mL, NI NZREE 1 1E AVANCE
HD B 4% i 3 48 15 A (i A0 & e A w)) AT 'H
NMR R, 5N 25 °C, FAFRBUCN32IK.

R I5 35 (1 (GPO)IIAR . DAY S0 KR Sy
W, B FTIRE S G B R S mg/mL R, &4 T
i3 i J5 T LC-20 ADXR HY 5 AH (A3 (R4 TR}
FAPRA ) A AT I . A5 VU SR 4 e it
(1 mL/min). 18 i 58 2% £ 4 (PS) bk #E i 2E AT
R .
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SRS F LR P ICRIE A S R BRI ) R LR BT TT 3

P4 T A (SEM) IR VR AR T
25 55 R A Ui 0 % 3008 o 4 4 T 2 5 UBE (SEM,
H 7 S-4800, HA)WLEE . F i 2 1 UM i Al s
R NAR 5, Wi Zem 40 7E 3.0 kV LR
T,

oA RE MR : K8 1SO 527-3:2018 (¥Ek}
LA RE B E B 3 HB oy WA A 0 2%
), 48 H Instron 5967 Y B -1 75 B 3l 56 WL (32 4
i Tk R G R 2 w0 W AR 2R A7 . 3K
TE 25 °C, g 10 mm/min.

dif L1 ppefr s B2 KR 1SO 180:2023 (¥
Bl B2 b iR I E ), KA WBE 92164 4
B PRI ML CRSE T B AR & AR A
IR, W RERE N S.0T, R N 2.9 mis.
FE RS K 80 mm, 38 8 mm, JE4 mm. F4
PR S APATHRE, BOPSIEMbRfEZ, 453
AL N KI/m2,

J25 1K 0 3 48 B (MFR) M AR - 4k 9 ASTM
D1238—23a %5 H 8 14 1 00 5 #4428 1 9 ) 25
PRI B 2 B bR I8 79D, 8 A MFR-1221
RYREAA A0 B0 T8 0 5 A (R A < A T S 3 A R
A, A EHIEK . MR A 170 °C (On TR Ak
RUERE), FRARERAT 2.16 kg, S FEAIEAFF )5 LA
10 s A EIFRYIEIE &, BUESE S Byl i 1)~F34 50
=it H MFR1H.

B At BRIk SR FHABEULHE REVE VP Ak 1
R RR IR, Kl PLA By LR ) O\
PLHEREA . BT 60 °C. 1 JE 70% (4 iR 18
WA, 5E A SR 2 T 35 W0 4% 73 M VP AT B il
FREE.

3DFTEMIN L R: {#1H SPK 120RGU-CF %Y
[F) il W AT BF H ML & 3D HT EDZRAF . T ENAE
PF001-U 2 3D 4T ENHL(AR YN AT RBHE A R A 7D
5E, FTENRFE 170 °C, HURILE 50 °C, 4T
EF3E R 50 mm/s, 2/E 0.2 mm.

INZEFRE RO HT(DSC): i DSC 3 AR
ZEE SR80 2) 47 . Lk
7£ 50 mL/min [ % < % K #E47 . PLA 1 PLA/
1-BPE, », JL7E ¥ M —60 °CH#4 % 200 °C, FHiii#
A 10 °C/min, FF7E 200 °CARIE 2 min DA 4 H:
PSR, B BL10 °C/min [(IE A HI &
-60 °C, f#id 30min. 55, #ILLL10 °C/min ]
AL RE BN IE 200 °CHEAT 55 —Vm#k

2 GRS

2.1 1-BPE,,, Z5H3R1E

R TSI B AR ) i B )L B A A AR IR
(T, KHZmBEILREIE: AT REEY
F W5 PLA M AHA MR &5 ik, 9l
TAREER LA B T FEICEE LS T 500
INTIRAMERFRENEZ, Hl4& T T 2R A5
Rlis . B 1 Jyidad g b i 5 ) & Bk ) AR
WG 1-BPE,, M MR 2 B 78 & i S AL 7
N, LIEYIEE 4K SuA. SeA. PDO. BDO K
LA 4 J5oRk, 38 3 32 5k 5 32 56 A) 1) 8 AL ) B 1%
AT . FR ) o0 B R G R R R ) BE R BN
n(OH):n(COOH)=1.5:1, =l LA & &N It
A= TR B R 10% 20% M 30%, i 43k
73 3R B AR LA 5 5 10 i) 4k A4 9 52 R s
1-BPE; a0~ 1-BPE; a2 5 I-BPE, 3. J9IESEFT &5 ik
FLIRWE 14k 7 45 0 1 8 LA B s IR 51N
%f 1-BPE a10~ 1-BPE;a20 X 1-BPE, a5 33 4T 1 'H-
NMR 2471 (B 2). JAJ8 T LA BT IE R 715 5
(0=5.15~5.20 A1 1.55~1.65) 7% i vl ., HL AR X
SRIEREE LA & BN R G g, BB
ST LA W Eh 5N S . (A i SR G g e
FEERILAUE S WIEW T W, B S EREAER
W I i FUE(—O0—CHy,—, 0=4.10~4.25)F1 5
ik 5 AH AT 1 . F R Jot 1 0§ (— C(O) —CH,—, o=
2.30~2.65). FTIR i (B 3(a)) it — P HIE TR &
KSR A . JERHO LR B4 B SLIR YD) th R BR R
FEVE (1694 e )EEAH 2K, B AR K2 51T 9
BEHIEEFRILIE(Z) 1739 ecm™), FHIRE P45
AVHFE: AHECT BB, LR R SRR T
FH K H i s O A s, RKE R IR
FE HFR AL a] 1) S B Y2 2 594

GPC 75 1-BPE, o 10~ 1-BPE| 42 /2 1-BPE; a3 ]
B FREWM)E 1.1x104~1.6x10% g/mol Z ], %
Iy BUFE B (PDI)TE 1.43~1.46 2 [6], 3 W T il % 11
HEREAEAIKS FEHSTES R E (B 3(0)).
DSCMNAZE KL, A MAEMERESAA
K T, (<-48 °C), R\ ZIRII LM Ak,
BEAE LA S8, FLREH) Ty N 1-BPE a0 Y
-56.2 °CTF i 2 1-BPE 53 1-48.3 °C, X2 T
LA [ R B3 7 B v (ERER I Z, 1
BPE, 410 7E£) 4.8 °CAbH — MR, 17 1-BPE A2
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Fig. 1 Synthetic route to 1-BPE ,,.
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Fig. 2 '"H-NMR spectra of I-BPE, 4,,.

5.0 4.5 3.5

F1-BPE p30 W ZR I AN 522 FEH S (E 3(c)), K
LA PRI N T RH DA 3 SR 14D 45 ) 0 8 e I PR o) G
ghih.

22 HEMKHEHRE

K14 886 10 phr V3R BRI PLA/I-BPE, 4,
FLIR Y AR G T T SEM 8] . 4l PLA I 1 7 %5
JEW, ST )M T RLRRAE L H LA R
IR, 1-BPEy a0 BA 300~1500 nm 3R 23 HikH 1)
)y AT TE PLA AR, FLHECNIE M, R

BHIAHAVER . WA LA S BRI S, 708U

(19 R B B A ELIL VR A7 1 57 1 B 5 AR 45 T s
B, RAMEAEMEA iR, BEME, BES
LA & &R, 2 EER RSHIIREOR, R % AE
YIRS S PLA A YA IHA R, A2 4
TR

18 3 DSC i — 22 MK 7 A7 41 PLA J2 PLA/
1-BPE_,, S IRI I HAT N G BERAS S, kg
Pl s pros . 4 b X A )T
X AH, AR g), AH N 45515 (/g),
wpia & PLA S 040, AH, /& PLA 584245 i
(PR, MRAETRIE S 93.7 J/gBN.

2(%) = AH#A}IC(C) % 100%

WpLA X Ay M

iKW, 1-BPEL,, M I AN REF | PLA
() B iz B RE J S S5 @ AT v . ] 5(a) F1 5(c) P
N, ZiPLA [ T, 61.3 °C, 1 ¥ Il 1-BPE 0~
1-BPE; p f1 1-BPE, a3 7 » LV PLA M1 T,
3 HIBEA56.9. 54.1F154.4°C, FW1-BPE, 4,2
PET {2 ik PLA 85 B2 B HBRARHE T, 45 mAT N
JiTH, 4 PLA R %A 7 0.8%, 1fi PLA/I-BPE, 40~
PLA/I-BPE; 550 1 PLA/I-BPE; a3 ] . 73 51 4 1.8%.
3.6%F13.7% (K1 5(b)), XA T 1-BPE, A, 7L IR
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Fig. 3 (a) FTIR spectra of I-BPE, ,,, and monomer mixtures; (b) GPC curves of I-BPE, 4,; (¢) DSC curves of I-BPE, 4,,.
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Fig. 4 SEM images of the low-temperature fracture surfaces of PLA and PLA/I-BPE_ ,, (10 phr) blends.
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NRGVHA 1-BPE,, 0 PLA P3G HIRCR, &
S A IN & 10 phr (9 3 Fh R s SHIRYIHEAT B
ik D . 255K, BT PLA/I-BPE, 4,
1) Ui 22 e K- 22 38 1 T 280%,  H. PLA/I-BPE; a0 I
W 24 K R L 400%, KB 1-BPEL,, 19 5] A
PLA SZIL 7 M 14 Dhir 28 1) 3970 14 BT 22 1) . 355 A
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Fig. 5 (a) DSC curves, (b) y. data and (c) 7, data of PLA
and PLA/I-BPE, ,, (10 phr) blends.
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85%, A WIHAESRAT mn A ) [F) I e e R T
PLA (RN . A4 R 77- 3% it A AR 23 TR T3
TASFEIRE SRR, R B FRARE kR
BV FEMIBE R . W 6(b) AT, B FLIR 4
ZEPNEY) B IR K, ot PLA/I-BPE g0
B, IA(121.148.4) MI/m3. it —5 il B b s
JERIN T PLA/I-BPE, ,, 1) = W)V (K 6(c)). PLA/L-

50
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Fig. 6 (a) Stress-strain curves, (b) calculated values of
Young’s modulus and fracture toughness and (c) Notched
impact strength of PLA/I-BPE, 4, (10 phr).

BPE, oo IR il 3 B i, R(26.141.6) kI/m?,
PLA/I-BPE; 00 N(25.4+1.1) kJ/m?, 1fij PLA/I-BPE; 43,
F i 11 o o 8 B B A1 3K 5 A IR 45 I EAS
— B X AT REAZ BT AR T IR A
PLA/I-BPE 0,0 R/ B RS R, Z3&
Sy 77 R A8 B PO e R ERE AR . Sl
AHEG, S AR 1 b0 08 R K10 mm/min),
JUSF B /N P 43 BRI A B8 70 40 PR TR 0
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(609.5+23.5)%. 17 A% & 5 W 290 M ) A8 fh i 3%
WIE 7(b)FT 7 . 1 IR i 1-BPE a0 ¥ JI1 514 111
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Fig. 7 (a) Stress-strain curves, (b) calculated values of
Young’s modulus and fracture toughness and (c) Notched
impact strength of PLA/I-BPE, 4,, blends.

M5 phr I £ (938.7+14.8) MPa iZ i 4 45 15 phr It}
f1(820.1+13.9) MPa, SUt[RII, W30t )¢
4L b Fb, 15 phriffia 35K (155.4+10.2) MJ/m?.
AR ILIR Y A% IR 2 Bl 1-BPE ao0 7 5 38 01 171
A HTREAG, B ERFFR SE(>820 MPa), KB 1%
e R A BRI . b, BEZE 1-BPELay,
TR, LRV B O o o R RS
(B 7(c))s 1-BPEpp TR INEA 15 phriif, Lk
o 5 AT 7A(39.5+1.6) kI/m2,

ﬁ—ﬁﬁﬂ?‘i 1'BPELA20 E‘J ﬁj\%iﬁ‘#\:/ﬁb%ﬁ%
PEBE I SZ MR . I8 R v S SR R R (1, 30
5h), AT 3PS F &I 1-BPE Ay, 75
i %4 9 1-BPE asgtl« 1-BPE; pog-t3 AT 1-BPE; s5-t5 5
A o F & 0 BN 1.1x10% 2.1x10* Fil 2.5x
10* g/mol (&l 8(a)). ¥ JH 15 phr K ER I, B &
1-BPE, g0 70 T M3 0, FLIRA 1) 4 IR = A
b 2 fifr K 2 RN 35 S T B B A (B 8(b) 1 8(c)).
U1 PLA/I-BPE yp0-t1 1) 47 KA B2 A BT 2 fif < 22
J9(820.1£13.9) MPa #1(609.5+23.5)% , i PLA/
1-BPE| p0-t5 747 PG A5 12 AT W 244 K 2 DR (777.3+
17.8)%F1(428.4+33.2)%. X M KT $2& & (1) 43+
SN T SRR I A AR AR PR, 3 S 8
B RS B n . 3R 2 AIE I SR s oy T
2 S R LR R ) 1) T 1 R

28 FFTIR, 1-BPE a0y AJ 2 3 B9 PLA H.IR
TRV NI, BRI E (S phr)
I R 3 VR A0 1) W A K FE 4 1 AR 320% LA
b MR KRS T 600% I B B
I B ORFF R (T7%).

N #8578 PLA/I-BPE a0 3L TR Y ) 5 WIHLPE
105k T A R AEHS (50% 150%. 250%- 400%)
FESR 1) AR TE S (B 9). W b, Bl
RSN, RSO R A HISR, HEE
BRI 4E BT B, R B R A I R R AR
TR TR ARG BEA R BRI, B2
ROU(MALL) T F RTINS . O |, NAEY)
(50%, KEl9()), FinR I H IR 2 WHCK %
THEEAL . X LGN B T 43 B AT E 824
Ol b= S = E S R RTT) A G R T) AE
HHBRE 070 B B AS M BE By A0 177 AR T 97 AR
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Fig. 8 (a) GPC curves of I-BPE| 4y-tl, I-BPE, 45-t3, and 1I-
BPE| 50-t5; (b) Stress-strain curves of PLA/I-BPE; 55-t1,
PLA/I-BPE| 5»,-t3, and PLA/I-BPE, ,,,-t5 (15 phr) blends;
(c) Calculated values of Young’s modulus and elongation at
break of PLA/I-BPE, 55-tl, PLA/I-BPE, 4,-t3, and PLA/I-
BPE| 55-t5 (15 phr) blends.
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Fig. 9 SEM images of the surface of PLA/I-BPE, 4,, (10 phr) blends stretched to (a) 50%, (b) 150%, (c) 250%, and (d) 400%
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Fig. 10 MFI (melt flow index) of PLA and PLA/I-BPE; »,,

blends.
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Fig. 11 (a) Images of extruded filament of PLA/I-BPE, 4,,
(15 phr) blends; (b—d) Images of propeller blades 3D-printed
from PLA/I-BPE; 55 (15 phr) filaments.
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Fig. 12 Photographs of (a) PLA and (b) PLA/I-BPE, 4,, (15 phr) after different days of compost degradation.
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Research Article

Study on Toughening Poly(lactic acid) with Flexible Bio-based Polyester
Containing Lactic Acid Units
Wen-xing Lv!, Zhi-lin Ou!, Yi Su?, Jing Huang!, Ting Li', Shi-bo Wang!, Xu-hui Zhang!*, Wei-fu Dong!

(!{School of Chemical and Material Engineering, Jiangnan University, Wuxi 214122)
(%Jiangsu Zhongjin Medicinal Packaging Co., Ltd., Lianyungang 222047)

Abstract Poly(lactic acid) (PLA) has attracted extensive attention owing to its renewable raw materials,
biodegradability and many other advantages. However, its poor toughness severely limits its practical application.
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Traditional toughening methods suffer from problems such as the introduction of petroleum-based components,
low toughening efficiency, or deteriorated biodegradability. In this study, a bio-based polyester 1-BPE; ,,
containing lactic acid units, with low glass transition temperature (7,) and low molecular weight, was designed
and synthesized. PLA/I-BPE; ,, blends were prepared via melt blending, and the struture, mechanical properties,
processing properties and degradation behavior of the PLA blends were systematically investigated. The results
showed that the blend with 15 phr I-BPE, »,, exhibited an elongation at break of (609.5+23.5)% and a notched
impact strength of (39.5+1.6) kJ/m?, achieving super-tough modification of PLA. The toughening mechanism was
attributed to the multiple microcracking mechanism induced by 1-BPE; 5,,. Meanwhile, the melt flow rate of the
blend reached 12.8 g/10min, enabling 3D printing into products with complex structures. Simulated composting
degradation tests revealed that the blend was almost completely degraded within 30 days, while obvious residues
remained for neat PLA. This study provides a novel strategy for developing fully bio-based, high-toughness and
rapidly degradable PLA materials, which will promote the practical application of environmentally friendly PLA
materials.

Keywords Poly(lactic acid); Bio-based polyester; Toughening; Rapid degradation; 3D printing



