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#1 PBSRELERWHMHERF
Table 1 Manufacturers of PBS and PBS copolymers'*
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Chemical formulation of PBS synthesis
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Effect of copolymerization on the melting point (a) and degree of crystallinity (b) of various random copolymers
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Figure 2 Sequence length and degree of randomness of PBST with different BT contents
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Figure 3 Wide-angle X-ray diffraction of PBS and PBST
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Table 2 Thermal and mechanical properties of short chain branched (PBSOS) and long chain branched (PBSBT) polymers
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5 =W TR BT C T MPa %
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Short chain PBSOS-5 109. 9/109. 4 83.4/73.2 66. 4 —33.6 42.0 155
Short chain PBSOS-10 104.4/104. 1 74.3/59.6 59.9 —34.4 38.5 200
Short chain PBSOS-15 100. 1/100. 0 57.2/45. 4 56. 4 —33.4 39.0 340
Long chain PBSBT-0. 5 115.2/114. 3 67.7/56.1 72.3 —31.5 47.5 174
Long chain ~ PBSBT-0. 75 116.2/114. 4 82.7/57.9 74.5 —27.7 59.0 125
Long chain PBSBT-1 115.1/113.9 80.9/54. 8 78.2 —29.9 62.0 76

B T 7E PBS 3k 5 {0 50tk B 17 R 3 B 7 1t A5 45 A B30t 40 ik 7 e 2R I O A 9% L AL 22 S5 0 L 25 A AT
N B 12 R 2 A e PBS 3 B AR RO Y 13- T B R A5 < A B -1 BBk " 3L R R 4 T T A R
AOMER . AR DL 1,4-T /8 1. 4- T ZF0R1 1, 3-8 g AR50 38 TR T R T —l§-co- T
TR ER(PBSPS) . WK 5 fF .5 PBS ML . PBSPS Y 3% 55 4k 55 A8 R B (T, & BlE BE (T, (45 5y
TR CT O FNGE FhBE (X O Y945 Ff R R . Bikiaris 550 % F 241 %75 Bl N PBSPS SE W) 19 25 & K sl A7
IF 5% & B, PBSPS R0 [F] b i Al AR 54 . HL X T RN R IL R 41y 700 ~80 Vo ys . L Ry %
MR e LA mASLE . BT PPS 45 5 BERAR . T R, delemar g i BEAE T« Jig 107 7 58 T8 (1) I A% 0% Sy
PPS<<PES<<PBS"" ., XfF PBSPS MEY . 76 T MR BRI R4 5 & mAE 6020 ~90 %0 M fIR 45 & Bl
FEL PN G SR LA O g A e R0 O T A 2R S R TR B B A WM RS AT O L O i — 2 AR R A
AR AL T A
2.2 PBS HEWHMI A

F 5 FE/NT 10 JT R PBS o] LU TH7 o0 sl 56 sy . FR , R0 B R IR A WA B
SRR . 78 PBS 73 FHEh 51 A SRR CRERIR A SR T DU R0 52 5 G W i I Ao B2 . AR PR
LA LA 1, 2-9F T M 1, 2,4- T =B O SRR AR AR A R T PBS AR IL B Y R T
FOXF PBS i T RE Y 520

W 6.7 i 783 A MK A R VG N, 4l PBS K6 32 4k PBS L3 Wy i & K0S 12 I A0 25 A 482 1 1 i
AN B RE I B DA AR AT . RIS B AR A 3 0, 4 PBS RN JE S Ak PBS Sk 38 W 14 £k BE R B R 45 E A
R INA . WK PBSBT B A8 M e 7T 1, 2 & 0 F 100 K32 AT DL 25 48 o 3

10. 14028/j. enki. 1003-3726. 2015. 09. 009



591 = N ¥ iH Eild . 131 -

120 F -y =
100F = e,
= 452
80 2=
ek LN \.\ -4 50
\ . d _
o 4F " 48 g
S
< 446 2
s 20% - 46 Z
) \ N £
B B0F orT " 443
< \Ox \ .g‘
) -AO\ \ e 142 §
O\O \ y e
35| TSo—8 440
N\ © - —————o
\ 38
L
40 L L L L L L 36
0 20 40 60 80 100

Propylene succinate (mol%)

B 5 T3 B i Xt PBS SRR YR R T B A R % 4 R R TR

Figure 5 Effect of propanediol content on the melting point, glass transition temperature and crystallinity of PBS copolymer
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Figure 8 Weight loss of PBST during biodegradation in activated sludge

120

PBSA-20
100 e

80 |
PBSA-15
d
60 |
C

PBSA-10
40 |

Weight Loss (%)

PBSA-5
20 b

PBSa

0 5 10 15

Degradation Time (week)

P9 PBSA TR G 34 U i B A o 2 I (9 7 o 450 2
Figure 9 Weight loss of PBSA during biodegradation in activated sludge
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7o i IR 0 36. 3MPa. &4l PBSA 1 1. 3 4. Wi REE ATP & & A9 5 i Se 3 K Jm b . 24 ATP
FHEA LA E AW R 3 512,500, 24l PBSA Wi LMK 2 5. 4 ATP & #8 7%
B, B4Rk B 7 A M P T 24 BT BLAR R AR 15, 304
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Table 3 Mechanical properties of neat PBSA and PBSA/ATP nano-composites

ATPY% A5 B/ MPa Wr 2R/ %6 25 i 3 5/ MPa Bk h/ MPa A/ (Jeg™ D)
0 30.240. 4 261.74+13.5 13.54+0.4 364.9740. 02 24.97+0.8
1 32.5£1.1 515.5418.5 14.9+£0. 2 398.840.8 32.3£0.9
3 33.540.7 231.7+30. 2 15.340.1 406. 3+0. 5 31.6%0.6
5 35.4%+1.5 230.5+25.2 16.40. 5 428.0=0. 3 30.140.8
7 35.2£1.2 15.34+3.5 20.1£0. 2 546. 840. 6 25.5+0. 4

VS TN DKL 3 ) 1 SR I L GRS b ek % 2 R RN Rk B AT i B 2 PR
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Ji%PERe. BE ATP S n. T ATP [ 584 ) /R ATP B3R B &, (115 52 & 4k P fE
ARSI
3.3.2 PBSHUKEAMEIES MBSO, #4125 1k o 52 0 b L ) JE A RRAE A4l M B8 . R H SEM
M TEM 435 W58 T #E PBSA S h ATP (143 6 B, 25 B & 10 Fros, B 10(a) ~ () 45 T AR
ATP &) PBSA/ATP 94K & &8 R K R SEM A1 TEM 4%, | IE 10Ca) AT AL 24 ATP &8N
1% (wO IF, ATP R34 0 #7E PBSA ek, H DL FURR £F 2 (1) JE X9 PBSA SR X% 5, ATP Ji [l
JCHA B B B A W 10(h) HEF kiR, 4 ATP &/ 3% (wO i, ATP 6 & H e &) b 4y
7£ PBS B HH BT D (B R R, TEM KR SR, ATP DLAR SR 4R 3550 20 #07E PBSA Jeik,
KREAAR, XEZEREHTY ATP &R 500 SR b i 5881 /R ATP M R 5 80k 5
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10 () PBSA-1%ATP fi(b) PBSA-3% ATP 4k & 44K #) SEM 1 TEM [E{%
Figure 10 SEM and TEM images of PBSA/ATP nanocomposites with various ATP loading: (a) 1 wt% , (b) 3 wt%
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Figure 11 FT-IR spectra of (a) PBSA and various PBSA/ATP Nanocomposites, (b) adsorption of carbonyl groups
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Figure 12 Peak fitting of carboxyl groups of (a)PBSA and (b) PBSA-1% ATP nanocomposites
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Figure 13 (a) WAXD diffractograms of poly(butylene succinate) (PBS), poly(butylene fumarate) (PBF) and their
random copolymers poly(butylene succinate-co-butylene fumarate) (PBSF) isothermally crystallized at 70°C.
The number after PBSF indicates the molar ratio of butylene fumarate;

(b) Variation of the unit cell parameters of crystal lattice with composition.
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Figure 14 Melting point (a) and melting enthalpy (b) of poly(butylene succinate-co-butylene fumarate) random copolymers
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Figure 15 Crystallization rate (reciprocal of crystallization half time) of poly(butylene succinate) (PBS),
poly(butylene fumarate) (PBF) and their random copolymers poly(butylene succinate-co-butylene fumarate)

(PBSF) isothermally crystallized at various temperatures
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Figure 16 The non-isothermal cooling crystallization curve at a cooling rate of 10°C /min
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Figure 17 FTIR spectrum of PBS, PBF and PBSF at 25°C
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Figure 18 Non-isothermal cooling crystallization curve of (a) pure PBSF copolymer and
(b) blend sample of PBS-+PBSF 1% at a cooling rate of 10°C /min
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Figure 19 Spherulitic morphology of (a) PBS, (b) PBS+0.1% (wt) PBF, (¢) PBS+1% (wt) PBF,
and (d) PBS+2% (wt) PBF, at 100°C. The inserted scale bar in each image is 100ym.
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Figure 20 (a) Radial growth rate of spherulites of PBS and PBSF and

(b) PBS/PBF blend isothermally crystallized at various temperatures
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Figure 21 (a) Crystallization temperature during cooling and (b) incremental of crystallization temperature of

PBS blend samples after adding different content of nucleating agents
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Figure 22 (a) Continuous production line of PBS with ten thousand tons annually, (b) film products of PBS,

(¢) just installed biodegradable mulch film, (d) biodegradable mulch film after plant growing
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Biodegradable Plastics Poly(butylene succinate) and its Copolymers:
from Fundamental Research to Industrialization

TANG Yi-ren, QI Zhi-guo, ZHANG Yang, LIU Dan, XU Jun, GUO Bao-hua”
(Institute of Polymer Science & Engineering , Department of Chemical Engineering , Tsinghua
University , Beijing 100084, China)

Abstract: Poly(butylene succinate) (PBS) and its copolymers, a type of completely biodegradable materials with good
comprehensive properties and outstanding processability, have been industrialized and found wide applications. In this
article, the progress of synthesis, modification, characterization of structure and properties as well as industrialization in
our lab is summarized. We have synthesized PBS with high molecular weight via melt poly-condensation using specially
designed catalyst. The crystallization behavior, physical and mechanical properties, and biodegradation rate are tuned via
molecular design. such as random copolymerization and chain branching. Based on the concept of configuration
(conformation) match, we designed poly (butylene succinate-co-butylene fumarate) showing isomorphism in the whole
composition range. Poly (butylene fumarate) was found to be a highly efficient polymeric nucleating agent for PBS. In
addition, blending and nanocomposites can considerably improve the mechanical properties of PBS via controlling the phase
structure and polymer matrix/nano-filler interaction. Based on the fundamental research, we collaborated with companies to
build facilities capable of producing PBS and its copolymers in a scale of 10000 tons annually. The resins have been used for
extrusion, injection molding, thermoforming and film blowing. The products have found applications as supermarket bags
and biodegradable mulch films. etc.

Key words: Poly(butylene succinate) ; Completely biodegradable materials; Copolymerization; Crystallization; Industrialization
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