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(a)in situ FTIR measurement of the 1230 ¢cm ~' band absorption intensity of PHBHHx fiber extruded at 120°C with increasing on

time at room temperature, and (b) increase of the relative degree of crystallinity of PHBHHx fiber extruded at 120°C and 150°C with time at
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Fig. 2 Variation of the tensile strength of PHBHHx fiber

after processing with different draw ratios
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Fig. 3  Typical stress-strain curves of (a) original PHBHHx

fiber and (b) fiber after processing
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Fig. 4
original PHBHHXx fiber and (b) fiber after processing
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Fig. 5 (a) Raman spectrum of original fiber, (b)

polarized Raman spectrum vertical to the fiber stretching
direction, and (c¢) polarized Raman spectrum parallel to

the fiber stretching direction
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Fig. 6 The DMA curves of PHBHHXx after processing

The circular and rectangular data points are of fibers before

and after annealing at 70°C with fixed ends, respectively.
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Fig. 7 Stress-strain curves of PHBHHx fibers with

different annealing processes: (a) annealed at 25°C with
free ends, (b) annealed at 25°C with fixed ends, no strain
and (¢) annealed at 70°C with fixed ends, no strain, (d)
annealed at 25°C with fixed ends, 100% strain, (e)

annealed at 70°C with fixed ends, 100% strain
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Table 1 Mechanical properties of different fiber samples

Modulus in lamellar

Modulus in strain hardening

Strength at break Elongation at break

- slip region( MPa) region ( MPa) (MPa) (%)
(a) 6.4+1.8 57.1+9.3 102 230
(b) 9.32.4 65.9+7.8 105 207
(¢) 25.5+0.4 — 70.2 109
(d) 76.4 +13.4 134 £28 145 109
(e) — 419 +26 262 63
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Speculated mechanism for PHBHHx fiber structure

evolution under different processing conditions

DB X LA 5t & DRI IG5 DX 8 BB 1) J32 AR g
S EURAT B LT 4E A R 00 56 B AR B9 W A R
H O, 38 2o 98 7 A 2 i — 2 S (A
P L IR il B LA AR K £F 2 B R AR RN
S5 ) R AR AT A [F] 3 A A 45 4 g 2 M RE B0 AT 4.
Rivar Ui o T T 2 g4, i PHBHHx 5 X



1470 = 6}

?

i 2012 4F

%

AN AR [ A 2 45 R B ) J5, R A5 AN T 2R 4R A5 45 4 1Y
ZRYERRE, DL 2 A [8] 64 1 225K

3 #Aig

A5 i 2 R B R T AR R K R
JE$ R T PHBHHx JFUZF 4k 19 45 sl 3, 46 T 5
S0 I ) I ] 3 e A5 TR AN A - A -1 E IS
JEIR KB T vk il A T 0 s ME L 5 9 PHBHHx
LY 27 A7 58 B ] 95 08 262 MPa, W 2l R

A

KT 120% . FIFH =4k X 5 Ze 407 5 Fn 4 20 1%
T 4R MR, 25 R R & wEN
PHBHHx £F 4 v i X R E & X9 2 4 0 AT R
I A9 B . PHBHHx £F 4 /i AN {7 76 PHB fil PHBV
LRI B b AE Y. I — 2B WA K B A AR
BT 2 AT AR J {8 st 38 15 £F 4k (1) 77 22 P BE L i
ot g 2P BT 0 AT 8 1 M A B T4 R PHBHHx A4
B 7 FH S

REFERENCES

1 Chen Guogiang( 4 E#) , Luo Rongcong( % 25 H) , Xu Jun (%) , Wu Qiong( % 3;) . Microbial PHA based Eco-Material Industry ( 3% ¥2 3%
Jg 107 R TG A 2577l 4% ) - Beijing (4L 5%) : Chemical Industry Press (46 2% Tl i fii 4t ) ,2008. 10 ~ 15

2 Wang Yawu( EFik). Study of Copolymer Consisting of 3-Hydroxybutyrate and 3-Hydroxyhexanoate as Medical Materials (3-3% 3 T % il 3-
F2 0k OV iR S B W R by B M BH B 5Y) . Doctoral Dissertation of Tsinghua University ( 1 5 2 8 -2 437 15 3C) ,2006

3 He Wennan( % 3CH#) ,Zhang Zengmin (834 ) , Hu Ping(#°F ) , Chen Guogiang( [ [E## ) . Acta Polymerica Sinica( 54> 2% 4 ) ,1999,

(6):709 ~714
Lenz R W, Marchessault R H. Biomacromolecules,2005,6:1 ~8
Numata K, Abe H,Iwata T. Materials,2009,2:1104 ~ 1126

O X N N B

Furuhashi Y, Tto H,Kikutani T, Yamamoto T,Kimizu M. Sen I Gakkaishi,1997,53:356 ~ 364

Furuhashi Y, Tto H,Kikutani T, Yamamoto T,Kimizu M, Cakmak M. J Polym Sci Polym Phys, 1998 ,36:2471 ~ 2482
Yamamoto T, Kimizu M, Kikutani T, Furuhashi M, Cakmak M. Int Polym Process,1997,12:29 ~37

Gordeyev S A, Nekrasov Y P, Shilton S J. J Appl Polym Sci,2001,81 ;2260 ~2264

10 Schmack G, Jehnichen D, Vogel R, Tindler B. ] Polym Sci Polym Phys,2000,88 ;2841 ~ 2850
11 Iwata T,Aoyagi Y,Fujita M, Yamane H,Doi Y, Takeuchi A, Uesugi K. Macromol Rapid Commun,2004,25:1100 ~ 1104

12 Iwata T. Macromol Biosci,2005,5:689 ~701

13 Tanaka T,Fujita M, Takeuchi A, Suzuki Y, Uesugi K,Ito K, Fujisawa T,Doi Y ,Iwata T. Macromolecules,2006,39:2940 ~ 2946
14  Shimamura E, Kasuya K, Kobayashi G, Shiotani T,Shima Y ,Doi Y. Macromolecules,1994 ,27 :878 ~ 880

15 Ding C K,Cheng B W, Wu Q. Adv Mater Res,2011,284-286:1774 ~ 1777

16 Xu J,Guo B H,Yang R,Wu Q,Chen G Q,Zhang Z M. Polymer,2002,43 :6893 ~ 6899

17  Antipov E M, Dubinsky V A ,Rebrov A V /Nekrasov Y P,Gordeev S A, Ungar G. Polymer,2006,47:5678 ~ 5690

18  Furukawa T,Sato H,Murakami R,Zhang J M,Noda 1, Ochiai S,Ozaki Y. Polymer,2006,47:3132 ~3140

19  Murakami R,Sato H,Dybal J,Iwata T, Ozaki Y. Polymer,2007 ,48 ;2672 ~2680



12 3] 9B A < R R SR (R-3-F2 56 T R T -co-R-3- 72 56 O R TG ) £ 4k 1Y ) 45 B H: g 2 1 RE Aoy 11 1 1471

PREPARATION OF ELASTIC
POLY (R-3-HYDROXYBUTYRATE-co-R-3-HYDROXYHEXANOATE)
FIBER WITH HIGH STRENGTH AND REGULATION OF ITS
MECHANICAL PROPERTIES

Hai-mu Ye', Yue Zhang', Jun Xu', Bao-hua Guo', Qiong Wu’, Guo-giang Chen’
(" Department of Chemical Engineering, Tsinghua University, Beijing 100084 )
(* Schoo of Life Science, Tsinghua University, Beijing 100084 )

Abstract In this study,first,the preparation process of poly( R-3-hydroxybutyrate-co-R-3-hydroxyhexanoate )
(PHBHHx) (with 12 mol% HHx content) original fiber was optimized by lowering down the extrusion
temperature to 120°C , which could greatly accelerate the crystallization rate and shorten the subsequent
processing time. Then, PHBHHx fibers with excellent mechanical properties were successfully obtained
following an “isothermal crystallization-drawing-annealing with fixed ends” processing technique. The average
tensile strength could reach up to 262 MPa, with an elongation at break of still larger than 120% . Two-
dimensional X-ray diffraction measurements and Raman spectroscopy showed that the polymer chains in the
high-strength PHBHHx fibers were highly oriented along the drawing direction both in crystalline and
amorphous regions, and no B crystal modification was observed in the highly oriented PHBHHx fibers with or
without annealing procedure, which was quite different from poly ( R-3-hydroxybutyrate) ( PHB) fiber and
poly ( R-3-hydroxybutyrate-co-R-3-hydroxyvalerate) ( PHBV ) fiber. Dynamic mechanical analysis ( DMA )
results demonstrated that annealing procedure was beneficial for improving the storage module ( G') of fibers.
For example, after annealing at 70°C for 3 h,the G' could be doubled at 30°C and increased by five folds at
40°C . Further study revealed that the mechanical properties of fibers could be easily regulated by changing the
annealing conditions,,which would guide the further study and lead to wide potential applications of PHBHHx
materials.

Keywords Poly( R-3-hydroxybutyrate-co-R-3-hydroxyhexanoate ) , Fiber, Processing technique, Mechanical

properties



