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P3HB) &= nZARA 9 d7ta4 FX24 180T
2A42 34L& 7HXT U, AR TFES Fig. 19
el vio} o] 2 82 2, YHP ez Hoj 9t}
An2 F poly(3-hydroxyvalerate) [P(3HV) 12 2
AFz% 2, Y80 g4, PHA Zad2uads
2, YAEF2E 71X 1 e ol dukAER] @ool
=

P(3HB) 9} «jzj7}x] J4& zAlst Table 19
Faon, Rrix] EHQ] nExte] AAF v}
Ak = P(3HB) o A7 35L& HREot H

P(3HB) PGHY)

Fig. 1. Crystalline conformation of P(3HB) and
P(3HV).

Table 1. Physical and Thermal Properties for Some Common Polymers, Including P(3HB)

Ql FZ2gA(PP)F} o}F |

ning) Yol &}3}a]

i FAMA7] AYAM 2 gzl A

Copolyester

EER

sah} B EE
PPET} A Hon, me}r P(3HB)= PP Bt} i
gabsln 2A%7) 4o, T AuAKgel spin-

92 BE 4 ot

oA of 713t uks} o] P(3HB) & W7 HHat

[o]
S W=

= S

Y P(3HB)A}&oll th& hydroxyalkanoate(HA) #
49 5 (comonomer) & 7HA| Al oM EAJo) A
A AFE b dx, weks 1 87) ook Fo

ule}l 32719 copolyesters}t 7jE o] lch,

7 =

H2o] 3HB thalel tha
217}2]¢] P(3HA) 7} st
g AzER e, 1 A2E Table 26| FUth.

{O—(,lH—CHZ—@—) « . P(3HA)

R=hydrogen : 3-hydroxypropionate (3HP) :

R=methyl .  3-hydroxybutyrate(3HB) ;
R=ethyl : 3-hydroxyvalerate (3HV) ;
R=propyl :  3-hydroxycaproate(3HC) :

R=butyl : 3-hydroxyheptanoate (3HH) :

R=pentyl ©  3-hydroxyoctancate(3HO) ;

TFzo) 3HAE 712 o
Z79) ot &

Melting 180 176 267 265
temperature(C)

Glass-transition 4 —-10 69 50
temperature(T)

Crystallinity (%) 6080 50—70 30—-50 40-60

Density (g/cm?®) 1.250 0.905 1.385 1.14

Water uptake (wt%) 0.2 0.0 0.4 45

Young’s modulus 35 1.7 29 2.8
(GPa)

Tensile strength 40 38 70 83
(MPa)

Extension needed to 6 400 100 60
break( %)

IEXnE 7|1E A 2H 5% 1991 94

333



R=hexyl : 3-hydroxynonanoate(3HD) ;
R=heptyl .  3-hydroxydecanocate(3HD) ;
R=octyl : 3-hydroxyundecanoate (3HUD)
R=nonyl : 3-hydroxydodecanoate (3HDD).

uteelobe] FH9} £ ©Ah 99 FH(alkane, alco-
hol, alkanoic acid)o] we} {7}zl AbEZo]
(C3-Cyp o) BHATRSIE 71 F8A7F 42 57}
Atk wtel 2ol X A7t 74 geol Hol

2=1} O
'!‘qu'\—_‘

A& AL Alcaligenes eutropuse]®], Pseudomonas
oleovoranse 7} Ohg3t 429 PHAE 91& +
ki gEA Sk

A. eutrophusd] ]3] ®&4<%7} t}E alkanoic
acidollq dol& 4= 9= P(3HA) 9] 2%+ alkanoic
acid®} F#ol e} tad. F B gLaFE vt
7 alkanoic acid(acetic acid, butyric acid, hexa-
noic acid) 2= P(3HB) ©5F#A47} dojAy, &

Table 2. Composition of Poly(3-hydroxyalkanoates) Accumulated in Different Bacterial Strains

3-Hydroxyalkanoate Unit

Strain (Carbon Number) Reference
Cs Cy Cs Ce G Cs Co Co Cu Cp

Alcaligenes eutrophus X X X 1-4
A. faecalis X X 5
Aphanothece sp. X X 6
Bacillus cereus X x 5
B. megaterium X X X x 5,7
Beijerinckia indica X X 5
Derxia gummosa X x 5,7
Methylobacterium sp. X X 5
Pseudomonas aeruginosa X X X X X 58
P. cepacia X X 9
P. extorquens X X 10
P. fluorescens X X X X 5,8
P. lemonnieri X X X X 8
P. putida X X X X X X 5,8
P. oleovorans X X X X X X X X X 8,11,12
P. testosteronii X X X 5,8
Rhodospillium rubrum X X X X 13

1P

QR RO <

2
3
4.
5.
6
7
8
9
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9] §445E 7} alkanoic acid(propionic acid,
pentanoic acid)olA+ 3HB$} 3HVS] #Z%4, P
(3HB-co-3HV) 7} o Rt} a3 B} v R
T dojAe FEFA Y 2442 vlekzd e B@a
9] Fiol meh G t’s A& Table 3014 2
T A}, gaY2oF 3-hydroxypropionic acid, 1,5-

pentanediol =+ 1, 7-hexanediol& AF&-3F 7ol

+ 3HB$} 3-hydroxypropionate(3HP) o] &2& % 9)
P(3HB-co-3HP)7} Aei|71% gt} 7

22 dtgglol2 3HB9} 3-hydroxybutyrate(4
HB)9] #5g419) P(3HB-co-4HB)E 4L 4%
e, old AMeEe §4 902 4-hydroxybut-
yric acid, 3-chlorobutyric acid, y-butyrolactone,
1.4-butandiol, 1,6-hexanediol o] It}.5° &

Table 3. Production of 3HB and 3HV Copolymers from Propionic Acid by A. eutrophus

CH,CH.COOH Cell Dry PHA Content PHA Composition(mol % )
(g/L) Weight(g/L) (wt%) 3HB 3HV

2 2.6 12 78 22

5 3.2 18 76 24

8 39 28 72 28
11 45 42 69 31
14 4.8 56 73 27
17 5.7 31 70 30
20 38 40 56 44
23 50 35 55 45

Table 4. Accumulation and Composition of P(3HA) Copolymers is P. oleovorans from Various Substrates

PHA Content
Substrate onten

PHA Composition (mol% of 3HA Unit)

(wt%) Cs C: Cs Co Cuw Cu Cp
3-Hydroxybutyrate 12 - - 22 - 57 - 21
Butyrate 0.6 - - - - 33 - 67
Pentanoate 0.7 — - - - 35 - 65
Hexanoate 33 95 - 5 — - - -
Heptanoate 2.3 - 100 - - - - —
Octanoate 8.7 8 - 91 - 1 — -
Nonanoate 9.1 - 35 - 65 — — -
Decanoate 12,5 8 - 75 — 17 - —
Undecanoate 9.8 - 28 - 59 - 13 -
Dodecanoate 6.6 6 - 57 - 32 - 5
Tridecanoate 54 - 32 — 48 5 14 -
Tetradecanoate 106 7 - 59 - 30 - 4
Pentadecanoate 53 - 32 - 47 8 13 -
Hexadecanoate 34 8 - 50 - 30 — 12
Heptadecanoate No growth
Octadecanoate No growth
Hexane 2.0 100 - - - - - —
Heptane 114 - 100 - - - - -
Octane 25.3 11 - 89 - -~ - -
Nonane 24.3 - 37 - 63 - - —
Decane 219 10 - 66 - 24 - —
Undecane 14.3 - 23 - 63 - 14 -
Dodecane 5.8 2 - 31 - 36 - 31

I2Xnetn ols Al2dW 535 19919 94
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4-hydroxybutyric acid¢} pentanoic acidE ¥4 A}
231 3HB, 4HB 2 3HV &892 2% 713 444
284 (terpolymer) 7} QojA /1% g}, 10

P. oleovorans& AHR&: C,-Cig2l XN&71E 7}
2 olm|iatol} A7HE A0 2 & Table 44l
Fasol A4 thkdt oeivka] 24& 7 PG
HA) 25838 2 & goh!hP

E Cg-Cppol 1-2A & AH8-3l B o] FHEES
717 FZFEAE A2 5 Aok HTole 1-fluo-
rononane©]t} l-chlorooctaneS EtAYo g 3},
3latx o 2 Walrt 7H53k 3-hydroxy-w-flouroalka-
noatet} 3-hydroxy-w-chloroalkanoate 2 X33t P(3
HA) 25848 9.

olgjzte] AP e 2jole} @AY FF L ¥
< zAFo M derkx] F2& 717 PHAS S

g Az 7t ok ol TFTAY 249 R
FzE X-4 334, IR, H-NMR %= C-NMR
=0
=9

2 zAAg" ¢ 9ok, 27]2 P(3HB-co-4
HB)e C-NMR 2#E#& Fig. 2o 2tk

A4 A
744 HEAQ F5FEA ) P(3HB-co-3HV) 9} 4
43 PGHB) 3 O F@de) 24 zAste

Table 59 it
o] 413 P(3HB)¢l P(3HB-co-3HV)9] HE

o A% BAG AL Yo, FHEE ofF Frh
RaFoe] BgdRE 84 He )

A3 Yeug, FFYEN] L=
shoka st

P(3HB-co-3HV) ¥go] €3 2 A3
Table 6o Z=d,* 3HVY] ko) 271842
2go] F74stU 71% 3HVE g Me d4lg

4

on |
i 1
(€ -U3CHZ—CHz]C‘)T(‘OECHz;CHZECHzaC)V—
318 a8
A (11 mol% 4HB)
3 2 4
15
8 6 7
L ) l Jl l l‘,_
B (49 mal% 4HB)
8 6 7
3 2 .4
15 l
170 70 60 50 40 30 20

ppm from Me,Si

Fig. 2. 125-MHz “C-NMR spectra of P(3HB-co-4HB)

samples in chloroform.

Table 5. Mechanical and Gas Barrier Properties of Biaxially Drawn Polymer Films

Tensile Properties Oxygen
Draw Young's Stress at Extension  Permeability
Polymer .
Ratio Modulus Break to Break (cm¥/m?)
(GPa) (MPa) (%) atom/day)
P(3HB) 4X4 40 100 75 45
P(3HB-co-17% HV) 5X5 19 54 50 60
Poly(ethylene 4x4 44 200 120 70
terephthalate)
Polypropylene 7X7 2.0 160 140 1700
Polyethylene (low-density) - 0.3 10 700 7000
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Table 6. Thermal and Mechanical Properties of P(3HB-co-3HV) Films at 23T

Composition, Melting Glass Stress at Tensile Elongation
(mol %) Temperature Transition Yield Strength to Break
3HB 3HV (c) Temperature(T) (MPa) (MPa) (%)
100 0 177 2 - 43 5
66 34 97 -8 13 18 970
45 55 77 -10 12 16 > 1200
29 71 83 —13 - 11 5
Table 7. Physical and Mechanical Properties of P(3HB-co-4HB) Films at 2.3C
Composition, Crystal- Density Stress at  Elongation Tensile Elongation
(mol %) linity s Yield at Yield Strength to Break
3HB 4HB ) T e (%) (MPa) (%)
100 0 60+ 5 1.250 - - 43 5
97 3 55+ 5 n.d. 34 4 28 45
90 10 45+ 5 1.232 28 5 24 242
84 16 45+ 5 1.234 19 7 26 444
56 44 15+ 5 n.d. - - 10 511

P(3HB-co-3HV)

P(3HB-co-4HB) A
180
A o
180 |- ot
©
0t o £ 100}
E
£
140 +- 80 |-
b A 1 "l 1 ] 1 ]
B
€ <
8 N
£ £
9 <
5L
1 2 1 1 n i 1 1 ]
0 [ 10 15 20 25 0 20 40 60 80 100
4HB (mol % ) 3HV (mol %)

Fig. 3. (A) Melting temperature(T,,) and (B) enthalpy of fusion (AH,) versus composition curves for
P(3HB-co-3HV) and P(3HB-co-4HB) powder samples.
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Aol 21 4A3 243l AAE Table 8o FY
Eu,Y 71 Az(Agr] oo N#rlE A F
A 24 do ¥isle] Tz g} Ry 7
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=7 gFol o}F FL 7HELE HAE X3 9]
okt ole] whsl §go] e PHAZEYH & 180T
ol3te] &g delolAa REEE, AwkAQ Eaka
gel 7HEYe g o] &% £} b8

o|}e FEEH o HEHADS FAR A, P

Y

=
=

P(3HB-co-4HV)

40
4HB (mol % )

60 80 100

Fig. 4. Glass-transition temperatures of melt-quenched P(3HB-co-3HV) and P(3HB-co-4HB) samples.

Table 8. Composition and Thermal Properties of P(3HA) Copolymers Produced by P. oleovorans from

Various Alkanoates

Carbon Monomeric Units in P(3HA) (mol% ) Molecular Weight T, Tn AHa

Source Ci G C G C G Cuw Cu C: Mix10° MM, () () (cal/g)
Caproate 3 <1 72 22 3 330 2.4 -25 - -
Heptanoate 7 <1 8 <1 7 360 3.0 -30 45 13
Octanoate 2 7 85 160 30 -36 61 83
Nonanoate 3 <1 27 6 61 2 1 190 27 -39 54 54
Decanoate <1 1 7 44 47 <1l 190 27 ~-40 54 49
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Table 9. Changes in molecular weights of microbial polyester films during the biodegradation in soil at

15-20C
Time P(3HB) P(3HB-co-10%4HB) P(3HB-co-17%4HB) P(3HB-co-23%4HB)
in weeks M.-10° M.J/M, M.-10° M./M, M,-10° MJ/M, M, 108 MJ/M,
0 768 19 395 366 29 332 24
4 695 19 379 251 39 242 2.8
9 734 19 295 286 33 195 33

(Jime | P(3HB) P(3HB-co-9%4HB) P(3HB-co-50%3HV)

Fig. 5. Microbial polyester films placed in a soil colle-
cted in Yokohama, for 6 weeks at 20-25C. Initial film
dimentions, 8 cm in diameter, 0.07 mm thick.

(3HB-co-4HB) > P(3HB) > P(3HB-co-3HV) 9|
¢og Fagwst Fashe 2e Fig 59 AR
og % 4 gom,” nn FAHez $AFg
AE Table 9914 & F Utk

2 &

ol Foll M of7|ARoe] ortA Pz RN
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a3 AP B Ao AA g FHA
248 Aa3kaih

A FHHez At WL v AeEe
ICL2] “Biopol” o] 9loH, ©]Z-& P(3HB-co-3HV)
o] 25 7HA2 Utk ol F uAES 08T A
23 n2ze Azt A9 AAEE o
#7147} AL, aFeA A At £
2 A Hgo) 71 & ulFE AAEL Urh

ageg e wazyd, 44 nExe £

2o 42T SuolN theojok shn mEA

NEXTED 7|E A 27 535 199149 99

BA, 720 HAL TN AFeolor @
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vael AgAzst 44 gekn 4zhgc,
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