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Modification of the biodegradable plastics PHA and the effects on its
physical properties

Abstract

In this research, we aimed at blending poly(3-hydroxybutyric
acid-co-hydroxyvaleric acid) (PHBV) or poly(3-hydroxybutyric acid) (PHB) with
poly(e-caprolactone) (PCL), poly(ethylene oxide) (PEO), respectively by melt mixing
and solution mixing to obtain materials with better physical properties and
processability. Their structures (morphology) were characterized by the scanning
electron microscopy.

Thermal degradation behavior and dynamic mechanical properties of composites
were analyzed by thermal gravimetric analysis and dynamic mechanical analysis, the
glass transition temperature T, and the degree of crystallization of the blends were
observed by differential scanning calorimetry. The results indicated that the blends of
PHBV/PCL and PHB/PCL are incompatible , whereas PHBV/PEO is partially
compatible. The rheological properties were measured by using a plate-plate
rheometer, and the tensile strength was measured with a tensile tester. To sum up, it
seems to be possible to improve the thermal, mechanical properties and the
processability of PHA by blend with another biodegradable polymer PCL or PEO.
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1.2
PHAs(Polyhydroxyalkanoates)

PHA
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(1) (impact resistance)
(2) (weather resistance)
3) (processibility)
(4) (chemical resistance)
&) (gas permeability)
(6) (thermal stability)
(7) (transparency)

PHAs PHB PHBV PHB
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10-11
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3) (immiscible)
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2.2

(1) (mechanical melt blending)
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(transesterification)
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(light scattering)
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PHB/PCL-b-PEG SEM PHB/PCL
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90 Novamont

Polycaprolactone

(1

PHB PHBV(Polyhydroxybutyrate-co-hydorxyvalerate)...

)
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PCL(polycaprolactone) PLA(polylactic acid) PVA(polyvinyl alcohol)

3)

253 PHB

PHBV

PHB

(reserve carbohydrates)

(chitin)

- PHBV
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(Polyhydroxyalkanoates,PHA)
Polyhydroxyalkanoates(PHA) C H O
hydroxyalkanoates(HAs) carboxyl group
hydroxyl group  ester bond R configuration

C-3 B -position alkyl group

30-34 R group
3 5 PHA short-chain-length
PHA(HAgcy) 6 16 PHA medium-chain-length
PHA(HA\cL) 17 18 PHA long-chain-length

PHA(HALcL) 35

PHA
) E.
—{-C-CHpCH-OJ—
R= (methyl) (poly-f3
-hydroxybutyrate) R= (ethyl)
(poly-B -hydroxyvalerate) R= (n-propyl)
(poly-B -hydroxycaproate) R= (n-butyl)

(poly-B -hydroxyheptanoate)

36
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Polyhydroxybutyrate(PHB) 1926

37 PHB
Polyhydroxyalkanoates(PHA)
PHB
PHB Azotobacter vinelandil
UED(Page and Knosp 1989) PHB
PHB 23000~25000  3-hydroxybutyric
acid PHB
0
—-C-CHCHO—
PHB
0.596 nm 55~80%
(polypropylene) T 180 PHB
ICI

Polyhydroxybutyrate-co-hydroxyvalerate (PHBV) -
hydroxybutyrate(HB) hydroxyvalerate(HV)

(Polyhydroxyalkanoates,PHA) PHBV
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PHBV
38 PHBV  HV 0~90mole%
39 (PHV) 1993 Steinbuchel et. al.
Chromobacterium violaceum
PHV 40 PHBV
(B -butyrolactone, BL) (B -valerolactone, VL)

triethylalumium/water(AlEt;/H,0O)

41 PHBV
Q G o CHCH
—EC-CHTCH-D#C-CH?CH-DﬂF—
HE HY
PHBV  PHB PHBV
PHB PHBV PHB HV
42
PHBV 43
B - (B -hydroxybutyric acid) [ - (B
-hydroxyvalerate acid)
44 HV pH

PHBV
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PHBV 65

Gogolewski PHBV LPLA 64 PHBV

(fibrous capsule) (collagen
fibers) (collagen
fibers)

PHBV

254
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1993 PE PS PP 900
90
17~20

1997

2000 (
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31

- (dipole-dipole force)

46-47
(1) (miscible)
(A Hpix  0)
(entanglement)
(molecular scale)
PHB/PEO 14 19 25
T,
T, Flory-Fox

Fox
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LW, W, G3-1)
T, T4 T,,
T,
T 1 2
Wi 1 2
(2) (partially miscible)
(molecular segment)
PHB/PMMA PHB 30% PHB
30% 16
3) (immiscible)

®)
PHB/PCL 48
(toughness)

(tensile)
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3-1(c)
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(<)

3-1

(©)

(B)

(A)
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3.2 50

(free energy of mixing)

39

AG,,, =AH ., —TAS,,, (3-2)
AG, (Gibbs free energy of mixing)
AH (Enthalpy of mixing)
AS. ., (Entropy of mixing)
AG,,, <0 (3-3)
2
{" AG;ix} >0 (3-4)
g TP
@
A Gmix Flory-Huggins equation
AG,, V
AT W(%lnﬂ +%ln@ + X4%) (3-5)
(3-2)
NS, V. q ,
—m = — (] ! 3-6
R v (m MAt, e (3-6)



% =\\//—er2¢{@ (3-7)
\%
V, (segment) mole
@ [
m [
Xia (interaction parameters)
R
-
X = (), -8, (3-8)
RT
A2 o
m, m, AS.,,
o X AH_. >0
AG. >0
(3-7) (dispersion force)
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mix

AG,,;, <0

mix

3.3

g =1,y

Gy

g

51

331
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(rule of mix)

( ) 32

52-54

(relative viscosity) 55

C.D. HAN 47

G G” G’vs.G” cole-cole plot
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C. D. HAN

C.D. Han
56
. ( a)
(droplet)
- ( b)
. ( c)
(threadlike fibrils)
- ( d)

(phase inversion)

(interlocked)
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4.1

Poly(3-hydroxybutyric acid-co-hydroxyvaleric acid)PHV content
8wt%
ALDRICH

mp=162 Mw=600,000g/mol Mn=160,000 g/mol

CHz 0  CHCH;
—H: CHyCH- Op{-C- CH CH. D—}—

HE HV

Poly(3-hydroxybutyric acid)
ALDRICH
mp=172
0 CHs
— - C-CHCHOF—
3. Poly(g -caprolactone)

ALDRICH

mp=60 T,=-60 Mn=80,000 g/mol

0
—ﬁ&-(rzﬂj}j—o—h
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4.2

Poly(ethylene oxide)
ALDRICH

mp=60 T=-60

+ CHCH,- D+

(chloroform)
TEDIA
bp=61.2
CHCl,
(Tetrahydrofuran)
J. T. Baker
flash point=-14

C,4HzO

Risen CO., LTD.

RUD-30

46

=119.5g/mol

=72.11g/mol



HT-8122B
(Brabender Mixer)

Brabender Co. Plasti-Corder PL-2100-6 W50HT

(plate-and-plate rheometer)
Paar Physica ( )
Physica Rheolab MC-100 EMK A-500

MP30

(Thermal Gravimetric Analysis TGA)
TA Instruments

Hi-Res TGA 2950

(Dynamic Mechanical Analysis DMA)

TA Instruments

DMA2980

(Differential Scanning Calorimetry DSC)
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2920 modulated dsc

8. (Field Emission Scaning Electron
Microscopy)
LEO( )
LEO 1530
9.
Dachang( )
QC-2700s
10. (Gel Permeation Chromatography GPC)
(Waters)

Waters2414 for Detector

11. (Gel Permeation Chromatography GPC)

(Waters)

Water 2410
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4.3PHB(V)
4.3.1 PHB(V)
1 PHBV PHB PEO PCL...

45 24

(g  S0g

PHBV/PCL PHB/PCL PHBV/PEO 100/0 70/30 50/50 30/70

0/100 4-1
80 rpm 15 min

165 PHB/PCL 175

4.4
PHB(V)
PHBV/PCL PHB/PCL  PHBV/PEO

TGA

49

PHBV/PCL PHBV/PEO

(2

(80 )

SEM



(T) DMA

tand
tand
T, DSC
T
(Tensile strength) (Elongation at break)
(SEM)
(THF) 50

PCL PEO

SEM

(TGA)
( 9-11 )

10 °C/min 600 °C
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(DMA)

35SmmXx5SmmxImm

5 °C /min 1Hz -100 150°C

(DSC)

5-10 DSC
20 /min 200
2min -100 3min
10 /min 60

T.  H; T,

90-150py m
(dogbone) 10cm 2.2cm
2.4cm 0.7cm

dogbone
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25mm
10
[ (amplitude sweep)
PHBV/clay
1~10(%) PHB(V)
1~10(%)
o (frequency sweep)
PHBV/clay
PHB(V)
G’ G”
) (Time Sweep)
100(1/s)

60min G’

52

1.0mm

50K gf/cm®

(@)10(1/s)

(@)100(1/5)

10(1/s) 0.01(1/s)

100(1/s) 0.01(1/s)

(@)

(2%)



o (Steady shear viscosity)
CSR(control shear rate)
0.01 4(1/s)
» Gel Permeation Chromatography(GPC)
3wt.% PHBV PEO

THF 40-50ml GPC 30min
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( )

PHBV/PCL PHBV/PEO PHB/PCL(100/0 70/30 50/50 30/70 0/100)

PHBV/PEO
SEM
TGA
DMA
T, DSC T, Tu

5.1
DSC SEM DMA
PHBV/PCL PHB/PCL DSC
5-1~ 52PHBV T, -02 PCL T, -664 PHB T, 1.8
PHBV/PCL PHB/PCL 2
T, T, PHB(V) PCL
PHBV/PCL PHB/PCL
SEM 5-3 5-4
PHBV70/PCL30 PHBV50/PCL50 5-3

PHBV PCL PHBV
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5-4PHBVS50/PCLS50

PHBV/PCL 50/50
DSC
5-5
PHB50/PCL50
PHB/PCL
DMA 5-7

PHBV/PCL PHB/PCL

T, PHBV/PCL PHB/PCL
PHBV/PCL PHB/PCL
PHBV/PEO DSC
PHBV/PEO T,
T, (PHBV~0.2  PEO~-55.6 )
T, PHBV T, ( 5-9)
SEM 510 5-11

5-12

5-4

PHBV
PCL

PHBV/PCL
5-6 PHB70/PCL30
PHBV/PCL
PHB/PCL PCL
PHBV/PCL
tand

5-8

2 T, T,

PHBV70/PEO30 PHBVS50/PEO50

5-13
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PHBV70/PEO30 PHBV50/PEO50
PHB(V)/PCL
PHBV/PEO 510 5-12
PHBV70/PEO30
DMA 5-14 PHBV/PEO tand
PHBV50/PEO50 PHBV30/PEO70
PHBV70/PEO30
PHBV/PEO

DSC DMA DSC
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Endother mic heat flow
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Endother mic heat flow
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i Mag=- EMIEX D= Jmm
i EI = 300 kY Deaty 0 Pl 2

5-3 PHBV70/PCL30 SEM (x5,000)

=~ "
Mag - S KX W= Inms
FIOL = i kY Fiewtw 237 Ky iy

5-4 PHBV50/PCL50 SEM (x5,000)
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F :j-'.- e = Tl -
Mag~- LMEX W= 1o
EAEL = L kW Deate . 20 Apr 2

5-5 PHB70/PCL30 SEM (x1,000)

5-6 PHB50/PCL50 SEM (x500)



Tand

Tand

DMA(Tand v.s. Temperature)

0.3
——PHBV
— = PHBV70% +PCL 30%
PHBV50% +PCL 50%
— - —PHBV30%+PCL 70%
ozl PCL
0.1}
o / ’
. / -
A v ~
00F |, S ) ,
-100 -50 0
Temperature(°C)
5-7 PHBV/PCL DMA

(Tand v.s. Temperature)

2 DMA(Tand v.s. Temperature)

- PHB
— =— PHB70%+PCL 30%
PHB50% +PCL 50%
02L — - = PHB30%+PCL 70%
PCL
01}
00F ) , , ,
-100 -50 0
Temperature(°C)
5-8 PHB/PCL DMA

(Tand v.s. Temperature)
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Endother mic heat flow——

5-9 PHBV/PEO T,

(solution blending)
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5-10 PHBV70/PEO30 SEM (x5,000)

5-11 PHBV50/PEO50 SEM (x5,000)

64



~ e o g g -
Mag- 0MIKEX  Wo= 4o AL i
ENT - gangy  Dee 30 May 2 User: Hsin-Wa Thar

5-12 PHBV70/PEO30 SEM (x20,000)
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EM] = 300 kY

5-13 PHBVS50/PEO50 SEM (x20,000)
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Tan &

0.20

0.15

0.10

0.05

0.00

DMA(Tand v.s. Temperature)

—PHBV

— — PHBV70%+PEO30%
PHBV50% +PEO50%

— - =PHBV30%+PEO70%
PEO

Temperature(°C)

5-14 PHBV/PEO DMA

(Tand v.s. Temperature)
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5.2DSC

5-15 PHBV/PCL

PHBV/PCL T
PHBV/PCL T T
( 5-1)
B AH PHB(V) _ AH blends
XeprBv) — AH ) Nelend = AH *prsy)

AH prpyy =1643/g 57 AH pc. =136J/g 58 AH pe0 =188J /¢

59 PHBV/PCL PHB/PCL ( 5-1 5-2)
Hipupy  58.7 J/g 14.5)/g PHBV X cPHBV
35.8% 29.5% X cpusv

PHBV/PEO PHBV/PCL
P. Greco.. 15 PHB/EPR

5-16  PHB/PCL

PHB/PCL  PHB X cPHB 54.3%
50.5% PHBV/PCL
PHBV/PEO 5-5  5-6
PHBV/PEO Th PHBV T, PEO

PEO T,
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14 22 .. X ¢ X ¢,PHBV

PEO X cPEO PHBV
PHBV PEO PEO
PHBV (interlamellar

amorphous regions) M. Avella 14
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Endother mic heat flow

Endother mic heat flow

3
——PHBV
— — PHBV70%-+PCL30%
PHBV/50%-+PCL 50%
— - = PHBV30%-+PCL 70%
PCL
2
=)
£ A
; g+
S
0 1 1 1 1 " 1 " 1 1 1 "
40 60 80 100 120 140 160 180 200
Temperature(’C)
5-15 PHBV/PCL DSC
3
——PHB
— — PHB70%+PCL30%
PHB50% +PCL 50%
— - — PHB30%+PCL70%
PCL
2 -
=)
£
= /
E 1} !
£ [
L \
7
/y Ve
i ._-/'/ \\‘____ S
0 1 1 1 1 1 1 1 1
40 60 80 100 120 140 160 180 200
Temperature(’C)
5-16 PHB/PCL DSC
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Endother mic heat flow

——PHBV

— — PHBV70%+PEO30%
PHBV50%+PEO50%

— - =PHBV30%+PEO70%
PEO

O 1 1 1 1 1 1 1 1
40 60 80 100 120 140 160 180
Temperature(°C)
5-17 PHBV/PEO DSC
(solution blending)
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5-1 PHBV/PCL T, T, Hy

I gPHBV I gPCL I mPHBV ImPCL H H
f,PHBV f,PCL

Sample
O 1O O gy | g

PHBV -0.2 | NA | 158.5] NA 58.7 NA

PHBV70%+PCL30%| -0.6 |-65.8 | 158.9 | 64.9 39.3 194

PHBV50% +PCL50% | -1 -67 | 158.1 | 65.6 26.9 33.2

PHBV30%+PCL70%/| -1 |-65.9|158.6| 654 14.5 48.6

PCL NA |-664| NA | 65.8 NA 70.8
5-2 PHBV/PCL
Sample PHBV PCL PHBV PCL
Xc, blend(%) Xc, blend(%) Xc, PHBV(%) Xc, PCL(%)
PHBV 35.8 NA 35.8 NA
PHBV70% +PCL 30% 24 14.3 34.2 47.5
PHBV50% +PCL 50% 16.4 24 .4 32.8 48.8
PHBV30% +PCL 70% 8.9 35.7 29.5 51.1

PCL NA 52.1 NA 52.1
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5-3 PHB/PCL Tg Th H;
T T T T
gPHB | LgpCL ,PHB PCL Hepis Hiper
Sample (Ol cHlcHloH
Ug) | g
PHB 1.8 NA 173 NA 79.2 NA
PHB70%+PCL30%| 1.3 -63.2 | 173.7 | 65.7 53.1 19.2
PHB50% +PCL50%| 0.7 -66.1 | 1724 | 66.2 37.5 34.5
PHB30%+PCL70%| -1.6 | -64.8 | 172.3 | 65.8 22.1 493
PCL NA | -664 | NA 68.2 NA 70.8
5-4 PHB/PCL
Sample PHB PCL PHB PCL
Xc, blend(%) Xc, blend(%) Xc, PHB(%) XCPCL(%)
PHB 54.3 NA 543 NA
PHB70% +PCL 30% 36.4 14.1 51.9 47.1
PHB50% +PCL 50% 25.6 24 .4 513 48.9
PHB30% +PCL 70% 15.1 35.7 50.5 51.8
PCL NA 52.1 NA 52.1
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5-5 PHBV/PEO Tg T H;
T T Ty Ty
gPHBY | LgPEO | LmPHBY| 1mPEO | pp Horo
Sample )l eH o
Ug) | (g
PHBV -0.2 NA | 158.5| NA 599 NA
PHBV70% +PEO30%| -12.8 | -12.8 | 157.4 | 60.7 44 .5 19.5
PHBV50% +PEO50%| -12.4 | -22.4 | 153.5| 65.2 30.1 52.1
PHBV30% +PEO70%| -37.5 | -37.5 | 149.5 | 67.73 17.2 87.3
PEO NA | -57.5 | NA |68.68 NA 148.2
5-6 PHBV/PEO
Sample PHBV PEO PHBV PEO
Xc, blend(%) Xc, blend(%) Xc, PHBV(%) Xc, PEO(%)
PHBV 36.5 NA 36.5 NA
PHBV70%+PEQO30% 27.1 10.3 38.8 34.6
PHBV50% +PEO50% 184 27.7 36.8 554
PHBV30% +PEQO70% 10.5 46 .4 663
PEO NA 78.7 NA 78.7
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5.3

531

5-18~  5-20 PHBV/PCL
PHBV/PCL
165 170
175 PHBV/PCL
PHBV30/PCL70
5-21 5-22 PHB/PCL

175 180
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PHB(V)

PHBV
170  PHB 175 PCL 180
PHBV/PCL165 PHB/PCL175
5-23 5-24 PHBV/PEO

165

5-25 PEO

PEO
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G'(Pa)

G'(Pa)

. Jime-Sweep(T=1 65°C)
S B T S S e R R S A AT
10° 3
i —=— PHBV
—@— PHBV70%+PCL30%
PHBV/50%+PCL 50%
4 —w— PHBV30%+PCL 70%
10F PCL
10° : . '
0 1000 2000 3000 4000
time(s)
5-18 PHBV/PCL 165
iy Time-Sweep(T=170"C)
10° Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYVYYYYYYYY
aaadii0000000000000000000s st et sassnMARRRRRRRRRRRASASSSSSSSS
10*
F —=— PHBV
I — @ PHBV70%+PCL30%
10k PHBV/50%+PCL 50%
3 —w— PHBV30%+PCL 70%
- PCL
10° ' ' . : \ '
0 1000 2000 3000 4000
time(s)
5-19 PHBV/PCL 170
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—=— PHBV
) _17&° @ PHBV70%+PCL30%
& Time-Sweep(T=175"C) PHBV50% +PCL 50%
—w— PHBV30%+PCL 70%
3 PCL
10° 3

:vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

— '.......
© X °
S 10 g, . ......"“oooo
ED 3 II.... ney .0000.....
[ Nagy o0
3 | n .I....... :‘0.0 00000,
10°F " *
: "—uag,
10° . : '
0 1000 2000 3000 4000

5-20 PHBV/PCL 175

” Time-Sweep(T=175"C)

Fododolalolddodd 443 b dadalaladaininialal ol 4L 4143 d 4o b dalalalaiaiofarte o 1T

—
EE —=—PHB
= —&— PHB70%+PCL30%
@) 1L PHB50%+PCL50%
: —w— PHB30%+PCL70%
PCL
10° ' ' ' ' ' | 200
0 1000 2000 3000

time(s)

5-21 PHB/PCL 175
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. Time-Sweep(T=1 80°C)

-"......Illll
5 | o 10 PO e
10 ?':oooo--’ M -::II sapsee
,C? E Mvvvvvvvvvvvvvvvvvavvy'""':::...I.IIIIIII.
D_ MAAAAAAAAA A
-~
© 10° —=— PHB
E —&— PHB70%+PCL 30%
PHB50%+PCL 50%
—w— PHB30%+PCL 70%
PCL
103 . 1 . 1 . 1 .
0 1000 2000 3000 4000
time(s)
5-22 PHB/PCL 180

_ Time-Sweep(T=165°C)

10
-I....llIIIIllll.lllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
10° 3
E'"'Oo- °
-vv'
~—~ " V.
E vvwmm'mm
g 10
@)
—=— PHBV
10° F @ PHBV70%+PEO30%
F PHBV50% +PEO50%
—w— PHBV30%+PEO70%
PEO
102 N 1 N 1 2 1 2
0 1000 2000 3000 4000
time(s)
5-23 PHBV/PEO 165
(melt blending)
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- Time-Sweep(T=165°C)

L
m’AAAAAAAAAAAAAAAAAAA.AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA‘AAAAA

10° S A AT A A aaed

<
o
O 4 —=— PHBV
10 ¢ — @ PHBV70% +PEO30%
— A PHBV50% +PEO50%
—w— PHBV30% +PEO70%
PEO
103 1 N 1 N 1 N 1 N 1 N 1 N 1 N
0 500 1000 1500 2000 2500 3000 3500 4000
time(s)
5-24 PHBV/PEO 165
(solution blending)
10° g
T=165°C
—m— PEO
—@— PEO(solution blending)
—#&— PEO(melt blending)
10° 3
etteasenesaneaseeentaseneeansatsaaenannteentenenstatadagss
a s
o
)
10*
[asasd
103 1 N 1 N 1 N 1 N 1 N 1 N 1 N
0 500 1000 1500 2000 2500 3000 3500 4000
time(s)
5-25 PEO (solution blending)
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5.3.2

PEO

My,
165
175
175
5-8

PHBV

PHBV(m.p.158 )

158,123g/mol

lhr

M,,

lhr

PEO

74,413 g/mol

80

PHB(V)

PHBV PEO

PHBV

136,721 g/mol

73,391 g/mol

80

165

PEO

5-7

15mins



M,, 73,944 g/mol
73,327 g/mol

65,066 g/mol

165

81

165

PEO

lhr

15mins

5-32



5-7 PHBV

Sample M,(g/mol) M, (g/mol)
PHBV
(powder without any processing) 258,253 121,112
PHBV
(165 melt blending 15min) 158,123 72,848
PHBV
(after 165 -time-sweep lhr) 136,721 64,161
PHBV
(after 175 -time-sweep 1hr) 73,391 43,972
5-8 PEO
Sample M,,(g/mol) M,(g/mol)
PEO 74,413 58,025
(powder without any processing)
PEO 73,944 56,669
(80 solution blending 1day)
PEO
(165 melt blending15min) 65,066 40,595
PEO(solution)
(after 165 -time-sweep lhr) 73,327 54,391
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5.3.3
526~ 5-28 PHBV/PCL PHB/PCL PHBV/PEO
w  100(1/s)

1 ~ 10% (G)
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G'(Pa)

G'(Pa)

-.,.,.7.,.,.,.,.,.,.,.‘.,.,.,.,.,.,. | Bl Bl Bl B B H-E-E—§
Jee=csSS SRR oSS sl aaaa s SRR RS
10 ] v ’ \V\v\'\:\‘
T=165C
—=— PHBV
10°E — @ PHBV70%+PCL30%
3 PHBV50%+PCL50%
: —w— PHBV30%+PCL70%
PCL
10° '
0.01 01
drain
5-26 PHBV/PCL
¢ Amplitude-Sweep
m-rwn %% %% Ii]"o..\..
R A A A A A A e A A AV #'\.Q'\.z\.‘.\o .\.\.\.\
l\.\.\ oo
105 E .‘.\.\.\.\l
T=175C
104 L —a— PHB
; —@— PHB70%+PCL30%
PHB50%+PCL 50%
—w— PHB30%+PCL70%
PCL
1 - e
0.01 01
dran
5-27 PHB/PCL

¢ Amplitude-Sweep
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o Amplitude-Sweep

< 4
g 10
> T=165°C
O —m— PHBV
@ PHBV70% +PEO30%
10° PHBV50% +PEO50%
—w— PHBV30% +PEO70%
PEO
10° . . . . .
0.01 0.1
Strain
5-28 PHBV/PEO (solution blending)
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534

5-29~ 5-30 5-32~5-33 PHBV/PCL PHB/PCL

(rule of mix)

Cole-Cole plot (logG’ vs. logG”)  5-31 5-34

C.D.Han 47
DSC 5-35
5-36 PHBV/PEO
PHBV70/PEO30 PHBV
PEO PHBV PHBV
PHBV PHBV70/PEO30
PEO

Cole-Cole plot (logG’ vs. logG” ) 5-37
PHBV/PEO(70/30  50/50) PHBV
PHBV30/PEO70 PEO C.D. Han 47
Cole-Cole plot(logG’ vs. logG” )

C.D. Han
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F Frequency-Sweep

= =
105 é- _pun—HnN l/./././.::ﬂ‘.:o/;/;/'
F '/./.i:::ﬂ: oo g2t /”/v/'/'/
o« — -0 Y
- 4 /'/ v
gfi OE v/"'/vv T=165°C
- [ =g -
o F I —=— PHBV
- /
5 v —0— PHBV70%+PCL 30%
10°F PHBV50%+PCL50%
F —v— PHBV30%+PCL 70%
- PCL
102 el N PR | Lo el L0 el
01 1 10 100
w(V/s)
5-29 PHBV/PCL (G’v.s. W)
” Frequency-Sweep
R = = =
10 rr:i!f!?:/'/'
/= ;’2 Sl
— B El “-"g/’
o~ . o B—o !
al 10'F /v/'v
~ ; v T=165C
) [ Y —8— PHBV
I 4 —0— PHBV70%+PCL 30%
103 | PHBV50%+PCL 50%
E —w— PHBV30%+PCL 70%
F PCL
102....| L0 el Lo el L0 el
01 1 10 100
w(V/s)
5-30 PHBV/PCL (G”vs. W)
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& _Cole—Cole plot(G' vs. G")

T=165C
—m— PHBV
— @ PHBV70%+PCL30% -
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[ PCL r..’ rv,v/
[ ) vvv
T 10tk w'
o 3 o
_LD [ /VV/
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I v
10’
102 1 1ial 1
10° 10° 10" 10° 10°
G'(Pa)
5-31 PHBV/PCL Cole-Cole plot (G’v.s.G”)
F Frequency-Sweep
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: o 00 a2 v ¥
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L e a4
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D_ E /V/v
—" r v
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: PHB50%+PCL50%
_ —w— PHB30%+PCL 70%
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102 | Ll L il
0.1 1 10 100
wW(Vs)
5-32 PHB/PCL (G’vs. w)
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F Frequency-Sweep
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5-33 PHB/PCL (G”vs. W)
" Cole-Cole plot(G' vs. G")
T=175°C
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5-34 PHB/PCL Cole-Cole plot  (G’v.s.G”)
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10° Frequency-Sweep

=
10° F P
: o gop-88—0% 072 vV
p— v
< 4 v/v/v/v
Q_’ 10 E- v,v/vlv
O v
vy T=165°C
10°L v —=— PHBV
F -~ ® PHBV70% +PEO30%
PHBV50% +PEO50%
—w— PHBV30% +PEO70%
PEO
107 s ol
0.1 1 10 100
w(1/s)
5-35 PHBV/PEO (G’vss. W)
(solution blending)
" Frequency-Sweep
105 E- ',&Q/Cfcfc;c
: S o= o
R i
[ — g
T 10k v
= f ans
© i v/ T=165°C
[ v —m— PHBV
10° E @ PHBV70% +PEO30%
F PHBV 50% +PEO50%
: ~—w— PHBV30% +PEO70%
[ PEO
102 il il il P
0.1 1 10 100
w(1/s)
5-36 PHBV/PEO (G”vs. W)

(solution blending)
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o Cole-Cole plot(G' vs. G")

T=165°C
®  PHBV
® PHBV70% +PEO30% °
105 | PHBV50% +PEO50% :
E | v PHBV30%+PEO70% i A
PEO F &7
/Vl
< 4
g W0
>~ C -
Q) v
L 4
10° v Y
102 N N N i
10? 10° 10* 10° 10°
G''(Pa)
5-37 PHBV/PEO Cole-Cole plot  (G’v.s.G”)
(solution blending)

91



5.35

(MI)
(shear rate)

(shear thinning)

(disentanglement)

5351
5-38 5-39 PHBV/PCL PHB/PCL
PHBV PHB
PCL

PHBV PHB

PCL
5-40 5-41

PHBV/PEO
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PHBV/PEO PEO
melt blending

PEO PHBV

5.35.2

542 5-43 PHBV/PCL  PHB/PCL
PHB(V)
PHBV30/PCL70 PHB30/PCL70

PHBV PHB PCL

C. D. Han
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5-44 solution blending PHBV/PEO

PHBV
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n(Pa*s)

n(Pa*s)

¢ Flow curve(n v.s. shear rate)

T=165"C
—a— PHBV
—@— PHBV70%+PCL30%
S PHBV50%+PCL 50%
105 _ "eea —¥— PHBV30%+PCL 70%
C L] .—.. PCL
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¥ ‘Vf' v n
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3 Cog “ALREZYV
C ‘o‘.. wily .
. Xu.
Soe, 'TYS ey
[ J o, )
10° ol et
0.01 01 1
shear rate(1/9)
5-38 PHBV/PCL
o Flow curve(n v.s. shear rate)
;.\_. T=175C
- "y . —&—PHB
I " —@— PHB70%+PCL30%
10° Fe, “uay PHB50%+PCL50%
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Y Vyy 22000, .y PCL
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: e L
L \ L S
L Se o:\!vv:"'Vvvvvvw
103:‘ ...::..ll...
r 1Y
107 .
0.01 01 1
shear rate(1/9)
5-39 PHB/PCL
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n(Pa*s)

5-40

. Flow curve(n v.s. shear rate)| ;_;c
—=— PHBV
—@— PHBV70%+PEO30%
i E—— PHBV50% +PEO50%
10 e "N —w— PHBV30%+PEO70%
e PEO
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— e 8
10 ‘..\\.. lll.,.....‘..
...x.......'—.\. o o-o . "
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0409000 :
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01 R | R R NP A
0.01 0.1 1
Shear rate(1/s)
PHBV/PEO (melt blending)

. Flow curve(n v.s. shear rate)

10
T=165°C
—®m— PHBV
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s[Coemmmny PHBV50% +PEO50%
10" E * oo oo Nuny —w— PHBV30% +PEO70%
s R PEO
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Shear rate(1/s)
5-41 PHBV/PEO

(solution blending)
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10°

T=165"C
—&— dhear rate 0.01
- - - -additivity rule(shear rate 0.01)

105 - e ..
< 10k
103 R 1 R 1 1 1
0 20 40 60 80
PHBV/(Wt.%)
5-42 PHBV/PCL PHBV

100

10
T=175°C
—a— shear rate 0.01
— @ - additivity rule(shear rate 0.01)
10°F S
g :/4,
a A
= of
103 N 1 N 1 N 1 1
0 20 40 60 80
PHB (wt.%)
5-43PHB/PCL PHB
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T=165C
—=a—shear rate 0.01
— @ additivity rule(shear rate 0.01)
] —
10° b / _ - -
e - -
0 -
© -
a -
o -
10 F = -
Cadd
103 . 1 1 . 1 . 1
0 20 40 60 80
PHBV wt.%
5-44 PHBV/PEO PHBV
(solution blending)
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S54TGA

5-45  5-48 PHBV/PCL PHB/PCL PHBV/PEO
TGA 10% (Tq)
5-9~5-10 PHBV/PCL PHB/PCL (Ty)
PHBV Ty 241 PHB T, 243 5-45  5-46
PHBV
PHB PCL
5-45  5-46
PCL
5-47 5-48 PHBV/PEO
TGA PHBV/PEO
PHBV T4 PEO
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weight(%)

weight(%)

100b e ——PHBY
\ — — PHBV70%+PCL30%
) PHBV50%+PCL50%
80k \ — - = PHBV30%+PCL 70%
. PCL
)
60 ~ ‘ ‘\ N
| N\
wf ‘\ \
-~ . \
20 \ )
LN
o} e
1 1 " 1 " 1 1
0 100 200 300 400 500 600
Temperature("C)
5-45 PHBV/PCL TGA
100bF e ——PHB
\ — — PHB70%+PCL30%
[ \ PHB50%-+PCL50%
0k A — - — PHB30%-+PCL70%
i "\ . PCL
60 I~ ‘ \t
I \ \
40} \ \
L - o - ‘
20 \ ‘\
I L \.
OF \LM
1 1 N 1 N 1 1
0 100 200 300 400 500 600
Temperature(’C)
5-46 PHB/PCL TGA
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Weight(%)

100

BN ——PHBV
| — — PHBV70%+PEO30%
0 PHBV50%+PEO50%
= — - = PHBV30%+PEO70%
e PEO
~
60} '! \
\ \
20k | \
oo
20 M
L
\l
0 ' . . R
0 100 200 300 400 500 600
Temperature(’C)
5-47 PHBV/PEO TGA
(melt blending)
100 e
——PHBV
— — PHBV70%+PEO30%
so kb PHBV50% +PEO50%
\ — - —PHBV30% +PEO70%
c—— PEO
60 - \
= \
S :
E \
S, 40 o \
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= W
20 - |
\!
N
ol ~
0 100 200 300 400 500 600
Temperature( )
5-48 PHBV/PEO TGA

(solution blending)
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5-9 PHBV/PCL

Sample
Ta( )
PHBV 243
PHBV70/PCL30 249
PHBVS50PCL50 251
PHBV30/PCL70 254
PCL 356

5-10 PHB/PCL

Sample
Ta( )
PHB 245
PHB70/PCL30 255
PHB50PCL50 253
PHB30/PCL70 264
PCL 356
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5.5DMA

DMA
60
5-49 5-50 PHBV/PCL  PHB/PCL
PHBV/PCL
PHB/PCL 70/30  50/50
PHBV PHB 30/70 PCL
70/30  50/50 PHB(V)
30/70  PCL 5-11  5-12
PHBV/PCL  PHB/PCL 25
PHBV/PCL  PHB/PCL
PHB(V) PCL 5-51
PHBV/PEO 70/30  50/50
PHBV PHBV
PHBV PEO PHBV
30/70 PEO
PEO 5-13 PHBV/PEO 25

PHBV/PEO
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70/30  50/50 PHBV  PEO
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o DMA((Storage Modulus v.s. Temperature)

S ——
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(Storage Modulus v.s. Temperature)
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= 2
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5-50 PHB/PCL DMA

(Storage Modulus v.s. Temperature)
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G'(MPa)

10

. DMA(Storage Modulus v.s. Temperature)

PHBV BN
— — PHBV70% +PEO30% \
0k PHBV50% +PE0O50%
3 — - —PHBV30% +PEO70%
PEO
Y I
10" : ' . l :
2100 -50 0 50 100
Temperature(°C)
5-51 PHBV/PEO DMA

(Storage Modulus v.s. Temperature)
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5-11PHBV/PCL

5-12PHB/PCL

25 Storage modulus 25 Storage modulus
Sample Storage modulus Sample Storage modulus
(Mpa) (Mpa)
PHBV 3,103 PHB 3,670
PHBV70/PCL30 2,096 PHB70/PCL30 2,527
PHBV50PCLS50 1,602 PHB50PCLS50 1,580
PHBV30/PCL70 894 PHB30/PCL70 1,067
PCL 454 PCL 454
5-13PHBV/PEO 25 Storage modulus
(solution blending)
Sample Storage modulus
(Mpa)
PHBV 3,120
PHBV70/PEO30 2,675
PHBV50/PEO50 2,781
PHBV30/PEO70 1,180
PEO 978
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5.6

PHBV/PCL  PHB/PCL

PHBV/PEO (Tensile Strength)

(Elongation at Break)

o (Tensile Strength)
F  Deformation force
A cross-sectional area of the gage region
AL  the change in sample gage length(L-L)
L, 1initial length
PHBV
Deformation force 4.285 5.023

97 111 106P m 0.7cm
0.3 0.3 04cm

Tensile Strength

4285kgf x2.2051° x4 4480 N
kgf |bf

97x10°mx0.7x1072m

5.023kgf x2.205 2 x4.4482 N
kof It

= 0, =

4.856kgf

AL

=61.89x10° ﬁz =61.89MPa
m

=0, = J = 63.41x10° ¥ = 63.41MPa
m

? 111x107°mx0.7x10>m
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4.856kgf x 2.205H X 4.4482ﬁ
kgf

=0, = — - [of =64.19x106ﬁ2:64.19MPa
106107 mx0.7x107*m m
5= 61.89+63.41+64.19

3

=63.16MPa

Elongation at Break
= & =£X100% =12.5%
24
=&, =£XIOO% =12.5%
24

=&, = 02'345 x100% =14.5%

12.5% +12.5% +14.5%

= £= 3 =13.2%
5-14 5-15 PHBV
(Tensile strength) 63.16Mpa (Elongation at
Break) 13.2% PCL 37.71MPa 750%
PHBV/PCL
5-14 5-52
PHBV/PCL PCL
PHBV/PCL PHBV30/PCL70
250% PCL
PHBV PHB
PHBV 71.17MPa 5-53  PHB/PCL

5-52 5-53 PHB/PCL
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PHB50/PCL50
SEM PHB/PCL
PHBV/PCL PHBS50/PCL50

PHBS50/PCLS50 Tensile strength

PHBV/PEO PEO

PEO
PHBV/PEO ( 5-54)
PHB(V)/PCL PHBV  PEO
PHB(V)/PCL

12%~18%  ( 5-17)
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5-14 PHBV/PCL
o (Mpa) o
Sample (MPa) £ (%)
PHBV 61.89 | 63.41 64.19 63.16 13.2+0.9
PHBV70/PCL30| 4798 | 47.84 52.96 49.59 6.3+1.5
PHBVS50/PCL50| 38.59 | 40.98 40.18 39.92 15+0
PHBV30/PCL70| 39.06 38.4 37.36 38.27 2509
PCL 35.33 | 40.75 37.06 37.71 750+ 113
5-15 PHB/PCL
o (Mpa) o
Sample (MPa) £ (%)
PHB 67.03 | 68.24 66.88 67.38 8.3+0
PHB70/PCL30 | 44.6 40.73 42.73 42.69 8.3+1.7
PHB50/PCL50 | 24.21 27.45 24 .4 25.35 11.1£0.9
PHB30/PCL70 | 34.22 | 36.79 343 35.1 63.2+6.4
PCL 35.33 | 40.75 37.06 37.71 750+ 113
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5-16 PHBV/PEO (melt blending)

o (Mpa) o
Sample (MPa) £(%)
PHBV 61.89 | 6341 64.19 63.16 13.2+0.9
PHBV70/PEO30, 28.4 28.8 27.65 28.28 12.5+1
PHBV50/PEO50| 14.62 14.33 15.79 14.91 1040
PHBV30/PEO70| 12.09 13.59 12.88 12.85 1251
PEO 13.7 12.5 13.2 13.1 10.4+£0.9
5-17 PHBV/PEO
(solution blending)
o (Mpa) o
Sample (MPa) £ (%)
PHBV 65.0 65.6 64.82 65.14 13.2+0.9
PHBV70/PEO30, 52.5 54.1 53.2 533 16.7+1
PHBVS50/PEO50| 42.8 42.2 44.5 432 13.2+0.9
PHBV30/PEO70, 36.3 35.5 379 36.6 12.5+0
PEO 27.5 259 28.3 27.2 17.4+1
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—a— Tensile strength for various compositions of PHBV/PCL

[ |— = Tensilestrength for additivity rules
70
< 60|
o
2 - -
e _ -
"a 50| _ _ -
@ sop -~ —
Z
— 30}
20 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100
PHBV wt.%
5-52PHBV/PCL PHBV

—a— Tensile strength for various compositions of PHB/PCL
— B~ Tenslestrength for additivity rules

Tensile Strength(M Pa)

20 " 1 " 1 " 1 " 1 "
0 20 40 60 80 100

PHB wt.%

5-53PHBV/PCL PHB
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—=a— Tensile strength for various compositions of PHBV/PEO

[ ] by solution blending
70 |- = Tenslestrength for additivity rules
< 60}
o
>
°
B 50
2
n _
P 40
-% / /
— 30F =
20 " 1 " 1 " 1 " 1
0 20 40 60 80
PHBV wt.%
5-54PHBV/PEO PHBV

(solution blending)
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PHBV/PCL

PHBV/PEO
DMA PHBV/PCL
PHBV/PEO
PHBV/PCL  PHB/PCL
PHBV/PEO 70/30

PHBV/PEO

PHBV/PCL  PHB/PCL
PHBV  PEO

PHB(V) PCL PEO
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PHB/PCL

DSC SEM

PHB/PCL

PHBV

PHBV/PEO

PHBV/PEO

DMA



PHB(V) /PCL
PCL

PHB(V) PCL PHBV/PEO

PHB(V)

PHB(V)
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PHB(V)/PCL,

PHB(V)/PEO PHA
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[l x
PHBV/ PCL
NSC 92-2621-72-032-002-
PHB(V) /PCL
PCL PHB(V) PCL
PHBV/PEO
PHB(V)
PHB(V)

It seems to be possible to improve the thermal, mechanical properties
and the processability of PHA by blending with another biodegradable
polymer PCL or PEO.

PHA
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