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� Akadémiai Kiadó, Budapest, Hungary 2012

Abstract The properties of the low molecular weight

polyhydroxybutyrate (LMWPHB) and LMWPHB plasti-

cized polyhydroxybutyrate (PHB) are studied using dif-

ferential scanning calorimetry (DSC), thermogravimetric

analysis, wide-angle X-ray diffraction (WAXD), polarized

optical microscope (POM), mechanical, and biodegrada-

tion tests. The results of DSC, WAXD, and POM indicate

that LMWPHB has a lower glass transition temperature

(Tg), crystallinity, crystallization rate, melting temperature

(Tm), and crystal size than PHB due to its much smaller

molecular weight. The tensile strength, Tg, Tm, crystallin-

ity, crystallization rate, and thermal stability of LMWPHB

plasticized PHB decrease, while the flexibility and bio-

degradation rate increase with the increasing content of the

added LMWPHB. It is confirmed that LMWPHB can be

used to improve the brittleness and control the biodegra-

dation rate of PHB.
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Introduction

The biosynthesized polyhydroxyalkanoates (PHAs) have

attracted growing attention because of the increasing con-

cerns of the oil shortage and the pursuing of sustainable

environments. Among all studied PHAs, the poly-

hydroxybutyrate (PHB) is of great potential because of its

lowest production cost among PHAs which resulted from

its relatively easily biosynthesizable nature [1–7]. How-

ever, PHB has inherent inferior properties, e.g., early

thermal degradation and brittleness, which seriously limit

its acceptance in industry.

The one major drawback of PHB is due to the early

degradation happening near its melting temperature. A

short exposure of PHB to temperature near 180 �C could

induce a severe degradation accompanied by production of

the degraded products of olefinic and carboxylic acid

compounds, e.g., crotonic acid and various oligomers:

through the random chain scission reaction that involves a

cis-elimination reaction of b-CH and a six-member ring

transition [7–9]. The other disadvantage of the brittleness

of PHB is attributed to its high degree of crystallization and

the post crystallization experienced during the storage,

which result in the formation of irregular pores on the

surface and limit the flexibility of amorphous chains

between the crystals. The results of molecular mechanics

calculations also indicate that the secondary crystallization

happening on storage can result in a narrow distribution of

highly extended or overstressed chains, and subsequently

lead to the brittleness of PHB samples [10]. Nonetheless,

both the shortcomings of PHB could be alleviated by

various modification methods, e.g., the easiest method of

adding compatible plasticizers into PHB.

Many materials can be used as plasticizers to improve the

toughness of PHB. It is shown that many chemicals, e.g.,

citrate ester, low molecular weight polyethylene-glycol

(PEG), oxypropylated glycerin (or laprol), glycerol, glycerol

triacetate, 4-nonylphenol, 4,40-dihydroxydiphenylmethane,

acetyl tributyl citrate, salicylic ester, acetylsalicylic acid

ester, soybean oil, epoxidized soybean oil, dibutyl phthalate,

triethyl citrate, dioctyl phthalate, dioctyl sebacate, acetyl

tributyl citrate, di-2-ethylhexylphthalate, tri(ethylene
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glycol)-bis(2-ethylhexanoate), triacetine, and fatty alcohols

with or without glycerol fatty esters, have been investigated

as the plasticizers for PHB: many of them proved to have the

capability of decreasing the glass transition temperature, and

increasing the flexibility (or elongation) and toughness of

PHB [11–24]. Although the degradation temperature of the

plasticized PHB is decreased compared to the unplasticized

PHB, the thermal stability during molding processes could

be enhanced, because of the decrease of the melting tem-

perature that resulted from the decrease of crystallinity and

the presence of flexible chains of plasticizers.

In this study, the thermal, mechanical, and biodegrada-

tion properties of PHB plasticized by the low molecular

weight PHB (LMWPHB), which is intrinsically more

biodegradable and biocompatible than the mentioned

plasticizers, are shown. The uses of LMWPHB that is

prepared by different methods have been proposed to make

surfactants, graft or block copolymers, additives, compat-

ibilizers, etc. [25–29]. The preparation of LMWPHB takes

advantage of the early degradation of PHB at the high

temperature. It is demonstrated that the addition of the

prepared LMWPHB decreases the crystallinity, crystalli-

zation rate, and melting temperature, but increases the

flexibility and biodegradation rate of PHB.

Experimental

Preparation of LMWPHB

PHB used is biosynthesized from E. coli with crude glu-

cose as the medium (98 % pure obtained from Nan-Tien

company with the weight–average molecular weight

(Mw) & 750,000 g mol-1, polydispersive index (PDI) &
1.82, residual Ca2? (&700 ppm), and Mg2? (&90 ppm),

hermetically stored in a refrigerator below 0 �C and ran-

domly selected from different packages). To prepare

LMWPHB, the PHB is mixed with polyethylene glycol 400

(PEG 400 from Fluka Chem.) with a ratio of 1:2, purged

with nitrogen gas, sealed, and heated at 165 �C for 6 h. The

reacted PHB is subsequently rinsed with deionized water

three times to remove the PEG, filtered, and then dried to

obtain LMWPHB (with Mw = 1,760 g mol-1, PDI =

1.47). The molecular weight distributions of LMWPHB are

measured by the gel permeation chromatography. The

infrared spectrum of LMWPHB is similar to that of PHB,

while the result of the proton NMR spectrum of LMWPHB

indicates that LMWPHB has extra trans-form unsaturated

ends (CH3CH=CHCOO–) in addition to the main

3-hydroxybutyrate units (–COOCH3CHCH2–) [30]. The

prepared LMWPHB is added into PHB with different

weight ratios (LMWPHB: PHB = 1:3 [referred to as PHB-

1/4: the specimen with 1/4 LMWPHB), 1:4 (PHB-1/5), 1:5

(PHB-1/6), 1:6 (PHB-1/7), and 1:7 (PHB-1/8)] using

chloroform at 50 �C. Then, LMWPHB/PHB intact films

with a thickness about 30 lm are obtained by the slow

evaporation of the chloroform solvent at the room temper-

ature. The prepared dry films are then annealed at 80 �C for

an hour and stored in the refrigerator below Tg before

analyses, to avoid further crystallization during the storage.

The tensile properties of the films are measured with an

Instron tester at a stain rate of 1 mm min-1 from the

average of five specimens.

Differential scanning calorimetry (DSC) analyses

A Perkin-Elmer DSC-7 is used to measure the endotherms

and exotherms of different specimens. The DSC curves at

the heating rate of 10 �C min-1 from -40 to 185 �C (first

scan), isotherm at 185 �C for 5 min to erase the thermal

history, subsequently cooled to -40 �C at a cooling rate of

10 �C min-1, and then reheated to 185 �C at a heating rate

of 10 �C min-1 (second scan), under the nitrogen atmo-

sphere (with a nitrogen flow rate of 40 mL min-1) are

measured. Three samples prepared from hermetic alumi-

num (Al) pans are tested and averaged. The DSC curves

obtained are calibrated by the baseline obtained from the

empty Al pans and the indium standard.

TG analyses

Different specimens (casted from the 5 wt% chloroform

solution with a thickness about 30 micrometers) are further

analyzed with a Perkin-Elmer Thermogravimetric Ana-

lyzer Pyris-1. The mass-loss behavior of the specimen is

measured with a dynamic heating mode. The sample is

heated from the room temperature to about 500 �C at a

heating rate of 10 �C min-1 with a nitrogen flow rate of

40 mL min-1. The onset and peak temperatures of deriv-

ative mass-loss curves and the mass-loss percentages are

obtained from TG curves.

Wide-angle X-ray diffraction (WAXD) and polarized

optical microscope analyses

The WAXD patterns of specimens (in powders form)

which are cooled from 185 �C (after 5 min isotherm at

185 �C to erase the thermal history) at a cooling rate of

10 �C min-1–50 �C, and then isothermally crystallized at

50 �C for an hour, are taken using XRD-6000 (Shimadza

Co., Japan, Cu (ka) at 40 kV and 30 mA) from 2� to 40� at

a scanning speed of 1� min-1. The optical images of these

isothermally crystallized specimens are also obtained using

a Nikon’s polarized optical microscope (POM) equipped

with a Mettler FP90 heating stage.
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Biodegradation test

The prepared films containing different amounts of

LMWPHB (3 cm 9 3 cm) are enclosed in meshed plastic

bags with mesh sizes of about 0.5 mm to let the films freely

contact with the humid potting soil (purchased from Gre-

enorchids Com., Taiwan, containing peat moss, perlite, and

coconut fibers) but without the loss of the small fragments

of the films after long time exposure. The bags are buried

vertically in the soil that is placed in a sealed plastic case

with saturated water at 25 �C. The test temperature is

changed to 35 �C after 35 days. The buried films are

periodically removed, thoroughly cleaned with the distilled

water, dried in a vacuum oven, and then weighed.

Results and discussion

Characterization of crystalline LMWPHB

The DSC cooling curve of LMWPHB is shown in Fig. 1.

For comparison, the cooling DSC curve obtained from the

as-received PHB is also shown. As seen, PHB has a crys-

tallization exotherm with an onset temperature at 106.1 �C,

a peak crystallization temperature (Tc) about 95.6 �C, and

an enthalpy of 70.6 J g-1 that corresponds to a crystallinity

of 48.3 % (see Table 1). The cooling characteristics

obtained here and those obtained previously have small

variations because of the random sampling from low

temperature stored PHB, which are all significantly greater

than those from LMWPHB. The LMWPHB exhibits a

lower onset temperature at 72.4 �C, a lower Tc at about

61.9 �C, and a smaller enthalpy of 35.8 J g-1 representing

a lower crystallinity of 24.5 %. These lower values of

LMWPHB are attributed to the much lower molecular

weight of LMWPHB (see the ‘‘Experimental’’ section)

which leads to much greater entropy change during the

crystallization, retards the crystallization rate, and then

results in large differences of the crystallization tempera-

tures and crystallinities obtained. The change in mobility

can be confirmed by the significant decrease of the glass

transition temperature (Tg) of LMWPHB as shown in

Table 1: LMWPHB and PHB have Tg near -10.0 and

-1.0 �C, respectively.

As expected, LMWPHB and PHB have different melt-

ing characteristics. It is observed in Fig. 2 that the endo-

therm of PHB has a doublet with peak melting

temperatures (Tm) near 162.5 (Tm1) and 170.9 �C (Tm2),

and a melting enthalpy (DHm) of 80.0 J g-1 higher than

that of the cooling exotherm due to the secondary crys-

tallization and recrystallization (shown below), while

LMWPHB shows a much broader doublet endotherm with

much lower Tm near 85.5 and 103.8 �C, and a expected

lower DHm of 38.4 J g-1 (Table 1). The melting doublets

obtained are known to be resulting from the melting (1st

melting peak)—recrystallization—remelting (2nd melting

peak) behavior of PHB. However, the relative intensities of

the 1st and 2nd peaks of the two specimens are different

which indicates that PHB has better crystals with the higher
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Fig. 1 DSC cooling curves of a PHB and b LMWPHB

Table 1 DSC curves data of PHB and LMWPHB

Cooling Tg/�C Onset/

�C

Endset/

�C

Tc/�C DHc/J g-1 Xc/%

PHB -1.0 106.1 87.1 95.6 -70.6 48.3

LMWPHB -10.0 72.4 53.4 61.9 -35.8 24.5

2nd Heating Onset/�C Tm1/�C Tm2/�C DHm/J g-1

PHB 155.8 162.5 170.9 80.0

LMWPHB 70.2 85.5 103.8 38.4

Standard deviations of all temperature measurements are smaller than

2 �C

Standard deviations of all DH measurements are smaller than 3 J g-1
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Fig. 2 The 2nd DSC heating curves of a PHB and b LMWPHB
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Tm formed than LMWPHB and then shows a lower extent

of recrystallization (1st [ 2nd peak) than LMWPHB

(1st \ 2nd peak). This is confirmed by POM images

obtained from the two specimens. In Fig. 3, crystals with a

much smaller crystal size and less distinct crystal images

are obtained from LMWPHB while crystals with a much

greater diameter about 700 lm are seen from PHB. As a

result, a much lower Tm but greater degree of the melting—

recrystallization—remelting is obtained in LMWPHB.

The crystal structures of PHB and LMWPHB are ana-

lyzed by the WAXD of a-form crystals obtained after POM

analyses (see Fig. 4). It is obvious that the diffraction

patterns and diffraction angles of the two specimens are

similar (see Table 2). The lattice parameters calculated by

using interplanar distances of planes (020), (110), and

(121) in WAXD are shown in Table 2. As obtained, the

lattice parameters from LMWPHB are indifferent from

those of PHB. The great decreases of the molecular weight

of LMWPHB would not affect the basic crystal lattice.

Properties of LMWPHB modified PHB

The addition of LMWPHB into PHB can change the

crystallization behavior of PHB. It is shown in cooling

exotherms obtained from PHB samples containing different

amounts of LMWPHB that the crystallization exotherms

shift to the low temperature side when LMWPHB is added

(see Fig. 5). As shown in Table 3, Tc of the samples

decreases in the order of PHB [ PHB-1/8 [ PHB-1/7 [
PHB-1/6 [ PHB-1/5 [ PHB-1/4. The result is attributed to

the resulted decreasing concentration of PHB in the sam-

ples by adding more mobile but slowly crystallized

LMWPHB. The decrease of the crystallization rate can also

be confirmed by comparing the differences between the

onset and endset temperatures from cooling exotherms

which follow the order of PHB (18.9 �C) * PHB-1/8

(18.4 �C)\PHB-1/7 (23.3 �C)\PHB-1/6 (27.3 �C)\PHB-

1/5 (29.8 �C)\PHB-1/4 (33.2 �C) indicating that the more

the LMWPHB is added, the more the time is needed to

crystallize.

In addition, the crystallinity of PHB also has changed in

the presence of LMWPHB. It is shown in Table 3 that the

crystallization enthalpy (DHc), i. e., the crystallinity of

PHB decreases with the increasing LMWPHB content and

follows the order of PHB [ PHB-1/8 * PHB-1/7) [
PHB-1/6 * PHB-1/5 [ PHB-1/4. This result is expected

because the added compatible LMWPHB has a smaller

crystallinity than PHB.

The compatibility of LMWPHB and PHB is doubtless

due to the same chemical structure of the main chains. The

result of Tg also confirms the good miscibility of

LMWPHB in PHB because of only one Tg observed in all

samples. It is expected that Tg of LMWPHB/PHB samples

decreases with the increasing content of LMWPHB and

with the order of PHB (5.3 �C) [ PHB-1/8 (-2.6 �C) [
PHB-1/7 (-3.9 �C) [ PHB-1/6 (-4.8 �C) [ PHB-1/5

(-6.3 �C) [ PHB-1/4 (-7.3 �C) (obtained from a fast

heating rate of 50�C min-1 in order to increase the

Fig. 3 POM micrographs of a PHB and b LMWPHB
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Fig. 4 XRD patterns obtained from a PHB and b LMWPHB
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sensitivity of Tg measurements by DSC). The LMWPHB

acts like a plasticizer in PHB which increases the mobility

but decreases the Tg of PHB.

It is interesting to note that the decrease of DHc in

samples does not change linearly with respect to the con-

tent of added LMWPHB. For example, the PHB-1/4 has

DHc about 55.3 J g-1 but it should have DHc near

61.9 J g-1 if the linear combination of DHc from PHB

(DHc = 70.6 J g-1) and LMWPHB (DHc = 35.8 J g-1) is

followed. This is attributed to the facts that the presence of

LMWPHB not only increases the mobility/flexibility of

PHB (plasticizing effect) but also correspondingly

decreases the real concentration of PHB crystals formed

during the cooling process. As the crystallization of PHB is

finished, the crystallization of LMWPHB is also restricted

in the solid solution and which is confirmed by the absence

of the exothermic peak of LMWPHB (with a Tc near

61.9 �C) in Fig. 5 (also see Fig. 1).

The change of crystallization behaviors also affects the

melting endotherms obtained. It is shown in Fig. 6, the

heating endotherms obtained from crystallized samples after

cooled in DSC at a rate of 10 �C min-1, that the melting

temperatures and melting peaks of the samples are all dif-

ferent. Despite the fact that all the samples exhibit two

melting peaks because of the aforementioned melting-

recrystallization-remelting behavior of PHB, the melting

temperatures, Tm1 and Tm2, decrease significantly with the

increasing amount of LMWPHB and in the order of PHB [
PHB-1/8 * PHB-1/7 [ PHB-1/6 * PHB-1/5 [ PHB-1/4

(see Table 4). The difference between Tm1 and Tm2 in the

samples also noticeably increases with the LMWPHB con-

tent. This result confirms that the plasticizing effect of

LMWPHB results in the formation of not well crystallized

PHB with a wider distribution of crystal sizes that melt at the

lower but broader melting temperatures.

The formation of crystals with a low Tm can also be

confirmed by comparing the relative intensities of doublet

peaks in endotherms. As shown in Fig. 6, the 1st melting

peak decreases, while 2nd melting peak increases in

Table 2 XRD patterns of PHB and LMWPHB

2h/degree (020) (110) (021) (101) (111) (121) (040) (002)

PHB 13.34 16.73 19.95 21.43 22.36 25.28 26.96 29.74

LMWPHB 13.35 16.75 19.99 – 22.05 25.27 26.98 29.80

Lattice constants a/Å b/Å c/Å

PHB 5.77 13.27 5.98

LMWPHB 5.76 13.26 6.00
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Fig. 5 DSC cooling curves of a PHB, b PHB-1/8, c PHB-1/7, d PHB-

1/6, e PHB-1/5, and f PHB-1/4

Table 3 DSC cooling curves data of LMWPHB modified PHB

Specimens Tc/�C DHc/J g-1 Xc/%

PHB 95.6 ± 2 -70.6 ± 2* 48.3

PHB-1/8 93.2 ± 2 -65.5 ± 4 44.8

PHB-1/7 88.3 ± 2 -64.3 ± 2 44.0

PHB-1/6 82.1 ± 2 -59.1 ± 1 40.4

PHB-1/5 80.3 ± 1 -58.8 ± 3 40.2

PHB-1/4 76.7 ± 1 -55.3 ± 2 37.8

* ±Standard deviation
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Fig. 6 DSC 2nd heating curves of a PHB, b PHB-1/8, c PHB-1/7,

d PHB-1/6, e PHB-1/5, and f PHB-1/4
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intensities with increasing LMWPHB content in samples.

As the 1st lower Tm1 peak is mostly resulted from the

melting of crystals formed during the cooling crystalliza-

tion and the 2nd higher Tm2 peak is related to the recrys-

tallization—remelting after the 1st melting, the result

indicates that the more the LMWPHB is added in PHB, the

more the less-perfect or smaller crystals melting at a lower

temperature would be formed and which leads to more

crystals formed through the recrystallization process. As a

result, a larger 2nd melting peak is obtained from the

specimen with a greater LMWPHB content.

As expected from DHc, DHm obtained also decreases

with the increasing LMWPHB content and with the

order of PHB [ PHB-1/8 [ PHB-1/7 * PHB-1/6 [PHB-

1/5 * PHB-1/4 (see Table 4). However, it is noticed that

DHm obtained after normalized by the content of PHB are

80.0 J g-1 for PHB, 81.6 J g-1 for PHB-1/8, 80.1 J g-1

for PHB-1/7, 82.2 J g-1 for PHB-1/6, 81.5 J g-1 for PHB-

1/5, and 85.6 J g-1 for PHB-1/4 which show few differ-

ences except that of PHB-1/4. The result is consistent with

those obtained from Tc, Tm, and DHc that LMWPHB has

negligible crystallization in PHB. Nonetheless, some

LMWPHB in the samples may also crystallize through the

2nd crystallization during the heating step if abundant

amounts of LMWPHB are added, e.g., PHB-1/4.

The thermal stability of PHB is adversely affected by

the presence of LMWPHB. The representative TG curves

obtained from PHB, PHB-1/6, and PHB-1/4 are shown in

Fig. 7. The onset degradation temperatures of the samples

follows the order of PHB (228.8 �C) [ PHB-1/6

(218.2 �C) [ PHB-1/4 (210.6 �C) (all with a standard

deviation less than 3.0 �C). It is also obtained that PHB has

a peak degradation temperature (248.6 �C) higher than

PHB-1/6 (240.1 �C) and PHB-1/4 (235.7 �C). As a result,

LMWPHB decreases the thermal stability of the samples

because its small molecular weight causes it to degrade at a

low temperature. The more LMWPHB is added, the worse

is the thermal stability obtained.

The plasticizing effect of LMWPHB on the tensile

properties of various LMWPHB/PHB samples is also tes-

ted. From the representative tensile stress–strain curves

shown in Fig. 8, it is clear that the ultimate tensile strength

(rT) and elongation at break (e) of the samples vary with

the content of LMWPHB. PHB, PHB-1/8, PHB-1/7, and

PHB-1/6 have similar nominal rT as standard deviations

are considered (see Table 5). However, the elongation

Table 4 DSC 2nd heating curves data of LMWPHB modified PHB

Specimens Onset/�C Tm1/�C Tm2/�C DHm/J g-1

PHB 155.2 ± 2* 162.5 ± 3 170.9 ± 1 80.0

PHB-1/8 110.4 ± 2 149.2 ± 2 162.3 ± 1 71.4

PHB-1/7 111.3 ± 3 148.1 ± 1 162.2 ± 1 68.7

PHB-1/6 111.4 ± 2 144.7 ± 4 160.5 ± 3 68.5

PHB-1/5 111.3 ± 3 143.6 ± 4 159.5 ± 2 65.2

PHB-1/4 109.5 ± 4 137.3 ± 1 155.8 ± 1 64.2

Standard deviations of all DHm measurements are smaller than 3 J g-1

* ±Standard deviation
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could be greatly changed by the added LMWPHB. As

observed in Fig. 8 and Table 5, the e of the samples

increases with the increasing LMWPHB content and fol-

lows the order of PHB \ PHB-1/8 \ PHB-1/7 \ PHB-1/6.

The plasticizing effect of LMWPHB on improving the

flexibility of PHB is confirmed, and the best tensile per-

formance is obtained from PHB with 1/6 LMWPHB. The

improvement is significant since the brittle PHB usually

has a much low er e below 3 %. In addition, the actual rT

of PHB-1/6 is much higher than its nominal rT because the

strain-induced crystallization causes appreciable increase

of e, which is confirmed by the characteristic long, flat

stress–strain curve of PHB-1/6.

Nonetheless, an excess amount of LMWPHB added

could degrade tensile properties of PHB. It is shown in

Table 5 that PHB-1/5 and PHB-1/4 have nominal rT near

172 and 119 kg cm-2, respectively, which are significantly

lower than those of other specimens (also see Fig. 8). Not

only rT, but also e of the both samples are obviously lower

than that of PHB-1/6. The observed changes are attributed

to the small strength of LMWPHB which decreases the

strength of PHB notably as the failure is initiated in the

abundant LMWPHB. As a result, the more than enough

LMWPHB is added, and the lower rT or e is obtained.

The presence of LMWPHB would accelerate the bio-

degradation rate of PHB. The mass-losses of representative

samples during the biodegradation test are shown in Fig. 9.

As observed, the biodegradation rates of the samples sig-

nificantly increase with the increasing LMWPHB content.

The unadded PHB lost about 10.5 % mass after 5 weeks in

the humid potting soil at the room temperature, while PHB-1/

6 and PHB-1/4 lost much greater mass of 22.2 and 37.8 %,

respectively, in the same period. It is well known that the

amorphous regions of PHB are much more easily attacked by

microorganisms than the crystalline regions. As obtained

previously, a higher content of LMWPHB in the samples

would result in a lower crystallinity of PHB, subsequently,

also lead to a faster degradation rate. In addition, the lower Tg

and less rigidity of the LMWPHB added PHB can also

facilitate the biodegradation process because of the easier

penetration of water and micro-organisms.

An increase of the testing temperature can drastically

accelerate the biodegradation rate. It is shown in Fig. 9 that

all three samples lose a lot of masses, 21.8 % from PHB,

32.9 % from PHB-1/6, and 36.7 % from PHB-1/4, during

the 7th week in which the testing temperature is changed

from 25 �C to a higher 35 �C. In addition, the samples of

PHB-1/6 and PHB-1/4 were also broken into small pieces

after such a great mass-loss (see Fig. 10). The film of PHB,

with a smaller total mass-loss of 32.3 % (10.5 ? 21.8 %),

Table 5 Tensile properties of LMWPHB modified PHB

Specimens Elongation at break/% Tensile strength/kg cm-2

PHB 3.1 ± 0.3* 248 ± 10

PHB-1/8 4.2 ± 0.2 237 ± 10

PHB-1/7 5.6 ± 0.6 229 ± 15

PHB-1/6 9.8 ± 1.0 248 ± 17

PHB-1/5 6.1 ± 0.3 172 ± 15

PHB-1/4 3.8 ± 0.3 119 ± 17

* ±Standard deviation
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Fig. 9 The mass changes of (a) PHB squares, (b) PHB-1/6 circles,

and (c) PHB-1/4 triangles during the biodegradation test
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Fig. 10 The changes of film

integrity from samples a PHB,

b PHB-1/6, and c PHB-1/4

during the biodegradation test
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basically remained its integrity but with many pores. The

results of biodegradation test indicate that the addition of

LMWPHB can be used to control the biodegradation rate

of PHB, tailor the strength (sample integrity) of PHB

products with respect to the exposure conditions, and then

lead to a lot of industrial applications.

Conclusions

The properties of the LMWPHB and PHB plasticized with

LMWPHB are shown. It is indicated that LMWPHB has a

lower glass transition temperature (Tg), crystallinity, crys-

tallization rate, melting temperature (Tm), and crystal size

than PHB. The addition of LMWPHB can decrease the

tensile strength, Tg, Tm, crystallinity, crystallization rate,

and thermal stability, but increase the flexibility and bio-

degradation rate of PHB. The extent of the changes

increases with the increasing amount of LMWPHB added.

It is concluded that LMWPHB has a great potential in

industrial applications because of its capabilities of

improving the brittleness and controlling the biodegrada-

tion rate of PHB and other similar materials.
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