
Introduction

Poly(3-hydroxybutyrate) (PHB) is a naturally occur-

ring biopolyester having the chemical structure

[–OCH(CH3)CH2(C=O)–]n. PHB was first discovered

in 1925 by Lemoigne [1]. PHB is usually produced by

bacterial fermentation, and its biological function is

similar to that of glycogen in mammalian systems and

starch in plants [2]. PHB was introduced as a commer-

cial product by ICI Pty Ltd for biotechnology biode-

gradable plastic moulded products [3]. PHB has at-

tracted enormous attention in agriculture, pharma-

ceutical and medical industries due to its bio-

compatibility and biodegradability. Since PHB de-

grades in all environments, it has been proposed for the

packaging industry as a biodegradable polymer to

minimise environmental pollution. PHB is a controver-

sial polymer with many interesting characteristics. Its

continuing interest as a commercial biopolymer and its

various thermal and mechanical properties have been

made the subject of many studies [4–7]. PHB is a crys-

talline thermoplastic polymer with a relatively high

melting temperature, Tm=170–180°C, and a glass tran-

sition temperature in the range of 0–5°C. PHB under-

goes thermal degradation at temperatures near the

melting temperature [4, 8]. PHB of natural origin has

perfect stereoregularity, high purity and a high degree

of crystallinity so that it has been considered for study

of isothermal crystallisation kinetics and morphol-

ogy [9]. PHB has low nucleation density and

crystallises slowly to form large spherulites [10].

Differential scanning calorimetry (DSC) is an im-

portant technique that is used to study melting and

crystallisation behaviour and the morphology of poly-

mers. However, the interpretation of a DSC scan is often

ambiguous due to many effects (recrystallisation, reor-

ganisation and annealing) simultaneously occurring

during heating. Temperature modulated differential

scanning calorimetry (TMDSC) techniques, such as

modulated differential scanning calorimetry (MDSC)

and step-scan differential scanning calorimetry (SDSC)

have been recently established as alternative techniques

to produce new and different information on thermal

transition of polymers relative to conventional DSC

[11–15]. TMDSC has been extensively described else-

where [12–19]. TMDSC uses a periodic temperature

modulation over a traditional linear heating or cooling

ramp and is capable of giving accurate heat capacity

measurements and separating underlying kinetic and

thermodynamic phenomena with better resolution and

sensitivity.

In these experiments, there are two main ap-

proaches to analyse the resulting modulated heat flow:

The reversing/non-reversing (NR) total heat flow or

heat capacity approach as described by Read-

ing et al. [12] and the complex heat capacity approach

by Schawe [13]. Despite the methods used, three types
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of curves can normally be derived from the modulated

DSC experiments: total heat flow or heat capacity

curve (total Cp, same as conventional DSC curve),

in-phase curve (reversing or storage) and out-of-phase

curve (kinetic or loss) [20, 21]. In addition, the non-re-

versing heat capacity curve (NRCp) can be obtained by

the difference between the total Cp and reversing heat

capacity ( ).�C
p

This curve is particularly useful for de-

termining irreversible processes such as enthalpy re-

laxation, evaporation, cold crystallisation, chemical re-

actions, curing, decomposition and recrystallisation.

The reversing curve represents the effects that are ther-

modynamically reversible at the time and temperature

at which they are detected, whereas the out-of-phase

curve is expected to show irreversible phenomena

within the modulation conditions.

SDSC technique has recently become available

and developed as a simplified version of TMDSC

[11, 22, 23]. It utilises a heat–isothermal (or cool-

ing–isothermal) program, where the isothermal seg-

ment continues until the heat flow is decreased to

within a predetermined set-value (criteria). The ap-

parent thermodynamic response only occurs during

the heating (or cooling) segment and reflects the re-

versing changes of the polymer. The kinetic response

yields the kinetic processes that are extracted from the

isothermal segment. The equation that describes the

heat flow response is given by

dQ/dt=Cp(dT/dt)+f(t,T) (1)

where, dQ/dt is the heat flow, Cp is the heat capacity,

dT/dt is the heating rate and f(t,T) is the kinetic response.

The interpretation of results is similar to MDSC, and the

reversing (so-called thermodynamic Cp signal, revers-

ible under the experimental conditions) and non-revers-

ing (Isok baseline, kinetic response) contributions can

be directly extracted from data.

Since PHB is slow to reach crystallisation equilib-

rium, its thermal history can be readily controlled by

the crystallisation conditions. PHB is brittle in nature.

De Koning et al. have shown that PHB can undergo

physical ageing during the storage at room temperature

increasing its brittleness [24]. The phenomenon of sec-

ondary crystallisation of initially formed crystals has

been suggested, and researchers have also shown that

PHB can be toughened by annealing [24, 25] and

crack-free spherulites can be grown from the melt by

controlling the crystallisation conditions [26]. In this

paper, the influence of thermal history is explored us-

ing isothermal crystallisation conditions. The melting

of PHB is studied using step-scan DSC conditions. A

morphological study of PHB is carried out using wide

angle X-ray diffraction (WAXRD) and hot stage polar-

ised optical microscopy (HSPOM) with isothermal

crystallisation condition analogous to the DSC

crystallisation treatments.

Experimental

Sample preparation

Bacterial PHB was obtained from Sigma Aldrich Chem-

icals, Australia as a white powder (Mw=2.3�10
5

g mol
–1

and Mn=8.7�10
4

g mol
–1

[27]). PHB (1 g) was dissolved

in 100 mL of chloroform and filtered by vacuum filtra-

tion to remove any insoluble fraction or impurities.

Semi-crystalline films were obtained by solvent casting

at room temperature. The resulting films (~60 �m thick)

were further dried in vacuum at 50°C for 3 h to remove

residual solvent and moisture. Films were stored in a

desiccator under nitrogen atmosphere prior to use.

Differential scanning calorimetry and step-scan DSC

Thermal treatments and measurements were per-

formed using a Perkin-Elmer Pyris 1 DSC (Pyris soft-

ware 3.81) operated at subambient temperature mode

with an Intracooler 2P. With the Pyris 1 DSC, iso-

scan, heat-cool and step-scan modes are available.

About 2–3 mg of PHB film was sealed in a 10 �L alu-

minium pan, and all scans were carried out under ni-

trogen (20 mL min
–1

). High purity indium and octa-

decane were used for temperature calibration and

indium was used for calibration of heat flow. Furnace

and specific heat calibration was performed accord-

ing to the manufacturer instructions.

PHB was melted at 190°C for 5 min to destroy any

previous thermal history, then in order to avoid

crystallisation or under cooling, the samples were

cooled to 5°C above each isothermal crystallisation tem-

perature from 190°C at a nominal rate of 200°C min
–1

and then cooled to selected temperatures at 20°C min
–1

.

PHB was treated isothermal crystallisation condition at

selected temperatures (105, 110, 115 and 120°C) for

60 min. The SDSC heating scans of the treated samples

were then obtained from the crystallisation temperature

to 190°C at an average rate of 2°C min
–1

with a period of

60 s (temperature increment of 2°C with each 30 s iso-

thermal and scanning segments). From the SDSC melt-

ing scans, melting temperature (Tm) and enthalpy of fu-

sion (�Hm) were determined. The data for isothermal

segments were collected within the 0.005 mW s
–1

crite-

ria. Specific heat calculation for heat flow response was

carried out using the area under each segment of the

curve. For each scan, a baseline was recorded with

matched empty aluminium pans using the same method.

All SDSC curves were corrected using the appropriate

baselines recorded under identical conditions and con-

verted to specific heat capacity curves. The crystallinity

was calculated using the equation,

XcPHB = �HPHB/�H
PHB

0
(2)
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where �H
PHB

0
is the enthalpy of melting of pure crys-

tals 146 J g
–1

[28] and �HPHB the measured enthalpy

of melting for PHB.

Wide angle X-ray diffraction

Wide-angle X-ray diffraction measurements were

carried out on a Bruker AXS X-ray generator (D8 Ad-

vance model) using CuK
�

radiation (wavelength

0.1542 nm) operated at 20 kV and 5 mA. The scatter-

ing angle (2�) covered the range from 10 to 38° (� is

Bragg angle) at a step of 0.02° and sampling interval

of 10 s. Films of PHB were isothermally crystallised

for 60 min at similar temperatures (105, 110, 115

and 120°C) as used for DSC treatments on the X-ray

instrument hot stage platform. These samples were

melted at 190°C for 5 min after heating from room

temperature at 40°C min
–1

and then cool to selected

temperature at 200°C min
–1

.

Optical microscopy

The crystal morphologies of PHB were observed using

a Nikon Labophot 2 polarising optical microscope with

a Mettler FP90 hot stage and images were captured us-

ing Nikon digital camera. Each PHB film was mounted

on a glass slide under a cover slip. The specimens were

first heated on a hot-stage from room temperature

to 190°C at a rate of 20°C min
–1

and maintained at this

temperature for 3 min before cooling. The morphologi-

cal studies of polymers were carried out using isother-

mal crystallisation at selected temperature for 60 min

after cooling at 20°C min
–1

rate from 190°C under ni-

trogen atmosphere. PHB was isothermally crystallised

at 105, 110, 115 and 120°C to observe morphological

behaviour of PHB comparable to DSC crystallisation.

Results and discussion

Isothermal crystallisation kinetics from DSC analysis

Figure 1 shows the isothermal crystallisation exotherms

of PHB at different crystallisation temperatures. The

crystallisation process was completed in less than

30 min. As crystallisation temperature was increased the

crystallisation peak of the exotherm moved to longer

times and became broader. The relative crystallinity, Xt,

after time t, was calculated from the equation,

X H t t H t t
t

0

t

d d d d d d�

	 	




( / ) / ( / )

0

(3)

where the first integral is the heat generated after time t

and the second integral is the total heat of crystallisation

for t = 
. Figure 2a shows Xt vs. time for PHB at each

isothermal temperature. The rate of crystallisation was

obtained from the slope of each curve [29]. The linear

region was between 20 to 60% relative crystallinity,

proved that the rate of crystallisation was constant. The

rate of crystallisation (Vc) was calculated from linear re-
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Fig. 1 Heat flow vs. time during isothermal crystallisation of

PHB at various crystallisation temperatures

Fig. 2 a – Reduced crystallinity (Xt) vs. time of PHB at different

crystallisation temperatures; b – plot of log[–ln(1–Xt)]

vs. logt for isothermal crystallisation at the indicated

temperatures



gion of the curve [30]. The activation energy of the

overall process can be calculated from the Vc using the

equation,

Vc=Aexp(–E/RT) (4)

where A, E, R and T are the pre-exponential factor, ac-

tivation energy (J mol
–1

), universal gas constant

(8.314 J mol
–1

K
–1

) and crystallisation temperature (K),

respectively. E was calculated from the slope of lnVc

vs. 1/T curve and the values are listed in Table 1. The

value of 87 kJ mol
–1

is closer to that of PHB isother-

mally crystallised at lower temperature [31].

The crystallisation half time (t1/2 – time required

to reach Xt=0.5) of PHB calculated from

crystallisation exotherms, are listed in Table 1. As

shown in Fig. 1 the t1/2 values increased with increas-

ing crystallisation temperature.

The isothermal crystallisation kinetics of PHB

was analysed using the Avrami equation [32, 33].

1–Xt = exp(–kt
n
) (5)

Equation (5) can be written as,

log[–ln(1–Xt)] = logk+nlogt (6)

where Xt, k, n and t are mass fraction crystallinity, rate

constant, Avrami exponent and time of crystallisation,

respectively. Both k and n depend on the mechanism of

the nucleation as well as the growth geometry. Avrami

plots of PHB at different crystallisation temperatures

are shown in Fig. 2b. Experimental data fit well with

the Avrami equation at different Tc. Avrami expo-

nent (n) and overall crystallisation rate constant (k)

were calculated from Avrami curves and listed in Ta-

ble 2. Furthermore the crystallisation half time (t1/2)

was obtained from following equation and data in-

cluded in Table 2.

t1/2 = (ln2/k)
1/n

(7)

In addition, the calculated values of the half-time

(t1/2) (Table 2) are in agreement with values obtained di-

rectly from heat flow curves (Table 1). The rate of

crystallisation (g) calculated from the reciprocal of

crystallisation half time, listed in Table 2, was decreased

with increasing temperature. The rate of crystallisation g

increased with supercooling, if the phase transition in

crystallisation is nucleation controlled [34]. This was

observed and agreed well with this argument.

g = (t1/2)
–1

(8)

The rate constant k, which is dependent on both

the nucleation mechanism and the growth rate, de-

creased with increasing Tc. The n is about 2 for all se-

lected temperatures and both nucleation behaviour and

geometry of crystal growth of PHB are not affected by

Tc. According to our results the Avrami exponent, n=2

for pure PHB within this temperature interval, corre-

sponds to two-dimensional (2D) spherulite growth and

heterogeneous nucleation. The nucleation growth of

PHB and effect of nucleation agent had been studied

by Barham [35].

Melting behaviour using step-scan DSC

Figure 3 shows apparent thermodynamic heat capacity

(Cp,ATD) and isoK baseline heat capacity (Cp,IsoK) spe-

cific heat capacity curves derived from SDSC iso-scan

heating curves of PHB, with 2°C min
–1

average heating

rate after isothermal crystallisation at 105, 110, 115 and

120°C (PHB-105, PHB-110, PHB-115 and PHB-120,

respectively) for 60 min. The corresponding thermal

data: melting temperatures, enthalpies and crystallinity

are listed in Table 3. The irreversible event of re-

crystallisation exothermic peaks are present in the Cp,IsoK

curves. Multiple melting peaks were obtained in all

Cp,ATD curves except PHB-105. PHB showed a melting

peak at 171.8°C, while the Cp,IsoK shows a broad exo-

thermic peak before melting (at about 167°C, indicated

by an arrow) and unresolved double melting endother-

mic peaks at 173.3 and 177.7°C. The Cp,ATD curves of

PHB-110, PHB-115 and PHB-120 showed one melting

peak with a shoulder on the upper temperature side of

the peak, where as Cp,IsoK showed an exothermic peak

before melting, followed by melting peak, except

PHB-110. As the crystallisation temperature increased,

the lower melting peak of Cp,IsoK shifted to higher tem-

peratures. In particular, the height of the higher melting

peak decreased with increasing crystallisation tempera-

ture and disappeared above 115°C. Above 115°C, all of

the melting peaks of Cp,IsoK curves merged into a single

peak and shifted to higher temperature. Similar behav-

iour was reported for poly(ethylene 2,6-naphthalate)

[36] and poly(ethylene 2,6-naphthalenedicarboxylate)
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Table 1 The crystallisation rate (Vc) and activation energy (E)

values of the overall process of crystallisation of PHB

Polymer Tc/K Vc/min
–1

t1/2/min E/kJ mol
–1

PHB 378 0.33 1.65

383 0.30 2.31

388 0.15 4.55

293 0.12 6.78 87.3

Table 2 The values of n, k, t1/2 and g of PHB

Tc/°C n k t1/2/min g/min
–1

105 2.12 0.2376 1.657 0.6035

110 2.25 0.1060 2.304 0.4340

115 2.23 0.0236 4.552 0.2197

120 2.32 0.0082 6.775 0.1476



[37] using conventional DSC. The large and low melt-

ing peak of Cp,IsoK corresponded to the melting of initial

crystals formed during isothermal crystallisation and the

higher endotherm attributed to the melting of crystals

generated by melt recrystallisation during SDSC melt-

ing scan.

The exothermic peak of the Cp,IsoK curve in Fig. 3

suggested that PHB provided significant recrystalli-

sation and/or annealing throughout the SDSC heating

period. Due to the overlap of the recrystallisation

exotherm and the melting endotherm, the recrystalli-

sation exotherm is not observed in a conventional

DSC scans after isothermal crystallisation of

poly(ethylene 2,6-naphthalate) [36]. The reversing

contribution was considerably decreased with in-

creasing crystallisation temperature due to slow

growth rate of crystals at higher temperatures.

Cp,ATD curves showed unresolved melting peaks,

whereas Cp,IsoK signals provided exothermic peaks in

the melting region suggesting the presence of a melt-

ing-recrystallisation-remelting (mrr) process. An en-

dothermic peak was also observed in the Cp,IsoK

curves. As the crystallisation temperature increased,

Tm was shifted towards higher temperatures (Table 3)

suggesting that crystals grown slowly provide crys-

tals with increased thermal stability compared with

the crystals formed faster at lower temperatures. The

recrystallisation process of PHB–PVAc, PET and

PEEK were reported during conventional DSC heat-

ing after isothermal crystallisation [31, 38, 39].

Double or multiple behaviours are common for

PHB and its copolymers depending on the crystalli-

sation conditions [40]. Multiple melting behaviour of

a polymer is generally proposed to link either to the

process of mrr or to melting of crystals with different

lamellar thickness and/or different crystal morphol-

ogy [41]. It has been observed that the mrr behaviour

operated for melt isothermally crystallised PHB. The

results suggested that the amount of recrystallisation

during heating was less for slowly formed crystals at

higher crystallisation temperatures. Isothermally

crystallised PHB at higher temperature are shown by

relatively well-organised lamellae, which undergo

less rearrangement.

Wide angle X-ray diffraction

Figure 4 shows WAXRD curves of the PHB after iso-

thermally crystallised at 105, 110, 115 and 120°C

for 60 min. The spherulites crystallised at 105°C

show crystalline reflections of the (020), (100), (110)

and (002) planes (2� is 13, 16, 17 and 30°, respec-

tively), which are major reflections of the �-form

crystal. Considering WAXRD results and HSPOM re-

sults, it is supported that PHB crystallised at all tem-

peratures have �-form crystals. 2�=17° correspond-

ing to the (110) diffraction of PHB type lattice [42].

WAXRD curves provided similar peaks but with dif-
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Fig. 3 SDSC melting curves of PHB after isothermal

crystallisation at various temperatures (an adapted scale

is drawn by adding 5 units to each curve)

Table 3 Thermal data for isothermally crystallised PHB after SDCS melting

Polymer Tm (Cp,ATD)/°C �Hm (Cp,ATD)/J g
–1

Tm (Cp,IsoK)/°C �Hm (Cp,IsoK)/J g
–1

Xc*

PHB-105
171.8 71.7 173.3

177.7

21.7 0.49

PHB-110
169.6

173.2

67.9 174.1

178.4

19.9 0.47

PHB-115
170.7

174.2

66.9 174.1 19.6 0.46

PHB-120
171.7

175.0

52.3 174.4 20.8 0.36

*Xc was calculated from �Hm (Cp,ATD)



ferent intensities and peak widths confirm that the in-

fluence of crystal growth rate and size of the crystals

with selected crystallisation temperatures.

Morphological studies

The crystal morphology of PHB was observed by

polarised optical microscopy after isothermal crystalli-

sation at 105, 110, 115 and 120°C for 60 min. As illus-

trated in Fig. 5, crystal morphologies were obtained

under similar crystallisation condition. All images

showed the characteristic larger spherulites that con-

tain a Maltese cross-birefringent pattern and concentric

extinction bands [43]. A sharp fibril structure growing

radially with a large radius was seen for isothermally

crystallised PHB at 105°C (Fig. 5a). Figures 5b, c

and d show the polarised optical microscopy images of

PHB isothermally formed at 110, 115 and 120°C af-

ter 20°C min
–1

cooling from the melt. These treatments

were performed analogous to the DSC and WAXRD

crystallisation treatments of this polymer (curves 105

to 120°C of Fig. 1 and curves 105 to 120°C of Fig. 4,

respectively). Slow crystallisation at a higher tempera-

ture with low nucleation density permitted large crys-

tals to grow, whereas faster crystallisation resulted in

smaller crystal size induced by increased nucleation

density within selected temperatures. Thus, the PHB

crystallised at higher temperatures have larger spheru-

lites than at lower temperatures. These findings are

consistent with the large individual spherulites of PHB

previously observed [4, 43]. Separation and regularity

of bands varied with crystallisation methods and con-

ditions [44]. Isothermal and slow-cooled samples pro-

vided a large average spherulite radius indicating a low

nucleation density [45]. It is these large spherulites that

are responsible for the brittleness of PHB [46]. These

results provided clear evidence of crystal growth de-

pendence of PHB on isothermal crystallisation at se-

lected temperatures.

Conclusions

The overall isothermal crystallisation kinetics and

melting behaviour of PHB, were studied by SDSC.

The Avrami analysis indicates that the increases of

crystallisation temperature of PHB decrease the

crystallisation rate of the PHB phase, but does not af-

fect PHB nucleation mechanism and geometry of

crystal growth. Multiple melting endotherms were

obtained in both Cp,ATD and Cp,IsoK and exotherms

were observed in Cp,IsoK caused by recrystallisation

during the SDSC heating. The lower melting peak

was due to melting of primary crystals formed during

the isothermal crystallisation process and the second

melting peak was attributed to recrystallisation during

SDCS heating. The SDSC method separated thermo-

dynamic and kinetic contributions without Fourier

transformation, by step-wise measurement of specific

heat. Different morphologies obtained by HSPOM

confirmed the effect of crystallisation rate and nucle-

ation density of the PHB crystallised at selected

temperatures by isothermal crystallisation condition.
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Fig. 4 Wide angle X-ray diffraction of PHB after isothermal

crystallisation at various temperatures (an adapted scale

is drawn by adding 3000 units to each curve)

Fig. 5 Polarised optical micrographs of PHB after isothermal

crystallisation at a – 105, b – 110, c – 115 and

d – 120°C (×100)
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