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Abstract

The water vapour and carbon dioxide transport properties have been measured of bacterial (isotactic) poly(3-hydroxybutyrate) (iPHB) and

its blends with synthetic (atactic) PHB (aPHB) and poly(epichlorohydrin) (PECH) have been measured. The purpose of this work is to study

the transport properties of iPHB blends with a miscible second polymer, intended as a polymeric toughener that does not impair the original

iPHB biodegradability. Thus, only iPHB rich blends containing up to 40% of aPHB or PECH were considered. The effect of aPHB on the

blends is to increase the sorption and permeability with respect to pure iPHB due to the reduction in the level of crystallinity, while PECH

tends to decrease the water and carbon dioxide solubilities of the blend. The blends have essentially the same permeability to CO2, although

the water transmission rates are lower for the iPHB/PECH system. q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(hydroxyalkanoates), PHA, comprise a family of

biopolymers that has attracted much attention recently,

due to their full biodegradability, biocompatibility and

natural origin. Several applications have been proposed

for these polymers in the ®elds of medicine, agriculture,

and packaging [1±3].

The most studied and easily produced member of this

family is poly(3-hydroxybutyrate), iPHB, an isotactic,

high molecular weight polymer with a melting point around

1728C, and a glass transition close to 08C. Produced in the

form of intracellular granules by several microorganisms,

iPHB serves as a carbon and energy storage material.

However, some drawbacks have prevented its introduction

in the market as a valid alternative to the currently wide-

spread non-degradable oil-based thermoplastics. Some of

these drawbacks are its fragility, thermal degradability at

temperatures not far above the melting point, and its high

price [4].

Among the various strategies developed over the years to

improve the properties of iPHB, we shall mention two of

them, namely copolymerization and blending. Several kinds

of PHA copolymers have been described in the literature

incorporating structural units such as 3-hydroxyvalerate,

4-hydroxybutyrate, or 3-hydroxyhexanoate [5]. These materi-

als are intended to show an increased toughness by incorpor-

ating ¯exible units in the polymeric chain, as well as to

improve the processability via the reduction of the melting

temperature, so minimising the risk of thermal degradation.

The other main alternative to achieve these goals is blend-

ing with other polymers, both biodegradable and nonbiode-

gradable. Although many immiscible iPHB based blends

have been described in the literature[6], it seems that little

or no improvement in the physical properties is achieved in

these cases, due to the incompatibility between iPHB and

the second component. Some polymers that form immisci-

ble blends with iPHB are ethylene±propylene rubber, ethy-

lene±vinyl acetate copolymers, polystyrene, poly(methyl

methacrylate), and polycaprolactone.

On the other hand, there is a wealth of literature[6]

concerning iPHB miscible blends with polymers such as

poly(vinyl acetate), poly(epichlorohydrin)[7], poly(vinyli-

dene ¯uoride), poly(ethylene oxide), poly(vinyl alcohol),

poly(vinyl phenol) [8,9], cellulose esters, and also synthetic

atactic PHB[10]. The incorporation of a second polymer

capable of forming miscible blends with iPHB improves,
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with more or less success, the physical properties of pure

iPHB, as well as leads to a reduction in the price of the ®nal

product given the incorporation of a certain percentage of a

cheaper component.

However, some of these blends show undesirable side

effects. Thus, blending with hydrophilic polymers such as

poly(ethylene oxide) or poly(vinyl alcohol), leads to a loss

of water resistance with respect to pure iPHB, which is for

most applications a desirable property to be retained. In

other cases, the biodegradability of the blended system is

almost completely lost due to restrictions in the enzymatic

access to the iPHB chains [6].

As has been recently pointed out [7], it seems that a

prerequisite for the onset of iPHB biodegradation in its

miscible blends is that the iPHB chains retain its

segmental mobility in the amorphous phase. This condi-

tion is achieved when the glass transition (Tg) of the

blend remains below the temperature at which the

biodegradability is desired, usually room temperature.

Thus, the use of low Tg polymers to form miscible

blends with iPHB seems particularly desirable. Under

this point of view, two polymers among those

mentioned above, atactic PHB (aPHB) and poly(epi-

chlorohydrin) (PECH), appear to be promising candi-

dates for blending with bacterial iPHB in order to

form useful blends.

The main feature of the iPHB/aPHB system is its 100%

biodegradability, in spite of the fact that aPHB does not

biodegrade at all when exposed alone to the enzymatic

attack [10,11]. It has been stated that the presence of a

crystalline phase is a general requirement for the enzymatic

hydrolysis of aPHB, a requisite that can be ful®lled by

blending with iPHB, among other poly(hydroxyalkanoates)

[10,11]. The incorporation of PECH as a second component

leads to bioerodible rather than biodegradable blends, where

iPHB is the only biodegraded polymer. However, this

system still retains a high interest from the applications

point of view, particularly if it is considered that, in fact,

it is currently the only candidate to form miscible blends

with iPHB retaining its characteristics of biodegradability

and water resistance, as well as having a large-scale avail-

ability and leading to a price reduction with respect to pure

iPHB. Furthermore, PECH is considered to show a low

permeability to gases and vapours [12,13], which constitutes

an additional motivation to choose this elastomer for iPHB

modi®cation in the context of the characterisation of its

transport properties.

In previous work we have studied the water and carbon

dioxide transport in iPHB and poly(3-hydroxybutyrate-co-

3-hydroxyvalerate) [P(HB-HV)] copolymers [14±16].

Thus, the aim of the present work is to extend this study

to the modi®cation of the iPHB transport properties upon

the incorporation of aPHB and PECH as miscible low Tg

tougheners. Accordingly, this paper will focus on iPHB

rich blends, containing up to 40% of aPHB or PECH as

second components.

2. Experimental

2.1. Materials

Bacterial iPHB and PECH were obtained from Aldrich.

The average molecular weights were Mn � 262 000 and

Mw � 437 000 for iPHB, and Mn � 170 000 and Mw �
976 000 for PECH. Atactic iPHB was synthesised by ring

opening polymerisation of dl-û-butyrolactone in toluene

solution at 408C, using a modi®cation of the Et2Zn/H2O

initiator described in the literature [17]. The catalyst

Et2Zn/H2O/pyridine (1:0.3:0.12 mol) was used. After 10

days of reaction, the ®nal yield of the isolated dry polymer

was 84%. The resulting average molecular weights for

aPHB were Mn � 122 000 and Mw � 233 000 (referred to

polystyrene calibration standards). The isotactic dyad frac-

tion of the produced polymer was 0.45, as determined by

analysis of the 13C NMR spectrum.

2.2. Blend preparation

The semicrystalline iPHB, in powder form, and the

rubbery component were premixed in the desired composi-

tions (0, 10, 25, 40 and 75% Ð only in the iPHB/aPHB case

Ð by weight of the latter) by dissolution in chloroform.

After the solvent evaporation, the obtained blend ®lms

were stored for two weeks under vacuum for complete

removal of the residual traces of solvent. Then, the ®lms

were cut into small pieces, and weighted amounts were

compression moulded in a Graseby Specac hot press at

1958C for 2 min under a pressure of 2 ton/m2, after of one

minute heating without load. After this process, the mould

was transferred to the water-cooling unit attached to the

press to allow crystallisation of the isotactic material.

Films of 3-cm diameter and constant thickness of approxi-

mately 45 and 70 mm were obtained after this procedure.

The blend's ®lms were aged under vacuum at room

temperature for several months to allow complete crystal-

lisation before the sorption experiments were performed.

Additionally, a ®lm of pure PECH was prepared by solvent

casting techniques from a chloroform solution, being also

stored under vacuum to eliminate the residual solvent.

2.3. Methods

Thermal analysis was performed in a Perkin±Elmer

DSC-2C apparatus. Film samples of about 10 mg were

®rst heated from 240 to 2008C at 208/min, and melting

areas and temperatures were determined. From a second

scan performed under the same conditions, the glass transi-

tion temperatures were measured. The densities of the ®lms

were measured at 238C by means of a density gradient

column based on aqueous solutions of sodium bromide.

The thickness of the samples was determined with a Duo-

Check gauge with an accuracy of 1 mm.

Carbon dioxide sorption experiments were performed in a

Cahn D-200 electrobalance enclosed in a thermostated
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cabinet at 308C [15]. After the polymer samples prepared as

stated above were placed in the balance sorption chamber

and evacuated overnight, gas at the selected pressure (0.25,

0.5, 0.75 and 1 atm) was admitted in the balance, and the

weight change of the sample was recorded. The sorption

kinetics obtained in this manner was corrected by subtract-

ing a blank run, obtained under the same conditions of

pressure and temperature in each case, but without sample

in the balance pan. Corrections for buoyancy effects were

also applied.

Water sorption was measured in similar conditions, using

a stainless steel container ®lled with distilled water as the

vapour source. Integral sorption experiments were

performed in fresh membranes at ®ve different water activ-

ities (0.25, 0.5, 0.7, 0.8 and 0.9 approximately), which were

selected by changing the set temperature of the water

container, as has been described previously [14]. Blank

runs were also performed and subtracted from the sorption

kinetics. Water permeability was measured at the same

temperature by means of a gravimetric permeation cell

whose details can be found elsewhere [14,18]. In the

upstream side of the membrane water vapour was kept at

unity activity for all the experiments, while the activity in

the downstream side was 0.35.

3. Results

3.1. Blend characterisation

The glass transition temperatures (Tg), melting points

(Tm) and mass crystallinity degrees (X) obtained from the

DSC measurements, together with the densities of the

samples, are displayed in Table 1.

Synthetic atactic aPHB and PECH have been shown to

form miscible blends with bacterial, semicrystalline iPHB

[21,22]. This is con®rmed in our samples by the presence of

a single Tg between those of the pure polymers, suggesting

the existence of a single homogeneous amorphous phase.

Another proof of miscibility in blends containing a crystal-

lisable polymer is the depression of the melting temperature

upon the incorporation of an amorphous second polymer.

Indeed, this is the trend observed for the iPHB/PECH blends

in Table 1. However, in the case of iPHB/aPHB, a slight

elevation in the melting point was observed for the blends

containing 10 and 25% aPHB, then decreasing for the 40

and 75% compositions. Although this behaviour is rather

unusual, the occurrence of melting point elevations in misci-

ble polymer blends has already been documented [23,24].

Several hypotheses have been proposed to account for this

behaviour, dealing with crystal perfection changes upon

blending, crystallite size increase and also crystal perfec-

tioning during the thermal analysis itself. However, there

are not many experimental data in the literature on melting

point elevations, and the true reasons for this behaviour

remain unclear.

The Nishi±Wang treatment provides a relationship

between the experimental melting point depression and

the degree of interaction between the polymers in the

blend, via the interaction parameter [25]:

1

Tm

2
1

T0
m

� 2
RV2

DH2V1

xB2
1 �1�

where Tm and T0
m are the melting temperatures of the crystal-

lisable polymer in the blend and in the pure state respec-

tively, DH2 is the melting enthalpy of the 100% pure

crystalline material per mole of repeating unit, V1 and V2

the molar volumes of the repeating units of the amorphous

and crystalline polymers, B1 is the volume fraction of the

uncrystallisable component, and x is the polymer±polymer

interaction parameter. Thus, a miscible blend should give a

linear behaviour in a 1/Tm versus B2
1 plot, from which slope

the interaction parameter can be determined. This analysis

has been applied to the iPHB/PECH blends, using the
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Table 1

Characterisation of pure polymers and blends

Polymer Tg (8C) Tm (8C) X (%)a XiPHB (%)a Density (g/cm3)

iPHB 0.6 171.7 62 62 1.237

iPHB/aPHB

90/10 1.2 172.4 57 63 1.232

75/25 2.2 172.5 48 64 1.227

60/40 3.0 171.3 39 65 1.218

25/75 4.4 168.5 18 73 1.194

0/100 5.3 ± 0 0 1.178

iPHB/PECH

90/10 21.5 171.2 57 64 1.252

75/25 24.7 169.6 50 62 1.268

60/40 27.7 167.4 39 65 1.283

0/100 223.3 ± 0 ± 1.360 [20]

a Calculated assuming a melting enthalpy value of 132 J/g for the 100%

crystalline PHB [19].

Fig. 1. Reciprocal melting temperature versus square of the amorphous

content in iPHB/PECH blends. The solid line represents the best ®t of

the Nishi±Wang expression (Eq. (1)).



following values: V1 � 68:03 cm3
=mol [26], V2 �

73:14 cm3
=mol [27] and DH2 � 132 J=g [15,19]. Since our

interest here was to assess the state of miscibility of the

actual blend samples that will be used in the transport prop-

erty measurements, Eq. (1) will be applied to the Tm values

obtained from the ®rst DSC scan rather than those from the

second one. Fig. 1 shows the result of this calculation,

giving a value of 20.19 for the interaction parameter. The

corresponding interaction energy density (B) takes a value

of 22.5 cal/cm3, being consistent with different values

reported in the literature. For instance, Finelli et al. [7]

reported a B-value of 23.0 cal/cm3. Dubini Paglia et al.

[21] have also studied the same mixture but they have deter-

mined equilibrium melting temperatures using Hoffman±

Weeks plots. Using their data contained in Table 4 of its

paper an average B value of 23.7 cal/cm3 can be inferred,

although their data seem to be concentration dependent.

These results are all consistent with values reported for a

series of PECH blends with several aliphatic polyesters [26].

The authors there reported an experimental trend of B as a

function of the ratio between aliphatic carbons to ester

groups (N). In particular, our value and that of Finelli et

al. [7] are close to the value reported [26] for PECH/poly-

(ethylene adipate) blends. Poly(ethylene adipate) has iden-

tical N to that of iPHB. Accordingly, it can be stated that a

good miscibility level is achieved between iPHB and PECH

after the above blend ®lm preparation procedure.

The crystallinities of the blends investigated are

summarised in Table 1. The thermograms of pure aPHB

and PECH showed no trace of melting peaks, and their

100% amorphous nature was thus con®rmed. Interestingly,

the level of crystallinity referred to the isotactic iPHB

component (XiPHB) is maintained over the composition

range studied, a behaviour that has already been observed

[28]. It demonstrates that, in spite of the reduction in the

crystallisation kinetics produced upon the addition of the

amorphous component, crystallinity develops unimpeded

if enough time is allowed for crystallisation. Fig. 2 shows

the relationship between the crystallinity and the measured

density for the iPHB/aPHB blends. Analytically, this rela-

tionship is given by [29]:

X�%� � dc

d

�d 2 da�
�dc 2 da� 100 �2�

where d stands for the experimental blend density, while da

and dc are the densities of the amorphous and crystalline

phases, respectively, with the assumption that the density

of the amorphous iPHB is the same than that of aPHB. This

expression can be used to estimate the values of da and dc,

by applying a curve ®tting procedure to the experimental

data. This gives the values da � 1:178 g=cm3 and

dc � 1:279 g=100 cm3, which are consistent with previously

published values (1.179 and 1.279 g/100 cm3) [29]. This

value of the crystalline density is slightly different to the

more frequently cited value [27] of 1.260 g/cm3, which was

theoretically calculated from unit cell parameters extracted

from X-ray diffraction data. As a criterion, the densities

obtained by ®tting Eq. (2) to our experimental data will be

used thorough this work.

3.2. Carbon dioxide sorption measurements

The equilibrium sorption isotherms for CO2 at 308C are

plotted in Fig. 3a and b for iPHB blends with aPHB and

PECH, respectively. The isotherms show a linear behaviour

in the pressure range studied, and accordingly may be inter-

preted in terms of Henry's law, which states the proportion-

ality between the pressure exerted by the penetrant and the

gas concentration obtained in the polymer:

C � KHP �3�
where C (cm3 STP/cm3) is the gas concentration sorbed in

the polymer, KH (cm3 STP/cm3 cm Hg) is the CO2 solubility

coef®cient in the polymer and p (cm Hg) is the CO2 applied

pressure. The solubility coef®cients, obtained in this manner

from the slopes of the concentration against pressure curves,

appear in Table 2.

As can be seen in Fig. 3a, the CO2 sorption increases with

the amount of aPHB added to bacterial iPHB. This was an

expected behaviour since the effect of aPHB is to decrease

the overall crystallinity of the blend in such a manner that

more amorphous polymer is available to the CO2 molecules

for sorption, assuming zero gas solubility in the crystalline

phase. However, the behaviour of the iPHB/PECH system is

less straightforward, given that the blend isotherms appear

to overlap with that of iPHB. It is worth noting that, in this

case, the situation is complicated due to the superposition of

the effects of the blend composition and the crystallinity

degree. On the one hand, there is a reduction in the overall

degree of crystallinity caused by the dilution effect exerted

by the PECH, as was shown in Table 1. However, the PECH

present in the amorphous phase has the effect of reducing

its carbon dioxide solubility, up to a point that the effect of

the crystallinity reduction is compensated by the change in
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Fig. 2. Crystallinity-density relationships for iPHB/aPHB blends. The solid

line represents the best ®t of Eq. (2).



solubility due to the blend composition. In fact, if solubili-

ties are recalculated on the basis of the amorphous content

of the blends, the iPHB/aPHB isotherms tend to superpose

while those of the iPHB/PECH blends spread intermediate

to those of the pure components, as is shown in Fig. 4, a

behaviour that was masked in Fig. 3b by the effect of

crystallinity.

From the Flory±Huggins solution theory for ternary

systems in equilibrium, the solubility coef®cient in a

polymer blend has been shown to be related to the pure

components by [12]:

ln KH � B1 ln KH1 1 B2 ln KH2 1 �BV3=RT�B1B2 �4�
where KH is the Henry's law solubility constant in the misci-

ble blend, KH1 and KH2 are the corresponding constants for

the pure polymers, B1, B2 are the volume fractions of the

two polymers in the dry blend and V3 is the molar volume of

CO2 in the condensed state, which has been estimated [30]

to be 55 cm3/mol. Thus, B, the interaction energy density for

the polymer pair can be calculated from the sorption

measurements. For this purpose, the solubility coef®cient

has been referred to the amorphous polymer assuming

zero sorption in the crystalline phase. Accordingly, the

volume fractions B1 and B2 have been calculated on an

amorphous basis, assuming that the PECH chains are

rejected into the amorphous phase during the iPHB spher-

ulite growth period, so that the polymeric system may be

considered as a mixture of pure iPHB crystals and a homo-

geneous miscible blend of uncrystallized iPHB and PECH

molecules [21,22].

The results of such calculations are shown in Fig. 5,

where the solid line is the best ®t of Eq. (4) (with KH
am and

BPECH
am instead of KH and B2). This ®t gives a value for the

interaction energy density of 20.60 cal/cm3 at 308C. The

result is certainly different to those reported in papers

concerning melting point depression. However, different
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Fig. 4. Carbon dioxide sorption isotherms in iPHB/PECH blends at 308C,

referred to the amorphous polymer.

Fig. 3. Carbon dioxide sorption isotherms at 308C: (a) iPHB/aPHB blends;

and (b) iPHB/PECH blends. The weight percent of the second component is

indicated in the plots.

Table 2

Sorption and diffusion coef®cients for carbon dioxide in iPHB blends

% aPHB or % PECH iPHB/aPHB Blends iPHB/PECH Blends

KH (cm3STP/cm3 cm Hg) D (1029 cm2/s) KH (cm3 STP/cm3 cm Hg) D (1029 cm2/s)

0 0.0106 4.43 0.0106 4.43

10 0.0114 4.67 0.0101 5.30

25 0.0127 5.80 0.0100 7.25

40 0.0146 6.58 0.0107 8.52

75 0.0198 24.9 ± ±



reasons can be argued in order to explain such a kind of

discrepancy. As Sanchez [31] pointed out some years ago, if

the interaction parameter or B is concentration dependent, it

is possible to de®ne different B parameters depending on the

type of experimental measurements used. The reason is that

every one of these techniques extracts B-values from differ-

ent chemical potentials of the blend components or from the

chemical potential of the probe used to investigate the

mixture, as is the case of carbon dioxide in our sorption

measurements. As we have previously mentioned, Dubini

Paglia et al. [21] data seem to con®rm a concentration

dependence of the B parameter. On the other hand, strong

temperature dependence of the B parameter [32] can be

possible, depending on the location of the upper and lower

critical solution temperatures of the blend. So, the discre-

pancy between this value and the obtained from the melting

point depression treatment at temperatures around 1708C
was not totally unexpected.

Gases at low pressures, or, in a more general sense, pene-

trants at low activities when swelling stresses are negligible

and relaxation is accordingly immeasurable, usually diffuse

into polymer materials according to the well-known Fick's

laws (also called Case I diffusion) [33], with constant diffu-

sion coef®cients. Thus, from the transient part of the sorp-

tion rate curves, prior to equilibrium sorption was reached,

CO2 diffusion coef®cients in iPHB and its blends were

calculated using the long-term solution of Fick's diffusion

equation [34]. Some representative results are shown in Fig.

6 as a function of the applied pressure.

Although the data show some scatter, it seems reasonable

to accept that diffusivity is essentially concentration inde-

pendent in the investigated pressure range [15]. The diffu-

sion coef®cients obtained as the average of the individual

values such as those appearing in Fig. 6 are displayed in

Table 2. The linearity of the sorption isotherms, together

with the constancy of the diffusion coef®cients, constitutes

the usual behaviour in rubbery polymers at moderate pres-

sures, when plasticization of the polymer by the penetrant

may well be considered negligible. As can be seen in Table

2, the apparent CO2 solubility in the iPHB/aPHB blends is

clearly higher than in iPHB blends with PECH. By the

contrary, the behaviour of the diffusion coef®cients is the

opposite, being higher for the iPHB/PECH system. This is

consistent with the lower Tg and the related higher mobility

of the amorphous phase in the iPHB/PECH blends, leading

to a facilitated transport of the CO2 molecules through the

polymeric media. Given that both the solubility and diffu-

sion coef®cients are essentially constant, as has already been

shown, the permeability (P) can be calculated from the

product of these coef®cients after [33,34]:

P � 1010KHD �5�
being P expressed in barrers (1 Barrer� 10210 cm3 cm/

cm2 s cm Hg). The result is plotted in Fig. 7. Interestingly,

the trends made evident by the solubility and diffusion coef-

®cients tend to compensate in such a manner that both

systems, iPHB/aPHB and iPHB/PECH, show virtually the

same permeability to carbon dioxide at each composition.

O. Miguel et al. / Polymer 42 (2001) 953±962958

Fig. 5. Best ®tting of the Flory±Huggins equation for ternary systems after

Eq. (4).

Fig. 6. Some representative carbon dioxide diffusion coef®cients in iPHB

and two blends at 308C: X, iPHB; W, iPHB/25% aPHB; A, iPHB/40%

PECH.

Fig. 7. Carbon dioxide permeability through iPHB/aPHB and iPHB/PECH

blends at 308C.



3.3. Water vapour sorption and permeation measurements

Water sorption in iPHB-based blends was investigated at

308C in 75 mm ®lms. The water sorption process is charac-

terised by the existence of a small peak in the water take-up

versus time plots. Under the experimental conditions

applied in this work, the difference between the peak

water sorption and the equilibrium sorption is always in

the 2±4% range, with no pattern in the dependence of this

percentage on the water activity or the blend composition.

To illustrate this behaviour, a complete set of water sorption

kinetics corresponding to the iPHB/40%aPHB blend is

shown in Fig. 8 for reference, illustrating the shape of the

sorption curves and the time scale involved. It is interesting

to note that, as sorption experiments previously performed

have shown [14], the weight loss after the maximum can be

as high as a 30% at 408C and high activities for iPHB

solvent cast samples, up to three days being necessary to

reach equilibrium. However, the equilibrium sorption levels

were consistent with those recorded in this work for melt

pressed iPHB samples.

The resulting equilibrium sorption isotherms are dis-

played in Fig. 9. As can be seen in this ®gure, the addition

of aPHB leads to a general increment in the sorption levels

that can be attributed to the decrease in the overall crystal-

linity. On the contrary, the water solubility decreases with

the amount of PECH in the blend, in spite of the reduction in

the crystallinity. These trends are consistent with the

previously reported dependence of the CO2 sorption

isotherms on the blend composition.

In spite of the shape of the sorption kinetics, application

of the Fick's long-term diffusion equation to the initial tran-

sient part of the curves gave straight lines, indicating that the

entrance of the water molecules into the initially penetrant

free polymer proceeds according to the Fickian (or Case I)

model, as reported previously [14]. The diffusion coef®-

cients calculated in this way are displayed in Fig. 10. The

dependence of diffusivity on the equilibrium concentration

is essentially linear (except for the blends containing 25 and

40% PECH), so that a diffusion coef®cient corresponding to

a zero concentration of penetrant can be easily extrapolated.

In general terms, the diffusion coef®cient for the iPHB/

aPHB blends tend to be slightly higher than those for the

iPHB/PECH system, as opposed to the observed behaviour

for carbon dioxide.

The upward curvature of the sorption isotherms, together

with the decrease of the diffusion coef®cients with activity is

usually interpreted as an indication of the existence of the

clustering phenomenon [34,35]. It means that there is a

tendency for the sorbed water molecules to associate or

form clusters due to the pre-eminence of water±water

over water±polymer interactions. The classical analysis of

Zimm and Lundberg [36] provides a means for quantifying

the extent of clustering from the sorption data. Thus, by

applying the following equation:

Gww

Vw

� 2�1 2 Bw� 2�aw=Bw�
2aw

� �
P;T

21 �6�

the clustering function (Gww/Vw) can be evaluated. Here Vw

is the water molecular volume; Bw, the water volume
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Fig. 8. Water sorption kinetics in an iPHB/40% aPHB blend ®lm at 308C.

Fig. 9. Water sorption isotherms at 308C: (a) iPHB/aPHB blends; and

(b) iPHB/PECH blends.



fraction referred to the amorphous polymer; and aw is the

water vapour activity. In this manner, the average number of

water molecules, which exist in a cluster, or the cluster size,

can be easily estimated as the quantity (1 1 BwGw/Vw).

Application of this treatment to our experimental data indi-

cates a low, but signi®cant tendency to cluster formation for

all blends at water activities of 0.5 and above (see Fig. 11).

Cluster formation is favoured in iPHB/aPHB blends with

respect to pure iPHB, while the effect of PECH is to reduce

the average cluster size.

Water vapour transmission rates (WVTR) were experi-

mentally measured for iPHB and its blends at 308C by

triplicate to ensure reproducibility. The results obtained are

plotted in Fig. 12 as a function of the blend composition. As

was expected, atactic iPHB has the effect of increasing the

permeability; PECH also increases the WVTR of the blends

with respect to iPHB, although this increment remains essen-

tially constant with the blend composition in the range inves-

tigated. Again, this behaviour may be interpreted as a result

of the compromise between the reduction in the degree of

crystallinity and the lowering in the permeability of the

amorphous phase exerted by the poly(epichlorohydrin).

3.4. iPHB/aPHB blends: in¯uence of crystallinity

In semicrystalline polymers, the crystalline regions are

generally considered impenetrable to penetrants, with few

exceptions [37]. This has led to the general observation that

semicrystalline polymers tend to exhibit better barrier prop-

erties than amorphous polymers. In the most widely

accepted view of the diffusion process in semicrystalline

polymers, the diffusivity is considered to be reduced with

respect to the completely amorphous polymer by a

ªgeometric impedance factorº (t ), related to the more tortu-

ous path that the penetrant molecules must follow in order to

bypass the impermeable crystals, and a ªchain immobilisa-

tion factorº (b ), accounting for the crosslinking effect of the

crystallites of the amorphous chains that restricts their mobi-

lity [38]. From this model, the effective diffusivity can be

expressed as:

D � Dam

tb
�7�

where Dam stands for the diffusivity in the amorphous poly-

mer. However, a good deal of experimental data can be
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Fig. 10. Water diffusion coef®cients at 308C: (a) iPHB/aPHB blends; and

(b) iPHB/PECH blends.

Fig. 11. Average water cluster sizes in iPHB and some of its blends at 308C.

Fig. 12. Water vapour transmission rates through iPHB blends at 308C.



adequately described [39] by approximating the product

(tb )21 by the amorphous phase volume fraction, so that

the later equation gives

D � DamBam �8�
where Bam is the volume fraction of amorphous phase,

which is given in Ref. [12]:

Bam � 1 2 �d=dc�X �9�
This expression was successfully applied in the past to inter-

pret the water diffusion coef®cients in PET, polya-

mide(6,10) and polyethylene [40]. In Fig. 13 the water

diffusion coef®cients for the iPHB/aPHB blends are plotted

as a function of the volume fraction of amorphous polymer

at different activities. From this ®gure, it is clear that the

water diffusion coef®cients increase linearly with the amor-

phous content of the polymer, indicating that Eq. (8) is able

to describe the water/iPHB system, at least in the crystal-

linity range here investigated. Accordingly, from the slopes

of the lines shown in Fig. 13, the amorphous diffusion coef-

®cient can be obtained for each value of the water activity.

These are summarised in Table 3. Since they have not been

determined experimentally, it cannot be assured that these

values actually correspond to the true diffusion coef®cients

in the 100% amorphous polymer. However, this treatment

shows that the water diffusivity in iPHB can be predicted

after a combination of Eq. (8) and Table 3 for a range of

intermediate crystallinities.

This analysis can also be extended to carbon dioxide

diffusion. In this case, data for a range of iPHB/(0±

75%)aPHB blends covering a crystallinity interval of 18±

68% are available, as well as a previously reported [15] CO2

diffusion coef®cient of 1:1 £ 1029 cm2
=s in a iPHB sample

of 77% crystallinity. All these values are plotted against the

volume fraction of amorphous polymer in Fig. 14 (closed

symbols). As can be observed, the diffusion coef®cients

corresponding to the samples of intermediate crystallinities

fall in a straight line passing through the origin, as in the

case of water diffusivities. However, the diffusion data for

the two samples with the lowest and highest crystallinities

deviate from this trend, thus indicating the limitations of this

simplistic model. This situation is made even more evident

if the amorphous diffusion coef®cients, calculated individu-

ally for each data point as Dam � D=Bam; are plotted in a

similar fashion (see Fig. 14, open symbols).

Summing up, the above analysis has shown the usefulness
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Fig. 13. Water diffusion coef®cients in iPHB/aPHB blends as a function of

the volume fraction of amorphous polymer in the sample at 308C.

Table 3

Amorphous diffusion coef®cients for water vapour in iPHB/aPHB blends

Water activity Dam (1028 cm2/s)

0.000 5.97a

0.246 5.54

0.504 4.72

0.720 4.08

0.825 3.56

0.930 3.08

a Calculated using extrapolated values.

Fig. 14. CO2 diffusion coef®cients in iPHB/aPHB blends at 308C. Closed

symbols: experimental results; open symbols: calculated amorphous diffu-

sion coef®cients (see text for details).

Table 4

Comparative of transport and mechanical properties [10] for iPHB and iPHB/25%aPHB

Polymer CO2 Permeability

(barrers)

WVTR

(g mm/m2 day)

Young's modulus

[10] (Mpa)

Tensile strength

[10] (MPa)

Elongation

at break 10 (%)

iPHB 0.47 1.82 1560 38 5

iPHB/APHB 75/25 0.74 2.57 260 20 210



of the model represented by Eq. (8) for the description of the

diffusion features of water and carbon dioxide in iPHB, a

pair of penetrants of quite different nature, making also

evident its limited predicting ability outside the intermedi-

ate range of crystallinities.

4. Summary and conclusions

The solubility, diffusivity and permeability of carbon

dioxide and water vapour are reported for iPHB blends

containing up to 40% synthetic atactic aPHB or poly(epi-

chlorohydrin). iPHB/aPHB blends showed a higher solubi-

lity of water and CO2 than iPHB/PECH, having also higher

water vapour transmission rates in general terms. Interest-

ingly, CO2 solubility and water permeability was essentially

the same for the three iPHB/PECH blends investigated,

which may be interpreted as a consequence of the combined

effect of crystallinity and blend composition. Another

remarkable observation was that carbon dioxide permeabil-

ity is the same for both blends at each composition, in spite

of the opposing trends shown by the respective solubility

and diffusion coef®cients.

Finally, it is worth comparing the effect of blending on

the iPHB transport properties, with the change in its

mechanical properties, as reported in the literature [10].

As can be seen in Table 4, the incorporation of a 25%

aPHB has the effect of increasing the ¯exibility and elonga-

tion to break of pure bacterial iPHB by a factor of 6 and 40,

respectively, while the CO2 and water permeability are only

about 1.5 times higher. These observations indicate that,

blending iPHB with rubbery polymers such as aPHB and

PECH, can be good way to obtain new materials with

improved mechanical properties with a somewhat limited

loss of its originally good barrier character.
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