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Renewable biodegradable ﬁlms of poly(3-hydroxybutyrate) (PHB) were produced via thermocompression and casting method (specimens 1 and 2). On specimens 1, gas permeability
coeﬃcients with CO2, O2, N2, and C2H4 gases were measured at 277 K, 288 K and 296 K. The
physicochemical characteristics of PHB based on calorimetric, mechanical, and thermal
examination were performed for both specimens. SEM and probe ESR technique showed the
dramatic diﬀerences in their surface morphology and segmental motilities in polymer bulk. In the
selected temperature range, the gas permeability ranking (Pi) for the thermo-compressed ﬁlms is
as follows: P(CO2) > P(O2) > P(N2) ≈ P(C2H4). The gas diﬀusion coeﬃcients were considered
to be dependent on the gas critical volume, in accordance with the semi-logarithmic function,
consistent with a free volume model. The activation energies of permeability, diﬀusivity and spin
probe rotation, as well as the apparent heat of sorption equilibrium, forecast the values of PHB
barrier characteristics in the range of foodstuﬀs stored temperatures.

1. Introduction
Currently, petrochemical polymers engage an essential segment in the area of barrier materials, especially as packaging materials
[1]. Owing to the availability of resources, a low market cost, appropriate mechanical behaviour, and gas selectivity, they have been
widely used as special materials in biomedicine, membrane separation, and packaging industry [2–4]. In spite of those advantages,
petrochemical polymers used as packages, coating ﬁlms, and containers cause a few intrinsic challenges. Among the latter, there are
two principal tasks: (i) their industrial manufacturing is based upon non-renewable fossil resources, which have been progressively
depleting, and (ii) after the lifetime and successive land ﬁlling, they are accumulated as non biodegradable wastes. These and other
inconveniences bring about the search for eco-friendly packaging formulations, based on biodegradable polymers [5–8].
Biopolyesters, such as poly(α-hydroxyacides), namely polylactides (PLA), and poly(β-hydroxyacides), namely polyhydroxybutyrate
(PHB) as the main homolog of the family, oﬀer attractive alternatives as long as their characteristics can be tailored to packaging
application.
Both families of the biopolyesters have been comprehensively explored along the years as thermoplastic and biodegradable
systems with relevant mechanic characteristics and biocompatibility. The principal claims of PHB are that it is obtained from
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renewable resources and can be enzymatically degraded in many ecosystems, such as soil, sewage sludge and sea water [9]. Because
of high crystallinity and low gas permeability as well as owing to biocompatibility, PHB was intensively explored as promising barrier
packaging material in biomedicine and food industry [10–14].
Along with the positive features of PHB, there are some inconveniences related to its fragility, low ductility and relatively high
cost. Optimization of mechanical characteristics is related with the control of crystallinity degree, which depends upon the thermomechanical history and the way of polymer processing (casting, molding, rolling, etc.). Besides the mechanical behaviour, for PHB as
barrier material there is another important aspect related to gas transport characteristics, which determine direct its application in
diﬀerent packaging sectors, especially in food packaging area.
To date, a limited number of publications have been developed to assess the issue of transport in PHB and its copolymers, and
most of those describe water diﬀusion in biopolymers [15–17]. This situation is quite clear because, being PHB biodegradable, it is
structurally sensitive to water molecules on chemical (bond cleavage) and morphological (physical age) levels. Conversely,
experimental data on PHB permeability and diﬀusion of organic vapours and especially transport of gases are extremely poor. The
exception is a few recent papers and comprehensive series of communications where the gas barrier characteristics of PHB are
represented as auxiliary information for development of PLA-PHB blend packaging [18–24]. A somewhat large numbers of works on
gas transport are devoted to the study of PLA, a polyester with structure and kinetic behaviour similar to PHB [22,23,25–27].
However, the use of the permeability PLA results for predicting the gas barrier features in PHB would not be quite correct, since in
spite of the similarity of their molecular structures, there are real diﬀerences in the glass transition temperatures, crystallinity degree,
and molecular stereo-regularity.
Thus, the study discussed in this paper was aimed at performing an in-depth analysis of the transport characteristics of PHB and
foremost its permeability to several atmospheric gases. The presented results assess the PHB application as potential material for food
packaging or biomedicine ﬁeld. Besides, kinetic investigations will be accompanied by structural and physical chemical
characteristics, combined with probe Electron Spin Resonance (ESR) spectroscopy technique to estimate segmental dynamic of
PHB molecules [28].
2. Material and methods
2.1. Materials
The PHB was kindly presented by Biomer Co (Krailing, Germany), as lot 16F. The initial polymer was in the form of white powder
with particle size of 5–7 μm, MW = 2.06 · 105 Da. Samples of PHB were prepared following the two procedures discussed below. In
particular, PHB ﬁlms (specimens 1) were prepared by thermo-compression molding using a manual hydraulic press with heated
platens, manual thermostat control and maximum pressure of 25 MPa. First, the press was pre-heated at 150 °C and then the PHB
powder was placed in a stainless steel frame with top and bottom covers (50 × 50 × 1.0 mm). Films were obtained at 12 MPa of
pressure during 3 min at 172 °C. To prevent the molded ﬁlm adhesion to the metal surface and promote sample detaching, the
polyimide ﬁlm (Kapton DuPont) was used.
Specimen 2 was dissolved in chloroform (5% wt/v) under stirring at 70 °C. Then it was cast from chloroform solution (5 wt.%
PHB) on glass plate under slow evaporation (for 24 h) at room temperature. The obtained ﬁlms were dried in vacuum to constant
weight and then stored at least 2 weeks at room temperature.
The stable nitroxide radical, 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO), was absorbed from the gas phase in the special glass
set. The concentration of the TEMPO in PHB was 3.7 · 1017 spin cm−3 (PHB).
For greater rank of detail, Fig. 1 was reported to show the chemical formula of both the PHB and TEMPO.
2.2. Polymer preparations
Samples of PHB were prepared following the two procedures presented below. In particular, PHB ﬁlms (specimens 1) were
prepared by thermo-compression molding using a manual hydraulic press with heated platens, manual thermostat control and
maximum pressure of 25 MPa. First, the press was pre-heated at 150 °C and then the PHB powder was placed in a stainless steel frame

Fig. 1. Chemical formula of both PHB (a) and 2,2,6,6-tetramethyl-1-piperidinyloxyl (b) (TEMPO).
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with top and bottom covers (50 × 50 × 1.0 mm). Films were obtained at 12 MPa of pressure during 3 min at 172 °C. To prevent the
molded ﬁlm adhesion to the metal surface and promote sample detaching, the polyimide ﬁlm (Kapton DuPont) was used.
Specimen 2 was dissolved in chloroform (5% wt/v) under stirring at 70 °C. Then it was cast from chloroform solution (5 wt.%
PHB) on glass plate under slow evaporation (for 24 h) at room temperature. The obtained ﬁlms were dried in vacuum to constant
weight and then stored at least 2 weeks at room temperature.
2.3. Thickness determination
The ﬁlm thickness was determined using the Sample Thickness Tester MarCator 1086 (Mahr GmbH Esslingen), consisting of a
digital indicator connected to a PC. The reading was made twice per second (the tool automatically performs at least three readings),
measuring a minimum, a maximum and an average value with a resolution of 0.001 μm. The reported results represent the mean
value thickness of three experimental tests run at 10 diﬀerent points on the ﬁlm surface, at room temperature.
2.4. Scanning electron microscopy
The morphological features of the two PHB specimens, obtained from the melt or by solution casting, were revealed by scanning
electron microscopy (SEM). The electron micrographs were obtained on a JSM-5300LV electron microscope (JEOL). Film samples
were contrasted by deposition of gold in a plasma discharge in a GSC-1100E system.
2.5. Colour characterization
The colour of ﬁlm samples was measured using a HunterLab ColorFlex EZ 45/0° colour spectrophotometer, with D65 illuminant,
10° observer (according to ASTM E308). Measurements were made using CIE Lab scale. The instrument was calibrated with a black
and white tile before the measurements. Results were expressed as L∗ (lightness), a∗ (red/green) and b∗ (yellow/blue) parameters.
The total colour diﬀerence (ΔE) was calculated as:

ΔE =

[(ΔL∗)2 + (Δa∗)2 + (Δb∗)2 ]

where ΔL∗, Δa∗ and Δb∗ are the diﬀerentials between a sample colour parameter and the colour parameter of a standard white plate
used as the ﬁlm background. In particular:
L∗ = 92.62 ± 0.01, a∗ = 1.33 ± 0.02 , and b∗ = 1.35 ± 0.07.
In addition, the chromaticity is labeled as C∗ and is calculated as [(a∗)2 + (b∗)2 ] , and the hue angle hab is calculated as
tan−1(a∗ / b∗), according to Galus and Lenart [29] and Syahidad et al. [30]. Measurements were carried out in triplicate at random
positions over the ﬁlm surface and average values were calculated.
2.6. Diﬀerential scanning calorimetry (DSC) measurements
Thermophysical data (the enthalpies and the temperatures of thermoinduced transitions) were determined by DSC method with
the Pyris DSC-6 calorimeter (Perkin-Elmer, USA) equipped with a liquid sub ambient accessory and calibrated with high purity
standards, such as Indium and Tin. Polymer ﬁlms were cut into small pieces of 2 mm2 (5–10 mg) and then placed in a 50 μL sealed
aluminum crucibles. In order to avoid ﬁlm contamination, the special care was taken during specimen handling, namely working
with gloves and manipulating with tweezers. After isothermal storing for 3 min at −20 °C, the weighed samples were heated with a
scanning rate of 10 °C min−1 from −20 to 180 °C (ﬁrst scan) and then, after a further isotherm of 3 min at 180 °C, were quenched to
−20 °C at a rate of 100 °C min−1. Finally, after an isotherm conditioning at this temperature for 5 min, samples were reheated from
−20 °C to the same temperature as the ﬁrst scan, at a heating rate of 10 °C min−1 (second scan). All experiments were performed
under nitrogen ﬂow (20 cm3 min−1). The melting temperature (Tm) and the crystallization temperature (Tc) were determined as the
peak values on the DSC curves. The melting enthalpy (ΔHm) of the crystal phase was calculated based on the area of the DSC
endothermic peak as well as the crystallization enthalpy (ΔHc). Tm and Tc values are well reproducible as result of the second scan,
while those relating to the ﬁrst scan are aﬀected by thermal and mechanical history to which the samples were subjected. Tg and Δcp
data were obtained from the second scan. Calorimetric analysis was performed on ﬁlms samples triply.
The degree of crystallinity (xC) was determined by using Eq. (1) as reported below

xC = 100 ×

ΔHm−ΔHC
ΔHmc

(1)

where ΔHm is the enthalpy of fusion and ΔHc is the enthalpy of crystallization, ΔHm is the heat of melting of purely crystalline PHB
considering this value as 146 J g−1 [31].
c

2.7. Mechanical characterization
Tensile testing of the copolymers was performed using a Zwick Roell Texture machine, equipped with a rubber grip and controlled
by a computer. A pre-load of 1 MPa was used with a pre-load speed of 5 mm/min. A 500 N load cell was used. Stress-strain tests
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measurements were performed on rectangular ﬁlms, of 5 mm wide and 50 mm high, with an initial grip-to-grip separation of 23 mm.
The tensile stress-strain measurements were performed with a crosshead speed of 50 mm/min. Six diﬀerent samples from the same
ﬁlm were tested for each copolymer composition and the results were provided as the average value ± standard deviation. All tests
were carried out in accordance with ASTM D638 for ﬁlm thickness below 100 µm.
2.8. ESR characterization
The quartz tubes with inner diameter 0.3 cm were ﬁlled by solid PHB ﬁlms loaded with TEMPO from gas-phase at 40 °C and then
ﬂame sealed by the gas-jet. ESR spectra were recorded with Radiopan SE/X-2544 spectrometer (X-band) operating under the highfrequency modulation (100 kHz), on line with an IBM ICP-made system for data processing. The spectrometer was equipped with a
home-made gas (N2) ﬂow thermostat. The spectra was received at selected temperatures within the range 296–358 K of the
microwave power in resonator < 7 mW in order to avoid the saturation eﬀect. The maximal modulation amplitude did not exceed
0.5 G that is essentially less than the minimum width of any resonance curves. The ESR spectra of TEMPO treated as averaged probe
rotation ones give possibility to estimate rotational correlation times (τc) in various polymer specimens using the relationship
[32,33]:

τc = ΔH+ × [ (I+ / I−) −1] × 6.65 × 10−10

(2)

In Eq. (2), τc is espresse as [s/rad]; and ΔH+ is the line width of the low-ﬁeld component for X-band ESR spectra (in G) and I+/I- is
the amplitude ratio of the low-ﬁeld and high-ﬁeld respectively. The error of τc measurement is ± 5%.
Beyond the range of fast rotation (5 · 10−11 < τc < 10−9), the modeling of experimental ESR spectra was performed in the
framework of the isotropic Brownian rotation approach proposed in with corresponding principal tensor and STS constants:
gxx = 2.0096, gyy = 2.0066, gzz = 2.0025, Axx = 7.0 G, Ayy = 5.0 G, Azz = 35.0 G [33,34].
2.9. Barrier properties evaluation
Permeability was measured by a manometric method using the Permeance Testing Device, type GDP-C (Brugger Feinmechanik
GmbH, Germany), according to ASTM 1434-82 (Standard test Method for Determining Gas Permeability Characteristics of Plastic
Film and Sheeting), DIN 53 536 in compliance with ISO/DIS 15 105-1 and following Gas Permeability Testing Manual
(Registergericht München HRB 77,020, Brugger Feinmechanik GmbH, Germany). For permeability measuring, the ﬁlm sample
was placed between two vertically-mounted chambers. The upper upstream chamber was ﬁlled with the pure gas used in the test
(CO2, O2, N2 and C2H4), at pressure 1 atm. A pressure transducer, set in the downstream chamber, recorded the increase of gas
pressure as a function of time. From the pressure-time plot, the software automatically monitors the gas ﬂux, which has been
converted in permeability meanings. The gas transmission rate (GTR) was expressed in cm3 m−2 day−1 bar−1. Besides the
permeability data, the time lag (tL), which is required for the determination of diﬀusion coeﬃcient (D) and solubility (S) of the
tested gases were measured according to the mathematical relations reported in literature [35,36].
The sample temperature was set by an external thermostat, HAAKE-Circulator DC10-K15 type. Fluctuation of temperature values
during the test was controlled by special hardware and software for an automatic temperature compensation that minimizes GTR
deviations. All measurements were carried out at 23 °C (room temperature), 4 °C (simulating condition of fresh cut vegetable food
storage temperature) and 15 °C (abusing temperature) [37,38].
The operative conditions were as follows: gas stream of 100 cm3 min−1; 0% RH in any penetrating gas; sample area of 0.785 cm2.
All permeability measurements were performed triply at least and the mean value was submitted.
3. Results and discussion
3.1. PHB characterization by scanning electron microscopy
Scanning electron microscopy (SEM) is one of the principal techniques for polymer characterization owing to its ability to provide
morphology of barrier ﬁlm surfaces at submicron resolution. The resolution of SEM can reveal the ﬁne details of PHB morphology
coherently related to both transport and mechanical properties of the packaging material. To gain insight into the morphology of PHB
ﬁlms prepared by two diﬀerent methods, SEM technique was used to obtain micrographs of the biopolymer surfaces. The structure of
PHB ﬁlms is built up of two kinds of clearly represented globules, as reported in Fig. 2a and b, respectively. The surface polymer
pattern of the cast ﬁlms consists of adjoining and slightly deformed globules. Their diameters vary from several micrometers to
∼20 μm. Because of the incoherent arrangement of micro-particles forming the PHB matrix, the amount of pores results as relatively
high though their lengths are limited: such is attributed to all pores being one-side open systems. All particles are characterized by the
ﬁne surface structure as conglomerates of tiny elements, which could be clearly distinguishable. The diameters of these elements
correspond to the submicron range and are close to the diameters of natural PHB globules formed within the bacterial producers
[39,40].
The opposite situation was observed for PHB ﬁlms molded near the melting temperature. As a result of applying this method, the
surfaces of PHB ﬁlms acquired a uniform pattern with single or coalescing spherical particles. The boundary between the continuous
phase and globules is clearly seen, however, all spherical particles are tightly incorporated into the basic polymer matrix. In some
152
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Fig. 2. Surface SEM micrographs of PHB ﬁlms prepared from solution via slow evaporation of chloroform (a) and molding at 172 °C (b).

cases, the coalescence of the globules is absent and morphological elements are not in contact with each other, as can be seen from
Fig. 2b. All of these structures are characterized by a spherical geometry of particles, which can create additional resistance to the gas
permeation. In contrast to cast ﬁlms, the eﬀect of porosity is absent and the gas permeability should be predominantly controlled by
diﬀusivity and thermodynamic solubility of penetrant.
3.2. Colorimetric properties of PHB ﬁlms
Sensory aspects are essential to ensure that emerging technologies of PHB as packaging material become successful. The colour as
an intrinsic characteristic of packaging material is one of the most important parameters to be carefully controlled. During food
packaging, ﬁlms should be as close to colourless state as possible, because calorimetric aspect inﬂuences on consumer acceptability
immediately. PHB ﬁlms are clear but they have diﬀerent transparency. In order to evaluate the diﬀerence in colorimetric behaviour,
lightness (L∗), colour values (a∗ and b∗), chromaticity (C∗) and hue angle (hab) of the two PHB samples were determined. The obtained
results were reported in the Table 1.
Specimen 2 shows an L∗ value more related to white colour in respect to specimen 1, due to its higher crystallinity (lower ΔE
value). From a∗ and b∗ values could be noted that the ﬁlms showed a slight yellowish tendency (hab values over 90°) and a low C∗
value, meaning that with a low colour saturation the ﬁlms display a light yellow hue.
While the specimen 1 is almost clear (a∗ near zero) and not totally transparent (high L∗ value), with a higher tendency to
yellowness (higher b∗ value), the specimen 2 shows increase in L∗ (decreasing of translucency) approaching to a white colour, clear
(a∗ near zero) and with a lower tendency to yellowness (lower b∗ value). High lightness was observed for the specimen 2. The
diﬀerence in the total colour, ΔE, indicates that specimen 2 has a tendency to the whitening, approaching ΔE value to zero.
Chromaticity is the important quality of the colour, as it determines both saturation and intensity of the colour itself. In this regard, it
was found that the colour saturation is very low for both ﬁlms but higher for the ﬁlm with a higher transparency where the chromatic
part is more consistent than the achromatic ones. A decrease in chromaticity is related to a decrement of translucency. The hue angle
is the main property that describes a dimension of the colour for the ﬁlm samples. It is coherently associated with a∗ and b∗ values
which are the physical characteristics used to indicate the visual colour.
From the data recorded, it should be concluded that the operative procedure via melting or casting gives rise to a diﬀerent ﬁlms
appearance, with subsequent diﬀerent crystallinity percentage, which is the main physical parameter inﬂuencing the colour
behaviour. Arrieta [23] reported the calorimetric parameters for a commercial PHB used to prepare ternary PHA-PHB-limonene
blends. Neat PHB sample showed an amber colour with slight transparency. The small but positive value in a∗ (1.49 ± 0.87) showed
a slight trend to red while positive value of b∗ (22.48 ± 3.34) indicated a higher trend to yellow.
3.3. Thermal characterization of PHB specimens
High-temperature fragments of DSC curves for specimens 1 and 2 were depicted in Fig. 3a and b respectively. Two consecutive
scans were carried out to determine the endothermic features, namely the melting temperature (Tm), and the crystallinity degree (xc),
for each of the analyzed ﬁlms. The ﬁrst scan gives information on thermal history of the specimens, while the second scan could
delete the previous morphological feature as the consequence of thermal history and shows the polymer ability to re-crystallize after
the ﬁrst scan condition. The corresponding characteristics were shown in Table 2.
Table 1
L*, a*, b*, total colour diﬀerence (ΔE), C* and hab for 1 and 2 PHB specimen.
Film

L*

a*

b*

ΔE

C*

hab

Specimen 1
Specimen 2

89.61 ± 0.21
93.97 ± 0.04

−1.68 ± 0.02
−0.89 ± 0.02

4.46 ± 0.24
3.02 ± 0.03

4.34
2.20

4.77
3.15

110.64
106.42
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Fig. 3. (a) and (b) DSC curves for two PHB specimens 1(a) and 2(b). The two scans are presented.

For specimen 2 the DSC thermogram of the ﬁrst scan shows two endothermic peaks, which are most probably related to the fusion
of more perfect crystals (176 °C) and less perfect crystals (158 °C) respectively, according to Righettia and Di Lorenzo [41]. During
the ﬁrst scan, the high-temperature peak appears as a result of primary crystallization, while the low temperature peak reﬂects the
secondary PHB crystallization [42–44]. This crystalline population developed probably during crystallization from the polymer
solution, at ambient temperature. The specimen 1, prepared via thermo-pressing, resulted as characterized by a single melting peak,
showing a more homogeneous structure of the crystalline phase. This morphology is very stable and so, after ﬁrst scan, the polymer
crystallinity and the melting point position do not change. Both DSC curves, the ﬁrst and the second scan, are practically coincident
each other. Owing to relatively high crystallinity, the PHB specimens do not exhibit the distinct transition related to glassy state
temperature.
As it can be observed from the combination of SEM and DSC data, specimen 2 presents a poor structural order conﬁrmed by the
presence of two melting peak on the DSC curve associated with perfect and imperfect crystalline organizations and globular
morphology, as also demonstrated on the micrograph in Fig. 2.
3.4. Mechanical characterization of PHB
The ﬁlms intended for packaging applications undergoes a stressed treatment during packaging procedure and following
exploitation; therefore, it is important to obtain principal mechanical characteristics of PHB ﬁlms such as their elastic modulus (E),
tensile stress (σ) and tensile strain (ε). Moreover, stressed ﬁlms require optimal elasticity to avoid perforation during transportation
and lifecycle use. To receive the mechanical features of the PHB ﬁlms, the appropriate tests were performed (refer to Table 3). For the
PHB samples tested, the Young modulus resulted to be signiﬁcantly higher than that for the PLA and even higher than for PHB
samples described in literature [22]. Elongation was quite low, showing a high rigidity of the samples, conﬁrmed by the DSC results,
due to a high degree of crystallinity. These results corroborate that the ﬁlm obtained after thermal treatment at 172 °C shows a higher
rigidity and strain, owing to its more perfect physical structure.
3.5. ESR characterization of PHB specimens
To ascertain the impact of PHB medium upon the magnetic behaviour of the nitroxyl radical probe (TEMPO), the ESR spectra for
the two specimens were obtained at diﬀerent temperatures ranging between 294 K and 400 K. In this regard, Fig. 4 reports upon the
Table 2
Thermal characteristics of PHB specimens.
Sample

Tonset (°C)
Tm (°C)
ΔHm (J g−1)
xc (%)
Tc (°C)
ΔHc (J g−1)

First scan

Second scan

Specimen 1

Specimen 2

Specimen 1

Specimen 2

167
172
–
69
47
–
–

167
176(1)
158(2)
71
49
–
–

168
174
–
68
46
79
−10

161
173
–
66
45
81
−13
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Table 3
Mechanical properties of PHB ﬁlms.
Sample

Thickness [μm]

E 10+3 [MPa]

σM [MPa]

εM [%]

σB [MPa]

εB [%]

Speciment 1
Speciment 2
PHB neta
PLAa

54 ± 2
93 ± 4

3.78
2.51
1.67
1.15

29 ± 3
19 ± 1
–
–

1
1
–
–

29
19
21
39

1
1
2
2

a

±
±
±
±

0,30
0.89
0,50
0,10

±
±
±
±

3
1
7
2

(Reference 22), M (maximum), B (break).

typical results of ESR measurements at four selected temperatures and constant concentration TEMPO (3.7 · 1017 spin cm−3).
The temperature dependence of ESR spectral line shapes indicates the changes in the probe rotation rate that is characterized by
correlation time (τc). In polymer systems, two mechanisms are quite frequently manifested for the spin-probe rotation: one is
determined by slow motion with correlation times in the range of 10−7–10−9 s rad−1, while the other is characterized by averaged
fast motion generating narrowed triplets with τc in the range of 10−9–10−11 s rad−1 [45]. As a rule, in the range of temperatures
between Tg and TM, there are two spin-probe populations with diﬀerent concentration ratios and diverse impacts on ESR spectral
shapes. Each population of TEMPO radicals reﬂects the proper type of PHB segmental mobility, namely slow or fast dynamics.
In the high temperature range at the rubber-like polymer state (281 K ≈ Tg < T < TM ≈ 450 K), the slow-motion impact on the
spectra is decreased with heating and the probe spectrum in PHB represents the lightly broadened triplet showing the predominance
of the fast-motion radical mode due to high segmental mobility. Under these conditions, the anisotropy deﬁciencies for both the gfactor and the hyperﬁne splitting constants allow one to regard the polymer medium as the quasi-isotropic matrix. By contrast, when
the temperature is decreased to Tg (glassy state), the ESR spectra takes the form corresponding to slow-motion mode of spin rotation
(low segmental mobility). In this case, outer components of probe triplet are broadened and shifted away from the central
component. Upon further cooling, when the polymer specimen is in glassy-state, the shape of the spectrum is stabilized and the
spectrum characteristics weakly depend upon the temperature. The superposition of two rotation modes determines the general shape
of spectra and characterizes two diﬀerent types of polymer micro-environment corresponding to the phase micro-separation in
amorphous (polyisoprene) or intercrystalline (PHB) ﬁelds of polymers [45,46].
Moreover, based upon Fig. 5 there is evidence that the rotational correlation times (τc) are obtained from ESR experiment (points)
and ﬁtted to an Arrhenius low (lines) as the function of inverse temperature (K) for two specimens tested. From this Figure, one can
observe two diﬀerent dynamic regimes: one at the high temperature range, where the values of ln(τc) [s rad−1] are decreased quickly
with the inverse temperature and the other at the low-temperature range. The spectra obtained in the vicinity of glass transition
temperature of PHB (Tg ≈ 8 ± 1 °C) poorly depends upon temperature and do not provide reliable information on the τc values. The
latter was indeed not shown in the plot, due to their ambivalence.
The activation energy of the probe rotation (Er) can be received from the linear ﬁt in accordance with the semilogarithmic
function, which was reported below as Eq. (3):
(3)

ln(τc ) = A 0 + E r/RT

where R is the universal gas constant and A0 is the pre-exponential factor.
The relations presented in Fig. 5 have the form of the linear function shown in Eq. (3) for the specimen 1 and two intersected lines
for the specimen 2. The point of intersection lies in the vicinity of 328 K (54.5 °C) and, hence, there are three values of rotation
activation energy determined for two specimens. A special point on the “log(τc) − T−1” relationship for the specimen 2 likely
corresponds to the temperature at which the microstructural rearrangement in inter-crystalline ﬁelds occurs. Specimen 1 designed via
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Fig. 4. ESR spectra for probe TEMPO in the PHB specimen 1 at temperatures: 293 K (1), 313 K (2), 333 K (3), 353 K (4). The spectra 2–4 were shifted along the vertical
axis.
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Fig. 5. The rotation time correlation (τ) of the probe (TEMPO) as function of reciprocal absolute temperature in the specimens 1 and 2.

thermo-compressing and characterized by more stable morphology does not manifest any special features in the temperature
dependence. Since it is not characterized by a speciﬁc delicate structure, it has the highest value of Eτ = 51 ± 3 kJ mol−1. At the
same, time the specimen 2 with the globular morphology has Eτ = 40 ± 3 kJ mol−1 in the high-temperature range, 400–328 K
(127–55 °C), and the further sharp drop to the value of 15 ± 2 kJ mol−1.
Analogous temperature transitions of ESR probe dynamics in polymer systems have been observed in a number of recently
published papers [47]. In this context, it is worth to emphasize that a weak endothermic peak has been recently found at ∼332 K on
DSC thermo-grams of the PHB-drug system [48]. Besides, an analogous, more pronounced peak has been registered for polylactide
with similar structural characteristics [49]. DSC endothermic peaks for both polymers are tentatively related with enthalpy relaxation
or structural relaxation [49,50]. As a matter of fact, there is an extremely weak analogy between dynamic regimes and thermal
transitions in PHB. Therefore, the nature of such dynamical transitions, described in our case and in the literature, still remains
unclear until the end.
3.6. Gas transport through the PHB ﬁlm
Under constant upstream pressure (pf) and temperature conditions, the amount of gaseous penetrant (Qt) transferring through the
PHB ﬁlm per unit area is given by Eq. 4 formulated by Crank [51].
Assuming that gas equilibrium at the upstream interface of polymer is instantly established and that the gas concentration in PHB
is low enough, it can be written a simple expression for a gas Henry’s law (see Eq. 5).
At large times, the Eq. 5 can be written as showed in Eq. 6. For greater understanding, Eqs. 4, 5 and 6 were shown in Table 4.
For gaseous penetrants, namely CO2, O2, N2, and C2H4, the gas pressure rise in the low-pressure chamber was recalculated to
receive the corresponding permeability data as gas transmission rates (GTR), which are presented in Fig. 6.
Additionally, the transport results were reported in Table 5, for specimen 1. GTR values of specimen 2 were very high and, due to
the high polymer porosity, it could not be analyzed as barrier material. The gas permeabilities data were computed by ﬁtting the
linear Eq. 6 to experimental data, while the diﬀusion coeﬃcients were evaluated by Eq. (7):

D = L2 / tD

(7)

where tD is the intercept of the line in coordinates Q − t from Eq. (6) on the t-axes [51,52].
The given group of gaseous penetrants has been chosen for the investigation because their transport characteristics (permeability,
diﬀusivity, and sorption) determine predominantly the quality food storage. The above illustrations follow that PHB presents good
barrier features due to low GTR values not only for oxygen but for CO2 as well.
The high crystallinity of the biopolymer (∼50%) imparts the macromolecular rigidity and the decrease of free volume ratio,
Table 4
Equations used for the calculation of gas transport through the PHB ﬁlms [51,62].

Qt
L × cf

=

D×t 1 1
− − 2
6 π
L2

⎛ D × n2 × π 2 × t ⎞
⎟
⎠
L2

⎡ (−1)2 ⎤⎜⎝−
× ∑∞
⎢ 2 ⎦⎥
n =1 ⎣
n

(5)

cf = S × pf
L × Qt
pf

(4)

⎛
⎛
L2 ⎞
L2 ⎞
⎟ = P × ⎜t −
⎟
= D × S × ⎜t −
⎝ 6 × D⎠
⎝ 6 × D⎠

(6)

L is the membrane thickness; cf and pf are the upstream gas concentration and
pressure, respectively; D is the diﬀusion coeﬃcient of the gaseous penetrant; t is the
experimental time; S is the Henry’s coeﬃcient expressing the gas solubility; P is the
gas permeability deﬁned as the product of diﬀusivity (D) and solubility (S).
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Fig. 6. Comparison of gas permeabilities (GTR) through the PHB ﬁlm, at diﬀerent temperatures.

hindering the gas ﬂuxes through the ﬁlms. With that, at selected temperatures the ratio of CO2/O2 permeabilities (i.e. permselectivity) was more than two (see Table 5) that is important for food packaging systems. The basic concept of free volume being
responsible for gas diﬀusion is well suited for describing transport processes in barrier polymer materials both above and below glasstransition temperatures [53–58]. In the fundamental work, Cohen and Turnbull separated the total free volume into the portions of
inﬁnitely small constituent volumes with diﬀerent sizes and derived their distribution to obtain the ﬁnal expression for gas diﬀusivity,
as showed in Eq. (8) [59–60]:
(−α × v∗/ vf )

D = D0

(8)
∗

where D0 could be taken for the Chapmen-Enskog self-diﬀusion coeﬃcient; α is the correction factor; v is the adjustable constant
related to the elementary critical volume into which a gas molecule is enabled to pass and vf is the mean free volume in the
amorphous fraction of PHB [60,61].
Assuming that α × v∗ = k × Vcc the Eq. (8) can be easily converted to the Eq. (9):
(−k × Vcc / vf )

D = D0

(9)

in which kf is a novel correlation factor and Vcc is the critical volume of the gaseous penetrant. Taking this assumption, it is expected
that the critical volume of gas is proportional to the elementary minimum free volume to be capable of accommodating a gas
molecule.
For O2, CO2, and N2, the semi-logarithmic dependence of diﬀusivity on the critical volume is shown in Fig. 7, which agrees
reasonably with Eq. (9).
The molecular diameter and critical volume of O2 are less than the corresponding characteristics of CO2. Therefore, in accordance
with both the Eyring-Barrer activation theory and the free volume model of gas transport, oxygen diﬀusivity is essentially higher than
that of composite carbon dioxide molecules [62,63].
The opposite situation was observed for the gas solubility in PHB. Here it is evident the good aﬃnity of CO2 to the ester groups of
PHB: therefore, its solubility exceeds by the three orders of magnitude the O2 solubility. Taking into account that gas permeability is
the product of diﬀusivity and solubility, its higher values for CO2 ascertaining at all temperatures testify the high contribution of
thermodynamic solubility into total transport process. Higher partial permeability of CO2 compared to the other gases such as N2,
Table 5
Gas transports characteristics for PHB at diﬀerent temperatures, for specimen 1.
Temperature (K)

GTR10−2 (cm3 cm−2 d−1 bar−1)

tL 10−3 (s)

S (cm3 cm−2 bar−1)

D 1010 (cm2 s−1)

CO2
277
288
296

1.84 ± 0.01
3.54 ± 0.03
5.28 ± 0.01

9.92 ± 0.10
3.84 ± 0.57
5.08 ± 0.45

2.30 ± 0.03
1.90 ± 0.10
3.50 ± 0.04

4.8 ± 0.2
12.0 ± 0.9
9.6 ± 0.8

O2
277
288
296

1.10 ± 0.01
1.63 ± 0.01
2.09 ± 0.01

0.674 ± 0.41
–
–

9.710−4 ± 0.6210−4
–
–

72.0 ± 4.2
–
–

N2
277
288
296

0.84 ± 0.05
1.32 ± 0.01
1.55 ± 0.01

6.35 ± 0.06
–
–

0.69 ± 0.02
–
–

7.70 ± 0.08
–
–

C2H4
277
288
296

0.87 ± 0.02
1.38 ± 0.01
1.66 ± 0.01

–
–
–

–
–
–

–
–
–
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Fig. 7. Semi-logarithmic dependence of gas diﬀusivities of corresponding critical gas volume. 1 – O2, 2 – N2, 3 – CO2.

C2H4 and O2 creates favourable prerequisites for the PHB application as a selective barrier material.
As it can be observed from the above data, the greatest eﬀect of temperature on permeability increment was observed for carbon
dioxide. To compare all temperature dependences of gas permeabilities the Arrhenius-Barrer approach was used to allow the
calculation of their activation energies (EP), as well as in the activation energies of gas diﬀusion (ED). Additionally, the gas solubility
dependences upon the temperature were recorded in terms of Van’t Hoﬀ relationship, so enabling calculation of the partial molar
enthalpies of the process (HS) [64].
Following the classical approaches of temperature-activated diﬀusion of Eyring-Barrer and free volume theory of Yasuda, the GTR
increment with temperature, as documented in literature, is mostly related to: (i) the motion of the polymer segments; (ii) the size of
gaseous penetrants; and (iii) the increased energy level of permeating molecules and polymeric chain packing [62,64–67].
The temperature dependence of permeability for the given gases is represented by an Arrhenius relationship (Eq. (10)):

P = P0(−EP / R × T )

(10)

where P0 is a pre-exponential factor; EP is the apparent activation energy for permeation; T is the absolute temperature (K) and R is
the universal gas constant.
Permeability was calculated at diﬀerent temperatures, namely at 4, 15 and 23 °C. The values of EP for all gases have been
determined from the slope of the plot in semilogarithmic coordinates, log P versus 1/T, as showed in Fig. 8. For comparison all data
were presented in Table 6.
In the same way, the temperature dependence of the gas diﬀusion coeﬃcients can be represented and calculated by an Arrhenius
relationship (Eq. (11)):

D = D0(−ED / R × T )

(11)

where D0 is a pre-exponential factor, and ED is the activation energy for diﬀusion.
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Fig. 8. Temperature dependence of gas permeability in the coordinates of Arrhenius Equation: CO2 (1), O2 (2), C2H4 (3), and N2 (4).
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Table 6
The energy activations of permeability (GTR) for gaseous penetrants (EP), the corresponding characteristic of diﬀusivity (ED) for CO2 and the apparent heat of
equilibrium sorption (HS) for CO2, with R2-factors between parentheses.
Penetrant

EP [kcal mol−1]

ED [kcal mol−1]

HS [kcal mol−1]

CO2
O2
N2
C2H4

9.1
5.4
5.3
5.7

3.1 ± 0.8 (0.571)
–
–
–

6.4 ± 0.7 (0.910)
–
–
–

±
±
±
±

0.1
0.1
0.3
0.3

(0.999)
(0.999)
(0.972)
(0.975)

The temperature dependence of gas solubility in polymers has been described using a thermodynamic van’t Hoﬀ expression that
was reported in Eq. (12):

S = S0(−HS / R × T )

(12)

where S0 is a pre-exponential factor, and HS is the apparent heat of equilibrium sorption [64]. The corresponding results of
calculation ED and HS for CO2 were shown in the same Table 6.
The given group of the gaseous penetrants has been chosen for this investigation because of theirs transport characteristics
(permeability, diﬀusivity, and equilibrium sorption) determine predominantly the food quality during storage and the shelf-life. The
data are being presented in Fig. 8 and Table 6 shows that PHB exhibits the good barrier features owing to the low GTR values of
oxygen, carbon dioxide and the other gases investigated.
Additional comparison of the gas permeabilities at selected temperatures was carried out by the calculation of the “permselectivity” values that are the pairwise relationships of the gas GTR values taken from Table 6. The results of perm-selectivity
calculations can be seen in Table 7. These data could be helpful for the evaluation of the polymer barrier characteristics. When the
value of the ﬁrst gas is experimentally determined, the value for the second gas can be calculated using the corresponding permselectivity meaning.
As can be observed in Table 7, the perm-selectivity values for the pairs of gaseous penetrants containing carbon dioxide (CO2/O2,
CO2/N2, and CO2/C2H4) depend upon the temperature positively, whereas the same barrier characteristics for the pairs of O2/N2 and
O2/C2H4 are almost equal to each other and do not depend on the temperature as well. The latter result is not obvious, but it has
certain analogies under an oxygen transport consideration. As it has been show by Gordon [68], at isothermal conditions the permselectivity of poor condensable gases, such as O2, N2, and CO2, are constant and not aﬀected by a chemical structure of polymers.
Here, in this publication, the author reported that the perm-selectivity values of those gases decreased with the temperature increase.
In case of PHB, the detected positive impact of the temperature on the CO2 perm-selectivity is in some contradiction with Gordon’s
results, though the general gas perm-selectivity trend is in consistent with the diﬀusivity and permeability dependences on the
temperature.
4. Conclusion
Innovative technology transfer from the traditional packaging based on synthetic polymers to the biodegradable barrier materials
is directly associated with intensive scientiﬁc and applied researches. The proposed complex examination can be applied not only for
the strongly determined family of polymers, polyhydroxyalkanoates, but also for other biodegradable polymeric materials such as
polylactides, polysaccharides, proteins and others. The further development of this type of work will be aimed at development of
biocomposites with encapsulated nanoparticles (TiO2, Fe3O4) [69]. Preparation and characterization of biodegradable nanocomposites should lead to the design of “smart” packaging, i.e. stimuli-responsive barrier materials with an immediate reaction on
environmental changes such as humidity, external magnetic ﬁeld, pH, mechanical impact and others.
The physicochemical characteristics, segmental dynamics, and gas transport properties (i.e., permeability, diﬀusivity, and
solubility) of PHB ﬁlms were coherently investigated by the complex of relevant methods. Additionally, the SEM technique shows
that the surfaces of PHB ﬁlms acquire morphologies with the coalescing spherical globules incorporated into the polymer matrix. For
the solution-cast ﬁlms, there were a large number of pores formed as a result of loosely connected globules. In contrast to cast
specimens of PHB, the surfaces of thermo-compressed ﬁlms have a uniform globular pattern with single or coalescing spherical
particles which are tightly embedded into the matrix without visible defects or pores.
In the selected range of temperatures (277–296 K), the ranking of the gas permeabilities (Pi) for the thermo-compressed ﬁlms has
the following sequence: P (CO2) > P(O2) > P(N2) ≈ P(C2H4). For this group of gases, there is no direct correlation between the
Table 7
Calculated gas perm-selectivity data for the PHB ﬁlms.
Temperature (K)

CO2/O2

CO2/N2

CO2/C2H4

O2/N2

O2/C2H4

277
288
296

1.7
2.2
2.5

2.2
2.7
3.4

2.1
2.7
3.2

1.3
1.2
1.3

1.3
1.2
1.3
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permeability and the gas molecule size. It is quite understandable, because in the framework of the solubility-diﬀusion model, the
coeﬃcient of permeability as a molecular characteristic includes diﬀusivity and solubility coeﬃcients simultaneously. Each of them
has the proper dependence on molecular geometry of gaseous penetrants. Hence, the superposition of two inconsistent trends may
give a sophisticated form of permeability function. In this work, it was shown the apparent diﬀusion coeﬃcients dependence on the
critical volumes of atmospheric gases (CO2, O2 and N2) as the semi-logarithmic function. This relation manifests that the free volume
model could be applied for description of gas transport in high crystalline polymers such as PHB and PLA.
The activation energies of gas permeabilities, diﬀusivities, and spin probe rotation, as well as the apparent heat of equilibrium
sorption gain the opportunity to predict the values of PHB transport characteristics in the practically important interval of
temperatures at which foodstuﬀs are stored. The series of additional examinations including calorimetric, mechanical and thermal
characteristics are devoted to the database creation with the objective to use the biodegradable polyester as barrier materials in
packaging and medicine applications.
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