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Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) nanocomposite films containing 0.25 wt % of Gra
phene Oxide (GO) nanoparticles were prepared by solution-casting and characterized by Differential Scanning
Calorimetry (DSC), X-Rays Diffraction (XRD) and Positron Annihilation Lifetime Spectroscopy (PALS). Gas
transport properties were analyzed in the 295–343 K interval using CO2, N2, D2 and He. Neat PHBH films showed
a semi-crystalline structure with lamellar crystalline domains of 30 � 1 and 5 � 1 nm size in the (020) and (002)
direction, respectively. GO dispersion increases the PHBH crystalline fraction from 0.28 to 0.60 wt. % without
changing the size of crystalline domains and the structure of the PHBH free volume. Nanocomposite films show
mechanical properties similar to those of the neat PHBH film but improved gas barrier properties as consequence
of the larger number density the of gas- impermeable crystalline domains.

1. Introduction
Poly(3-hydroxybutyrate) (PHB) is a biodegradable and biocompat
ible semi-crystalline polyester produced by microorganisms in specific
fermentation conditions from sugar and lipids and act as intercellularcarbon and energy-storage compound [1]. It is based on 3-hydroxy
butyric acid (C4H8O3), has glass transition temperature Tg � 4 � C,
melting temperature Tm � 180 � C, a crystalline degree of 60 � 5% and
tensile strength similar to that of polypropylene (PP) [1,2]. Its possible
applications in different technologies, as a substitute of commercial
petroleum-derived commercial polymers, are impeded by some short
comings. In particular, the main limitation is its elevated brittleness
which is a consequence of its high crystallinity and its low resistance to
thermal degradation which, owing to the high Tm value, leads to a nar
row
range
of
processing
temperature
[3–5].
Poly
(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) is a biodegrad
able PHB copolymer developed to mitigate the PHB drawbacks: it can be
obtained either by microorganisms or chemical synthesis and consists of

randomly arranged 3-hydroxybutyrate units (3HB: [-O–CH–(CH3)–
CH2–C(¼O)-]n) and 3-hydroxyhexanoate (3HH: [-O–CH–(C3H7)–CH2–C
(¼O)-]n) units [6]. Structurally, 3HH units are excluded from the 3HB
lattice and thus form short branches which reduce the regularity of the
PHBH molecular chains arrangement and thus the crystalline fraction.
Compared to PHB, the addition of the 3HH units broadens the processing
temperature range and increases the ductility but decreases the storage
modulus and the strength [7,8]. This biopolymer is expected to find
applications in different technologies as, for example, in the construc
tion of automotive interior components or of electrical devices [9].
Therefore most literature studies are aimed to improve the PHBH me
chanical properties by, for example, varying the 3HH fraction in the
PHBH matrix [3,4], by the addition of filler nanoparticles such as cel
lulose nano-crystals [10,11] or glass fibers [12].
This paper is dedicated to the study of neat PHBH films and of PHBH
nanocomposite films containing 0.25 wt % of graphene oxide (GO)
nanoparticles (GO-PHBH, in the following). We studied the gas transport
and mechanical properties of pure and nanocomposite film samples and
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correlated the observed results to the structural information obtained by
different characterization techniques such as X-Rays Diffraction (XRD),
Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis
(TGA) and Positron Annihilation Lifetime Spectroscopy (PALS).
Graphene-derived nanoparticles are effective fillers for improving
the mechanical properties of polymer films and reducing the transport
rates of penetrant molecules [13,14]. PHBH nanocomposites containing
this high aspect ratio filler nanoparticle can find applications in modi
fied atmosphere packaging as gas barrier for CO2 (bacterial and fungal
growth inhibitor) and N2 (inert gas used as alternative to vacuum)
[15–18], in the construction industry as protective layer against the
permeation of gases [19,20], in the oil and gas industry [21,22] and in
modern high-voltage apparatuses [23] to impede the permeation of the
corrosive CO2 gas.

Positron Annihilation Lifetime Spectroscopy (PALS) measurement.
PALS analysis was carried out with a fast-fast coincidence apparatus
[24]. The detectors were two BaF2 scintillators coupled to Hamamatsu
H3378 photomultiplier tubes. The Na22 positron source sandwiched
between two identical samples was placed between the two detectors.
The start signal was given by the 1274 keV line emitted by the Na22 [22]
source simultaneously to the emission of a positron. The stop signal was
given by the 511 keV line due to the positron and positronium pick-off
annihilation in the sample. The signal from the detectors are send to
two ORTEC 583B constant fraction differential discriminators (CFDD).
The two lines, with a delay in the stop branch, were connected to an
ORTEC 566 time to amplitude converter (TAC) and its output to a
FASTComTec multichannel analyzer (MCA4). The time resolution
measured by using a Co-60 source was found to be 260 ps. PALS lifetime
spectra were analyzed using LT9 package [25].
Gas transport tests. Gas transport was studied by gas phase perme
ation technique using membrane samples shaped as thin disc with
diameter d � 1 cm and thickness h ~70 μm. At time t ¼ 0 one side of the
membrane (HPS: high pressure side) was exposed to the test gas kept at
constant pressure pHPS while the opposite side (LPS: Low Pressure Side)
faced a vacuum chamber with background pressure ~ 10 7 Pa. Gas
molecules were absorbed in the HPS layers of the membraneðx ¼ 0Þ,
diffused through the membrane layers down to their concentration
gradient, reached the LPS of the membrane ðx ¼ lÞ and permeated in the
UHV chamber. Here desorbed molecules formed a rarefied gas with
partial pressure pLPS ðtÞ which was measured by a calibrated Quadrupole
Mass Spectrometer (QMS). The QMS ion current Im ðtÞ pertinent to the
permeating test gas was recorded as a function of time t and provided the
pLPS ðtÞ value according to the relation pLPS ðtÞ ¼ Im ðtÞ=α where α is the
QMS sensibility for the test gas. In our experimental approach the vac
uum chamber was continuously pumped and the gas permeation flux

2. Experimental section
Nanocomposites preparation. The materials used in this work are: i)
biodegradable PHBH (3-hydroxybutyrate co-3-hydroxyhexanoate) pro
vided by Kaneka Co. LTD, Osaka, Japan (density ρ ¼ 1.19 g/cm3,
melting temperature Tm ¼ 126 � C), ii) water suspension of Graphene
Oxide (GO) provided by Graphenea, Spain (4 mg/ml GO concentration,
pH value ¼ 2.2 � 2.5, GO monolayer content > 95%, GO size < 10 μm).
GO-PHBH nanocomposites were prepared by the following procedure.
0.25 mg PHBH were dissolved in 25 ml dimethylformamide [DMF:
(CH3)2NC(O)H] solvent in a beaker under magnetic stirring. Subse
quently, 0.156 ml of GO suspension was added to the PHBH/DMF so
lution which was then stirred for at least 1 h at 80 � C. Film with thickness
of about 70 μm were then prepared by solution-casting by pouring the
prepared solution in a Petri dish and drying it in an oven under ambient
pressure for 15 h at 80 � C. The sample mass density was measured by
Archimedes method: obtained values were 1.14 � 0.01 and
1.18 � 0.01 g/cm3 for the neat PHBH and nanocomposite GO-PHBH
sample, respectively. With the above described procedure for nano
composite preparation, it was observed that GO contents larger than
0.25 wt % disrupted the PHBH matrix and produced very brittle sam
ples, reasonably consequence of the filler agglomeration. At this low
filler content, no evidence of filler agglomeration was found analyzing
the nanocomposite cross-section by high resolution Scanning Electron
Microscopy (SEM).
Structural analysis. XRD spectra were collected by means of a Rigaku
D-MAX IIID powder diffractometer in Bragg-Brentano geometry, using
CuKα monochromatic radiation (λ ¼ 0.154056 nm) and a graphite
monochromator in the diffracted beam. Spectra were acquired in sym
metric scattering configuration in the 5� – 80� 2θ range at 0.05� sampling
interval with 4 s counting time. Jade 8® software (MDI Corp. USA) was
employed for the peak refinement and peak parameter evaluation. The
crystallite dimensions, along different directions, were determined by
using the Scherrer equation.
Thermal analysis. Thermogravimetric analysis (TGA) was performed
using a Mettler TGA Q5000 instrument at a heating rate of 10 � C/min
between 30 and 700 � C under a nitrogen flow of 100 ml/min. Differen
tial Scanning calorimetry (DSC) analysis was carried out using a Mettler
DSC 30 calorimeter using approximately 10 mg sample by the following
procedure. The test was carried out under a constant nitrogen flow of
100 ml/min in which a cyclic heating-cooling-heating analysis was
performed between 30 � C and 200 � C at a rate of 10 � C/min.
Mechanical tests. Tensile tests were performed on thin films of pure
PHBH and GO-PHBH specimen strips having dimensions of 20 mm �
5 mm which were tested at 0.1 mm/min until break using DMA Q800
dynamic mechanical analyzer (TA instruments Co. LTD) at room tem
perature. Moreover, by using the same apparatus, the viscoelastic
properties of the neat PHBH and GO-PHBH nanocomposites were
investigated at 1 Hz frequency on samples having dimensions of 45 mm
� 5 mm � 2 mm in the temperature range from 0 to 100 � C with heating
ramp of 3 � C/min.

sign

jm ðtÞ was thus evaluated by the relation Sp ½pLPS ðtÞ pback
LPS � ¼ Ajm ðtÞ where
A ¼ 14 πd2 is the membrane surface area, Sp the pumping speed of the

vacuum system and pback
LPS the background partial pressure of the
permeating gas [26]. In the present experimental approach, the average
back
value of the pback
LPS fluctuations, δpLPS , defines the flux detection lim
1
back
itδjm ¼ A Sp δpLPS . The gas transport process was studied using penetrant
molecules with different size and condensation properties, as described
by their kinetic diameters (σ k ) and critical temperature Tc : deuterium
(2H2: σ k ¼ 0.29 nm, Tc ¼ 38.2 K), helium (He: σ k ¼ 0.26 nm, Tc ¼
5.2 K), carbon dioxide (CO2: σ k ¼ 0.33 nm, Tc ¼ 304 K) and nitrogen
(N2: σk ¼ 0.36 nm, Tc ¼ 126.2 K) [26]. With the experimental set-up
used for the present permeation tests δjm was ~1 � 10 5 mL(STP) m 2
s 1 for N2 and CO2 and ~1 � 10 6 mL(STP) m 2 s 1 for D2 and He.
Details on the experimental apparatus and procedures are presented in
previously published papers [27,28].
3. Results and discussion
In Fig. 1, TGA thermograms of the neat and GO-PHBH nano
composite are presented. It can be observed that the onset temperature
Ton of the decomposition process increases from 231 � C for neat PHBH to
258 � C for the GO-PHBH nanocomposite with 0.25 wt % filler content.
This could be attributed to the presence of GO flakes forming a barrier to
the escape of the volatile products. Therefore the addition of the GO
filler particles slightly improves the thermal stability of the PHBH
matrix.
The first DSC heating scan of pure PHBH and GO-PHBH nano
composite samples is shown in the upper panel of Fig. 2. It can be
observed that spectra exhibit two endothermic peaks at Tm1 ¼
135 � 1 � C and Tm2 ¼ 146 � 1 � C. The peak at Tm1 is due to melting of
the PHBH nanocrystals formed at room temperature after synthesis
while the peak at Tm2 is due to the melting of the nanocrystals formed
during the heating stage of the DSC test [29]. The overall melting
enthalpy ΔHm ¼ ΔHTm1 þ ΔHTm2 increases with the GO addition from 2
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Fig. 1. TGA thermograms (left y-scale) and derivative weight loss (right yscale) of the neat PHBH and nanocomposite GO-PHBH films.

60.6 J/g for the pure PHBH matrix to - 108.4 J/g for the nanocomposite
with 0.25 wt % filler content. The crystalline fraction xc of as-prepared
Tm1
samples was evaluated by the relation xc ¼ ΔH0 ð1
where ∅ is the
∅Þ

ΔH
m

filler weight fraction, ΔHTm1 the enthalpy value related to the melting
peak at Tm1 and ΔH0m ¼ 146 J/g is the melting enthalpy of 100% crys
talline PHBH [30]. The ΔHTm1 term was evaluated considering the DSC
signal 90 � C and 170 � C, subtracting the baseline and fitting the two
peaks using Origin® software: we found that the first melting peak lies
between 96 � C and 140 � C both in the neat and nanocomposite sample.
The as-prepared PHBH film exhibited a crystalline fraction xPHBH
¼ 0.28
c
while after the GO addition the crystalline fraction increased to
PHBH
xGO
¼ 0.60.
c
The central panel of Fig. 2 reports the cooling curves of the PHBH
and GO-PHBH samples. In the cooling scan of the GO-PHBH nano
composite we can observe an exothermic peak at Tc �60 � C revealing
the formation of PHBH crystals. The presence of crystallization peak in
the GO-PHBH scan indicates that GO filler particles promoted the PHBH
crystallization hence acting as nucleation centers for PHBH crystals. This
peak is not observed in the cooling scan of the neat PHBH sample
because the GO preferential nucleation centers are not present and
because the cooling rate was fast enough to prevent the crystallization
process.
Cold-crystallization of the neat PHBH film occurred at Tc �56 � C, as
it can be seen in the lower panel of Fig. 2: DSC spectra obtained in the
second heating scan exhibit a similar melting peak structure as in the
first scan (in the 125–150 � C temperature interval) but at lower Tm1
values.
The PHBH crystalline fraction after cold crystallization at Tc �60 � C,
m
where ∅ is the filler
xbc was evaluated by the relation xbc ¼ ΔHΔH
0
ð1 ∅Þ

Fig. 2. DSC scans of the neat PHBH and of the GO-PHBH nanocomposite films.
Upper panel: first heating. Central panel: first cooling. Lower panel: sec
ond heating.
Table 1
Thermodynamic parameters obtained from DSC analysis.

m

PHBH

weight fraction. The obtained values are reported in Table 1. The semicrystalline state of the pure and nanocomposite samples is due to their
casting process which involved, in fact, a long duration drying step at
T ¼ 80 � C which is higher than Tc .
The increased PHBH crystalline fraction after GO addition, from 0.28
to 0.60, is accompanied by a 3% increase of the density, from
1.14 � 0.01 to 1.18 � 0.01 g/cm3 suggesting that in the present samples
the mass density of the PHBH crystallite is only ~ 5% larger than that of
the amorphous PHBH material.
The XRD spectra of the neat PHBH film and of the GO-PHBH nano
composite film are reported in Fig. 3. The pattern can be attributed to a
semi-crystalline material, with the presence of the orthorhombic struc
ture of poly(3-hydroxybutirate), in the α-form [30]. The following peaks
can be recognized and attributed to the specific (hkl) family of planes:
(020) at 13.7� , (110) at 17.1� , (021) at 20.3� , (101) at 21.6� and (002) at

GOPHBH

Tm1

Tm2

ΔHm1

ΔHm

xc

c
xc

TC

136 � C

147 � C

-60.6 J/g

0.28

0.41

56 � C

135 � C

146 � C

-41.2 J/
g
-87.8 J/
g

-108.4 J/
g

0.60

0.74

62 � C

30.35� . It is possible to note that the intensity of the peaks and bands
laying in the range 20� –35� was larger than that of spectra reported in
the literature for neat PHB and PHBH films [31,32]. This evidence
suggests that the biopolymer crystallization occurring at low tempera
ture during the sample preparation, leads to a more complex tridimen
sional geometry of the PHBH crystallites.
A feature resulting from the comparison of the spectra of PHBH and
GO-PHBH samples is the shift towards slightly larger d-values of all
peaks at 2θ < 25� in nanocomposite one. The shift of the (020) peak, for
example, indicates that the d-values increases from 0.644 nm in PHBH to
3
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Fig. 3. XRD spectra of the neat PHBH film and of the nanocomposite GOPHBH film.

Fig. 4. Upper Panel: PALS spectrum of the neat PHBH film. The fitting expo
nential decays functions Ij e t=τj are reported as solid lines while (thick line: o-Ps
annihilation). Lower Panel: τ3 distribution function Fðτ3 Þ of the neat PHBH and
of the nanocomposite GO-PHBH films.

0.650 nm in GO-PHBH, while the shift of the (110) peak indicates that
the d-values increases from 0.558 nm in PHBH to 0.563 nm in the
nanocomposite. This small increase suggested that the GO filler parti
cles, where the PHBH crystallites preferentially nucleates, intercalate
into the polymer chains.
The Scherrer equation has been used in order to evaluate crystallite
size along two different directions with the aim to quantify the anisot
ropy of the crystalline domains. To evaluate the lamellar thickness for baxis direction the (020) peak at 13.7� was analyzed whereas for c-axis
the (002) peak at 30.35� was selected [32]. The following values were
obtained: 30 � 1 nm for (020) and 5 � 1 nm for (002). The latter value
resulted to be very close to that reported for neat PHB films, at low
crystallization temperature which was lower than the values obtained
for co-polymerised PHBH samples [33]. The addition of GO does not
alter significantly the microstructure of the films. Specifically, the
relative intensities of the two more intense peaks, (020) at 13.7� and
(101) at 21.6� , suggests a difference between the crystalline to amor
phous ratio in the nanocomposite samples with respect to the ration of
the pure one thus confirming the calorimetric information obtained
from DSC analysis. Moreover, the Scherrer analysis of the pertinent XRD
spectrum, see Fig. 3, indicates that the crystallite size along c direction
did not change with filler addition, 5 � 1 nm, whereas slightly increased
in the b direction to 36 � 1 nm.
For each sample (neat PHBH and GO-PHBH) four lifetime PALS
spectra were measured. All spectra were well fitted by the sum of three
3
P
exponential decay functions: FðtÞ ¼
Ij e t=τj . The presented three

where Δr ¼ 0.166 nm accounts for the electron shell extending into the
free-volume cavity when spherical cavities of radius r are considered;
the polymer fractional free volume fv is proportional to the o-Ps anni
hilation signal, 43 πr3 I3 [35,36]. In the neat PHBH film the τ3 ¼
2.108 � 0.009 ns value provides the average value of the cavity radius
rc ¼ 0.29 � 0.01 nm. The interval value of cavity radius r was evaluated
by the Fðτ3 Þ function considering the τ3 left and right values pertinent to
Fðτ3 Þ at its 10% peak values, τ3 ¼ 1.741 ns and τ3 ¼ 2.437 ns, respec
tively. By the Tau-Eldrup equation we evaluate a cavity radius r with
values distributed between 0.26� 0.01 nm and 0.32 � 0.01 nm.
The PALS spectrum pertinent to the GO-PHBH nanocomposite was
fitted with τ1 ¼ 0.231 � 0.003 ns (I1 ~ 38.8 � 0.1%), τ2 ¼
0.471 � 0.007 ns (I2 ~ 41.3 � 0.1%), τ3 ¼ 2.163 � 0.007 ns (I3 ~
19.8 � 0.1%) and σ ¼ 0.20 � 0.04 ns. The analysis of the Fðτ3 Þ function
indicates that the average cavity radius in the GO-PHBH nanocomposite
is rc ¼ 0.30 � 0.01 nm and that the cavity radius is distributed between
0.26� 0.01 nm and 0.33 � 0.01 nm.
Small variations in the τ3 distribution functions of the neat and
nanocomposite samples results from cavities at the interface between
PHBH matrix and the GO filler particles. PALS results indicate that the
GO addition does not introduce further positron annihilation channels
and gives rise to negligible variations of the free volume structure of the
PHBH matrix. Note that the intensity of the I3 signal is the same, inside
the experimental indetermination, in the neat and nanocomposite
sample even if the crystalline fraction of the nanocomposite is a factor 2
larger, see Table 1. This can be explained considering the small di
mensions of the crystallites and their ordered structure: positrons that
thermalize inside the PHBH crystallite diffuse to their interface with the
amorphous phase and annihilate there. As a consequence positrons
probe with the same intensity the open volume of the amorphous region
both in the neat and composite samples.
Mechanical properties. Tensile stress and strain at break of neat
PHBH and GO-PHBH casted thin films are shown in Fig. 5. The neat
PHBH films presents tensile strength value of about 17 MPa and a strain
at break of about 5%. The tensile strength value is larger than that re
ported by Zhou et al. [10] and by Hosoda et al. [37] for pure PHBH film
prepared by cast-film method and comparable with the value obtained
by Doi et al. in neat PHBH film [3]. It can be seen that the addition of GO
filler in PHBH resulted in a slight lowering of the tensile strength
to ~ 14 MPa and strain at break to ~ 3.5%. The decrease of this last
parameter reasonably results from the interrupted continuity of the
PHBH matrix after filler addition rather than from an incomplete
chemical compatibility between filler particles and polymer matrix. An

j¼1

lifetime values τi and their intensities Ii are the weighted values of the
four measurements. An example of spectrum and its deconvolution in
three lifetime is shown in the upper panel of Fig. 4. For neat PHBH
samples we obtain: i) a short lifetime value τ1 ¼ 0.223 � 0.002 ns with
intensity I1 ¼ 32.7 � 0.1% attributable to free positron and paraPositronium (p-Ps) annihilation, ii) an intermediate lifetime value
τ2 ¼ 0.476 � 0.004 ns with intensity I2 ~ 45.1 � 0.1% attributable to
positron annihilation with oxygen atoms and/or small cavities and iii) a
longer lifetime with τ3 ¼ 2.108 � 0.009 ns and intensity I3 �
21.4 � 0.1% due to ortho-Positronium (o-Ps) annihilation in nanometersized regions of lower electron density, such as voids or free volume
cavities [34]. The fitting procedure also provides the distribution func
tion Fðτ3 Þ of the τ3 values, see the lower panel of Fig. 4, which is
described by a log-norm function having σ ¼ 0.17 � 0.03 ns. [25].
The o-Ps annihilation process is of interest because the τ3 value can
be related to the size of cavities where o-Ps annihilates by the Tao
Eldrup equation
�
� 1
�
1
r
1
r �
þ sin 2π
τ3 ¼ 1
(1)
2
r þ Δr 2π
r þ Δr
4
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than the membrane lateral size, with the HPS exposed to the gas at
pressure PHPS and the LPS facing the continuously pumped analysis
chamber, PLPS � 0, the gas transport parameters can be evaluated fitting
the experimental jm ðtÞ flux values with the equation [42]:
�
�
��
X
D n2 π 2 t
(2)
jðtÞ ¼ Jstc 1 þ 2 ð 1Þn exp
l2
n�1
where:
P
Jstc ¼ PHPS
l

(3)

is the permeation flux in stationary transport condition; P ¼ D S is the
gas permeability.
To obtain the gas permeability P and diffusivity D values as a func
tion of temperature T, the jm ðtÞ curves were collected in the 295 � 1 to
343 � 1 K temperature range. The gas permeability P was evaluated
from the value of the permeation flux in stationary transport conditions
using eq. (3). The penetrant diffusivity D was obtained fitting the ob
tained jm ðtÞ curves with eq. (2) and the solubility value S was then
evaluated by the relation S ¼ P=D. The Arrhenius plots of the obtained
P, D and S values for the examined test gases are reported in Fig. 7.

Fig. 5. Tensile strength and strain at break of neat PHBH and nanocomposite
GO-PHBH films.

incomplete compatibility would give rise, in fact, to de-wetting effects
with formation of supplementary free volumes (voids) at the
filler-matrix interface [38–40]: Fig. 4 shows, on the contrary, that only
minor changes in the Fðτ3 Þ function occur after filler dispersion.
The addition of 2.3 wt % cellulose nanocrystal [10] and of porous
cellulose [37] gives rise to tensile strength values comparable to that of
the present neat PHBH film.

Fitting experimental transport parameters by the equation D ¼ D0 e
EP
R T

ES
R T

ED
R T

,

P ¼ P0 e
and S ¼ S0 e
(see dashed lines) permitted to obtain the
activation energy value for penetrant diffusion ðED Þ, permeation ðEP Þ
and solution ðES Þ, see Table 2.
It was not possible to obtain the N2 transport data at temperatures
lower than T ¼ 303 K because the nitrogen permeation flux was under
the detection limit of our apparatus ~1 � 10 5 mL(STP) m 2 s 1. A P
value lower than 5 � 10 8 mL(STP) μm m 2 s 1 Pa 1 can be thus esti
mated using the relation δjm > Pl PHPS ¼ Jstc .
Looking at Table 2, at Fig. 7 and the physical-chemical parameters of
the examined test gases it is also observed that: i) the gas diffusivity
decreases increasing the size of the penetrant molecule, ii) the activation
energy for diffusion increases with the size of the penetrant molecule
from ~20 kJ/mol for He to ~ 67 kJ/mol for N2, iii) the gas solubility is a
weakly temperature dependent quantity; its value increases with the
penetrant condensation temperature.
In semi-crystalline polymer the migration of penetrant molecules
occurs in the amorphous fraction of the polymer matrix as crystalline
domain are effectively impermeable to the penetrant molecules or the
polymer crystallites [43–45]. The present activation energy values thus
describe energy barriers to the solution and migration of penetrant
molecules in the amorphous fraction of the PHBH matrix.
Before going on with the discussion it’s worthy to compare the values
of the gas transport parameters of the present solution-casted PHBH
films with permeability values of representative polymer materials, see
Table 3. It can be noted that the present PHBH film acts as better gas
barrier for CO2 and N2 that poly(lactic acid) (PLA, deeply investigated
biopolymer for packaging applications) and well compare with Poly
ethylene Terephthalate (PET) which is a petroleum-derived polymer
having commercial character. Improvements are, on the contrary,
required to reach the barrier performances of Ethylene Vinyl Alcohol
(EVOH).
The gas transport properties of the GO-PHBH film were studied
analyzing the jm ðtÞ curves obtained exposing a 65 μm thick nano
composite GO-PHBH film to the test gases at PHPS ¼ 35 kPa. Fig. 8 re
ports jm ðtÞ curves pertinent to 2H2 and CO2 penetrant molecules in the
upper and lower panel respectively.
It can be observed that at each examined temperature the dispersion
of GO filler nanoparticles: i) reduces the Jstc values with respect to those
of the neat PHBH matrix and ii) produces interval times for transient
transport conditions longer than those of the neat PHBH matrix.
The value of the gas transport parameters was obtained analyzing the
jm ðtÞ curves with the same procedure as with the neat PHBH films, see

3.1. Gas transport properties
The gas transport properties were analyzed in the 295–343 K interval
which is below Tc and Tm : Symbols in Fig. 6 represent the jm ðtÞ perme
ation curve obtained exposing the neat PHBH membrane to the four test
gases at T ¼ 330 � 1 K with PHPS ¼ 35 kPa: for each examined gas, the
jm ðtÞ curve shows an initial transient time interval where the permeation
flux increases with time t then reaches stationary transport conditions
(stc) where jm ðtÞ assumes a constant value Jstc . We analyzed the exper
imental jm ðtÞ curves in the framework of the solution-diffusion model
which assumes that the gas permeability P of a polymer membrane is
controlled by the gas diffusivity D and solubility S in the membrane
layers [41]. In the present planar samples with thickness l much lower

Fig. 6. Permeation curves jm ðtÞ obtained at T ¼ 330 � 1 K and PHPS ¼ 35 kPa
with the 70 μm thick neat PHBH film with the examined test gases. Data are
reported as open symbols while lines are the jðtÞ curves obtained by the
solution-diffusion model.
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Table 3
Gas permeability P of the present neat PHBH film (first row) and of references
polymers. EVOH29, 32, 38, 44, 57 are EVOH containing 29, 32, 38, 44 ethylene
mol. %. *: under the detection limit (see text). (a): fully amorphous; (b): biaxially
oriented, 30% crystalline.
�
CO2
Neat PHBH; 22 � C
PLA; 35 � C [46]
PLA; 30 � C [47]
PLA; 20 � C [41]
PET(a); 25 � C [48]
PET(b); 25 � C [49]
EVOH32; 23 � C [50]
EVOH38; 23 � C [50]
EVOH44; 23 � C [50]
EVOH29; 25 � C [51]

mlμm
m2 sPa

�

1.65 � 10 6
1.0 � 10 5
8.3 � 10 6
6.1 � 10 6
2 � 10 6
1.1 � 10 6
1.4 � 10 9
3.0 � 10 9
9.6 � 10 9
(1 � 2) � 10 8

�
N2

mlμm
m2 sPa

�

*
4.2 � 10 7
3.8 � 10 7
2.4 � 10 7
1 � 10 6
6.8 � 10 8
~ 10 10
2 � 10 10
4 � 10

�
H2

mlμm
m2 sPa

�

4.7 � 10
4.8 � 10

6

2.3 � 10

5

6.96 � 10

5

8

10

Fig. 8. Permeation curves jm ðtÞ obtained at T ¼ 310 � 1 K and PHPS ¼ 35 kPa
with the neat PHBH film (open symbols) and composite GO-PHBH film (solid
symbols) for 2H2 (upper panel) and CO2 (lower panel). Lines fitting the
experimental data are the jðtÞ curves obtained by the solution-diffusion model.

Fig. 9. In this Figure, symbols report the permeability (P) and diffusivity
(D) values: open symbols for the neat PHBH film, solid symbols for the
nanocomposite GO-PHBH film. The following symbols identify the test
gases: squares for He, triangles for CO2, circles for 2H2 and diamonds for
N2. Data pertinent to the neat PHBH film are reported because the
comparison with data pertinent to the GO-PHBH film permits to ratio
nalize the obtained experimental results. Looking at Fig. 9 it can be, in
fact, observed that the GO filler addition:
a) reduces the permeability values by the same extent at each of the
PPHBH
examined temperature. The reduction factor rP ¼ PGO
~ 6 for CO2
PHBH

Fig. 7. Arrhenius plot of permeability (P), diffusivity (D) and solubility ðSÞ
values of the examined test gas in the neat PHBH film.

and N2 and ~ 3 for 2H2 and He.
b) reduces the diffusivity values by the same extent at each of the
DPHBH
examined temperature. The reduction factor rD ¼ DGO
is ~ 5 for
PHBH

Table 2
Activation energy values for test gas permeation (EP), diffusion (ED) and solution
(ES) in the neat PHBH and nanocomposite GO-PHBH films.
He
2

H2

N2
CO2

Ep (kJ/mol)

ED (kJ/mol)

ES (kJ/mol)

PHBH: 31.3 � 0.8
GO-PHBH: 32.3 � 0.8
PHBH: 39.1 � 0.8
GO-PHBH: 40.7 � 0.8
PHBH: 54.8 � 0.8
GO-PHBH: 53 � 2
PHBH: 56.0 � 0.8
GO-PHBH: 58 � 2

PHBH: 21.0 � 0.8
GO-PHBH: 20.9 � 0.8
PHBH: 34.2 � 0.8
GO-PHBH: 34.9 � 0.8
PHBH: 67.2 � 0.8

PHBH: 10.3 � 0.8
GO-PHBH: 11 � 1
PHBH: 4.5 � 0.8
GO-PHBH: 5 � 1
PHBH: (12 � 2)

PHBH: 65.9 � 0.8
GO-PHBH: 67 � 2

PHBH: (10 � 2)
GO-PHBH: (11 � 2)

CO2 and ~ 2 for 2H2 and He, see lower panels (given the low signalto-noise ratio, it was not possible to obtain reliable evaluations for
the N2 diffusivity in the GO-PHBH sample).

Fitting the experimental P and D data for the GO-PHBH film by
Arrhenius equation provides ED and EP values which are coincident,
inside the experimental indetermination, with those of pure PHBH
sample, see Table 2.
The improved gas barrier performances of the GO-PHBH nano
composite for all examined gas, see the rP factor, are accompanied by a
reduction of the gas diffusivity, see the rD factor: the evidence that rD �
rP indicates that the permeability reduction was caused by a reduced
6
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0
PNC ¼ DNC SNC ¼

DM

τ

1

B 1 ϕc C
ϕc Þ ¼ PM @
A
1 þ 2wt ϕc

SM ð1

(4)

where PM ¼ DM SM is the permeability of the pure matrix [52].
Let us evaluate the contribution of the filler particles to the nano
composite gas barrier properties considering that w � 10 μm (according
to the producer’s specifications), ϕGO
c � 0.25 vol % (this is a lower
extremal value for ϕGO
evaluated
assuming
that the GO mass density is
c
the same as that of PHBH) and t � 1 nm [53,54]. Then ð1 ϕc Þ � 1 and
τ > 40 which indicates that expected rP values are much larger than
experimentally observed: this suggests that GO filler particles dispersed
in the PHBH matrix are randomly oriented and don’ t limit the penetrant
transport rates.
In order to understand the diffusivity reduction mechanism it’s
necessary to remark the key information provided by the structural
analysis of the neat PHBH and nanocomposite GO-PHBH films. The neat
PHBH samples have semi-crystalline structure with crystalline volume
fraction xPHBH
� 0.28; the crystalline domains are in form of randomly
c
oriented spherulites with average size dc ¼ 5 � 1 nm and db ¼ 30 � 1 nm
in the c- and b-axis direction, respectively. The free volume of the
amorphous PHBH matrix consists of cavities with average radius rc ¼
0.29 � 0.01 nm where all penetrant molecules can be thus accom
modatedðσk < 2 rc Þ. In the nanocomposite samples the PHBH crystal
PHBH
line fraction was larger than in the neat film increasing to xGO
�
c
0.60 without relevant variations in the PHBH crystallite size (db grows to
36 � 1 nm); negligible changes also occurs in the free volume structure
of the nanocomposite matrix.
It can be suggested that the improved gas barrier properties after GO
addition are attributable to the increased crystalline fraction of the
PHBH matrix, see Table 1, which occurs acting the GO particles as
heterogeneous sites for the nucleation of PHBH crystallites.
Let us now evaluate the rP factor as predicted by eq. (4) adapting the
parameters describing the geometry of the filler particle to the geometry
of the PHBH nano-crystalline domains (as revealed by the XRD analysis)
and considering the crystalline fraction of the neat and nanocomposite
film samples (as revealed by DSC analysis):

Fig. 9. Permeability ðPÞ and diffusivity ðDÞ values in neat PHBH films (open
symbols) and in nanocomposite GO-PHBH films (solid symbols). Squares: He.
Triangles: CO2. Circles: 2D2. Diamonds: N2.

a The crystalline domains are spherulites randomly oriented with
w
respect to the direction of the permeation flux direction; then 2t
¼ 12

penetrant diffusivity. Considering that the GO filler addition does not
change the free volume structure of the amorphous region of PHBH, we
suggest that the reduced penetrant diffusivity arises from geometrical
effects rather than by changes in the penetrant diffusion mechanism
through the PHBH matrix. Table 2 shows that with each examined gas ED
values in the neat PHBH film are equivalent to those of GO-PHBH: this
evidence strongly supports the previous suggestion.
A possible explanation for the diffusivity reduction in the present
nanocomposite is the fact that the GO gas-impermeable domains force
permeating penetrant molecules to overcome them migrating along
diffusive paths with average length l ¼ τh where h is the membrane
thickness and τ is the so- calledtortuosity factor. The apparent gas
diffusivity in the nanocomposite, DNC ; decreases according to the rela
tion DNC ¼ DτM where DM is the gas diffusivity in the pure matrix; τ can be
w
ϕc where w and t are the average size
evaluated by the relation τ ¼ 1 þ 2t
and thickness of the impermeable GO domains and ϕc is the volume
fraction of the gas impermeable domains in the nanocomposite [52].
Note that this evaluation of the tortuosity factor assumes that the GO
filler particles are well stacked with their surface normal to the flux
direction. These domains also reduce the apparent gas solubility of the
nanocomposite by the relation SNC ¼ SM ð1 ϕc Þ where SM is the gas
solubility in the pure matrix. The following equation holds for the
nanocomposite permeability PNC :

and the tortuosity factor reduces to τ ¼ 1 þ 12ϕc .
b The filler volumetric fraction is the volumetric fraction of the crys
talline PHBH phase as the GO filler contribution can be neglected as
PHBH
ϕGO
¼ 0.28
c ≪ xc . Consequently in the neat PHBH films ϕc ¼ xc
PHBH
while in the nanocomposite GO-PHBH film ϕc ¼ xGO
¼ 0.60.
c
Let us define P0PHBH as the gas permeability of the neat PHBH matrix
when completely amorphous. Then according to eq. (4), the perme
ability of the neat PHBH film, PPHBH , is given by PPHBH ¼
0

1

B 1 xPHBH C
P0PHBH @1þ1xcPHBH A while that of the GO-PHBH nanocomposite film,
2 c

0
PGO

PHBH

is given byPGO

PPHBH
rP ¼ PGO
¼
PHBH

PHBH
1 xGO
c
1þ1xcGO PHBH
2
PHBH
1 xc
1þ1xPHBH
2 c

PHBH

PHBH
1 xGO
c
PHBH
1þ12xGO
c

B
¼ P0PHBH @

1
C
A. The value of the

factor is ~2 consistent with experimental data

pertinent to the small-size penetrants but under-estimating data perti
nent to the large-size ones. Note that rP data for CO2 and N2 could be
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PHBH
reproduced with xGO
¼ 80 vol %: reasonably this “apparent” larger
c
than experimentally obtained crystalline fraction can be explained by
the presence of regions in the PHBH amorphous matrix where the
reduced mobility of the PHBH chains gives rise to lower local perme
ability values for the large size molecules, as for example, the regions
between crystalline domains or the onset of dead-end channels between
the PHBH crystallites [55].
The rP factor was also calculated in the framework of other models
for gas permeability of nanocomposite membranes, modelling the neat
and nanocomposite PHBH films as consisting of an amorphous, gaspermeable PHBH matrix with dispersed gas-impermeable PHBH crys
talline domains [56–62]. Calculation provide rP values ~ 2 as using
Nielsen eq. (4).
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4. Conclusions
Pure PHBH films and nanocomposite GO-PHBH films with 0.25 wt %
filler particles were prepared by solution-casting method. The addition
of this small additive quantity introduces negligible variation of the
PHBH melting temperature Tm � 135 � C and free volume structure but
increases the PHBH crystalline fraction xc from 0.28 to 0.60 acting the
GO particles as preferential nucleation site for the PHBH crystallites. The
PHBH crystalline domains consisted of nano-sized spherulites with same
shape both in the neat and nanocomposite samples. The presence of GO
produced a makeable improvement of the PHBH gas barrier properties.
In fact, in the 296–343 K temperature range, the gas permeability
decreased by a factor 2 for He and 2H2 and by a factor 6 for CO2 and N2
with respect to that of the neat PHBH film. Gas transport was controlled
by the solution-diffusion mechanism and the permeability decrease in
the nanocomposite was a consequence of the increased number density
of the gas impermeable PHBH crystalline spherulites forcing penetrant
molecules to migrate along longer diffusive paths. The obtained gas
permeability values of the neat PHBH films and the improved gas barrier
properties of the nanocomposite films indicate that PHBH- based
nanocomposites can be proposed as biopolymer gas barrier films.
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