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a b s t r a c t

Polymernanocomposites, basedon a bacterial biodegradable thermoplastic polyester, poly(hydroxybutyrate)
(PHB), and unmodified montmorillonite Cloisite Naþ (CNa) and chemically modified Cloisite 15A and 93A
(C15A andC93A),were prepared througha solution route. Thenanostructure has beenestablished throughX-
ray diffraction (XRD), while the nanocomposites were characterized by differential scanning calorimetry
(DSC), contact angle measurements, and thermogravimetric (TGA) analysis. Disintegrability in composting
conditions has been tested at certain times (0, 7, 14, 21, 28 and 35 days at 58 �C) and the effect of different
nanoclays on the properties of biodegraded films was deeply investigated. XRD results suggest a better
dispersion for C15A and C93A based nanocomposites that present also a more surface hydrophobic nature
respect to PHBmatrix and PHB nanocomposite loaded with unmodified Cloisite. This result is in accord with
disintegrability behavior of PHB nanocomposites. Visual observation, chemical, thermal and morphological
investigationsproved that thedisintegration in composting conditionswas faster for PHB_4CNa respect to the
systems loadedwithmodified clays suggesting thepossibility tomodulate thedisintegrability capacity of PHB
selecting a specific filler.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The quantity of plastic waste is increasing every year and the
precise time needed for biodegradation is unknown. Environmental
awareness has driven the development of new biodegradable ma-
terials, especially for single use plastic items. Polyhydroxybutyrate
(PHB) is a biodegradable thermoplastic polyester accumulated as an
energy/carbon storage or reducing power material by numerous
micro-organisms under unfavorable growth conditions in the
presence of excess carbon source [1]. PHB is a partially crystalline
polymer with a high melting temperature and a high degree of
crystallinity, then it is brittle and has limited applications [2];
moreover, it is still much more expensive and lacks mechanical
strength compared with conventional plastics. If the properties of
the PHB can be further improved by the addition of a small quantity
of an environmentally benign material, this polymer will find ap-
plications in more special or severe circumstances; in this case, it
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will be also necessary to know its behavior to degrade in similar to
the real disposal waste. Preparation of nanocomposites represent a
good alternative for reducing the final cost and an effective alter-
native way to acquire a new material with desired and improved
properties of native biodegradable polymers such as thermal, me-
chanical and oxidative barrier. Montmorillonite is among the most
commonly used clay because it is environmentally friendly and
readily available in large quantities with relatively low cost [3,4].
Additionofnanoparticles suchasnanoclays to formnanocomposites
[5,6] has provided the means to improve materials performance
including biodegradation. One advantage of clay nanocomposites is
their capacity to improve polymer barrier properties retaining the
flexibilityandoptical clarityof thepurematrix [7,8]. Incorporationof
an organic modifier onto the clay surface, to mediate between the
polarity of the hydrophilic clay surface and that of the more hy-
drophobic polymer, has been widely adopted for compatibilization
and for easy exfoliation of the clay platelets into the polymermatrix
during processing. Thus, as expected, the organoclay dispersibility
withinapolymermatrixhas been found todependon factors suchas
type and quantity of surfactant, type of clay, as well as on the pro-
cessing conditions. It is reported thatwith only a fewpercent of clay,
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Table 1
Organic modifier and the interlayer distance of the clays.
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PHB exhibits greatly improved mechanical, thermal and barrier
properties compared with the pristine polymers [9]. Recently,
biodegradable aliphatic polyester nanocomposites obtained by us-
ing melt processing have been reported in the literature [10e12],
while few example of solvent cast nanocomposites of PHB with
organically modified montmorillonite having as surfactant organic
quaternary ammonium salts have been previously reported [13].
These solution cast composites displayed intercalatedmorphologies
and exhibited improved thermal stability, except for contents of clay
in excess of 6 wt%. Since a notable characteristic of PHB is its
biodegradability in the environment, many papers deal with the
degradation in compost of PHAs [14e16]. Specifically, biodegrada-
tion of polyhydroxyalkanoate nanocomposites was first reported by
Maiti and his colleagues in 2003 [17], in which melt extruded
nanocomposites based on organically modified showed a well-
ordered intercalated structure and severe degradation tendency,
with increase in biodegradation rate due to the presence of acid sites
which catalyze the hydrolysis of the ester linkages. The biodegra-
dation of PHB and its nanocomposites with montmorillonite clay
was also studied by Maiti et al. [18]. In this case the biodegradation
rate in presence of montmorillonite was studied at room tempera-
ture and at 60 �C (under and above the glass transition of thematrix)
and the results confirmed that, at the two different temperatures,
silicate reinforced PHB nanocomposites showed higher degradation
rate with respect of neat PHB. Nevertheless, reduced biodegrad-
ability of polymer in presence of specific nanoparticle was also re-
ported in the literature [19]. However, few reports exist on the
influence of different nanoparticles (carbon nanotubes [20], carbon
nanofiber [21] and graphene [22,23]) on thedegradation behavior of
PHB (and copolymers) nanocomposites obtained by solvent assisted
processing and also in the case of solvent cast PHB/montmorillonite
nanocomposites, few papers analyzed the behavior in compost of
such materials [10,24e26].

In this research, we report the preparation of polymer nano-
composites based on a bacterial biodegradable thermoplastic
polyester, poly(hydroxybutyrate) (PHB) loaded with 4 wt% of un-
modified montmorillonite Cloisite Naþ (CNa) and chemically
modified Cloisite 15A and 93A (C15A and C93A), prepared by a
solution process. The nanostructure and the dispersion of the clay
in polymer matrix has been established through X-ray diffraction,
while the nanocomposites were characterized by differential
scanning calorimetry (DSC), contact angle measurements, and
thermogravimetric (TGA) analysis. Disintegrability in composting
conditions of the materials has been tested at different times (0, 7,
14, 21, 28 and 35 days at 58 �C) and the effect of different nanoclays
and mainly the influence of their modification on the properties of
biodegraded films were analyzed by morphological, thermal and
chemical investigations.

2. Experimental part

2.1. Materials

Polyhydroxybutyrate (PHB), with Mn ¼ 250,000g/mol, was
kindly supplied in pellets form by PHB Industrial S. A., Brazil. Un-
modified montmorillonite (MMT) Cloisite Naþ, and two organically
modified (OMMT) ones, Cloisite C15A and Cloisite C93A, were
supplied by Southern Clay Products (Texas, USA). The characteris-
tics of the clays are shown in Table 1. PHB films were obtained by
casting process in chloroform and stirred at 450 rpm (15 min) at
60 �C. The obtained solution was placed on glass Petri dishes and it
was allowed to evaporate at room temperature. Nanocomposites
were prepared following the same procedure, but a chloroform clay
solution, previously sonicated, was added to the PHB solution. All
nanocomposite films, containing 4 wt% of each type of
montmorillonite (named PHB_4CNa, PHB_4C15A and PHB_4C93A),
were stored in a desiccator at room temperature for 30 days to
allow complete crystallization of PHB [27]. The film thickness was
0.05 mm.

2.2. Methods

2.2.1. X-ray diffraction analysis (XRD)
A Philips PW 1710 X-ray diffractometer system with KCua

(l ¼ 1.54 Å) radiation was used to perform XRD analyses. Scans
were recorded in the range of 2q ¼ 2e36� at 2�/min with an X-ray
tube operated at 45 kV and 30 mA.

2.2.2. Contact angle
The sessile drop method was used to determine the static con-

tact angle of the films. Drops of 5 ml of doubly distilled water were
placed on thematerial surfaces. Measures were done over six drops
for each sample with a Ramé Hart model 500 Advanced Contact
Angle Goniometer/Tensiometer equipped with the DROP image
Advanced Software.

2.2.3. Differential scanning calorimetry (DSC)
Differential scanning calorimetric (DSC) experiments were

performed on a Mettler Toledo 822e, in the temperature range
from �25e200 �C, at a rate of 10 �C/min and under inert nitrogen
atmosphere. Melting temperature (Tm) was determined as the
maximum of the endothermic signal from the heating scan.

The overall crystallinity was calculated according to the equa-
tion (1):

Xcð%Þ ¼ DHm$ðmC=mPÞ
DH0

$100 (1)

where DHm is the melting enthalpy measured from heating ex-
periments, DH0 is the theoretical enthalpy of 100% crystalline PHB
(DH0 ¼ 146 J/g) [28], mc is the nanocomposite weight and mp is the
weight of PHB in the nanocomposite.

2.2.4. Thermogravimetric analysis (TGA)
Thermal degradation measurements were carried out using a

Seiko Exstar 6300 TGA/DTA system under nitrogen atmosphere
(flow rate 250ml/min). Temperature programswere run from 20 to
600 �C at 10 �C/min heating rate. The sample weight in each run
was approximately 10 mg.

2.2.5. Disintegrability in composting conditions
Disintegrability of neat PHB and PHB composite films was

observed by means of a disintegration test in composting condi-
tions according to the ISO 20200 standard. A specific quantity of
compost, inoculum supplied by Gesenu S.p.a., was mixed with the
synthetic biowaste, and certain amount of sawdust, rabbit food,
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starch, sugar, oil, and urea. The water content of the substrate was
around 50 wt% and the aerobic conditions were guaranteed by
mixing it softly. The samples cut to have approximately
15 � 15 � 0.05 mm3 specimens were then buried in perforated
boxes, containing the prepared mix, and incubated at 58 �C. The
samples were recovered at different disintegration steps, washed
with distilled water, dried in oven at 37 �C for 24 h, and weighed.
The disintegrability value was obtained normalizing the sample
weight, at different stages of incubation, to the initial one. Surface
microstructure of PHB and PHB composites before the composting
and at 7, 14, 21, 28 and 35 days of incubation was investigated by
field emission scanning electron microscopy (FESEM, Supra 25-
Zeiss) while sample photographs were taken for visual compari-
son. The samples at the different times of incubation were char-
acterized by DSC, TGA using the test conditions described
previously. Spectra were recorded with a Jasco FT-IR 615 spec-
trometer, in attenuated total reflection (ATR) mode. Spectra were
collected at wavenumber values between 4000 and 400 cm�1 with
spectral resolution of 4 cm�1 while an average of 150 scans was
considered.

3. Results and discussion

3.1. Characterization of PHB nanocomposite films

X-ray diffraction analyses were performed on the neat PHB and
PHB nanocomposite films in order to investigate the dispersion of
themontmorillonite layers in the polymer as well as to compare the
PHB crystallinity in the materials. The spectra of the nano-
composites (Fig. 1) showed the same well-defined characteristics
peaks of PHB [28,29], that remain practically unchanged. This fact
suggests that the PHB crystalline lattice does not change appre-
ciably in the presence of the different montmorillonites. The (001)
diffraction peak of the clays, indicative of the interlayers distance,
was observed in the low angles region of the nanocomposites
spectra. It was observed a displacement of these characteristic
peaks to lower angles when they were added to the PHB, taking as a
reference the intergallery distance of the each pristine clay. An
increase in the spacing between the layers, namely a peak shift to
lower angles, is termed as an increase in degree of exfoliation
[10,30,31]. The composites with C15A and C93A seemed to have
structures that were better dispersed than the composite with CNa.
The high hydrophilic character of CNa could be the reason of its
Fig. 1. X-ray diffraction spectra of neat PHB and PHB nanocomposite films.
poor dispersion in the polymer. A similar observation was reported
by Pluta et al. [32] on PLA/CNa microcomposites. The composite
containing the clay C93A showed a higher peak in the spectra re-
gion between 2� and 5�, than the one with C15A. It could suggest
that most of the C15A clay has an interlayer distance higher than
44.12 Å (2q ¼ 2�), which cannot be observed in the spectra.

The surface polarity of the different nanocomposites was also
investigated measuring the contact angle of a drop of water on the
films, with the aim of critically discussing the behavior of PHB
nanocomposites during the degradation test in composting con-
ditions. A plot of themeasuredwater contact angle for the PHB neat
films and for PHB based nanocomposite films was given in Fig. 2
(with enclosed images of the obtained experimental angles). As
expected, PHB showed a hydrophobic character due to the poor
affinity of the water to the non-polar polymer surface, giving a high
contact angle (Fig. 2). A lower angle was observed in the drop when
it was placed on the nanocomposite films containing CNa, due to
the hydrophilic character of the unmodified MMT. On the other
hand, the composites containing the organically modified MMT
(OMMT) showed a higher hydrophobic nature than the PHB,
because of the non-polar modifiers added to C15A and C93A clays
[33]. Therefore, as shown in the following sections, this variation in
the surface polarity of the films will influence the degradation
behavior of the different materials in composting conditions.

Thermal behavior of PHB films and its nanocomposites was
studied from the dynamic DSC thermograms. The crystallization
temperature (Tc), the melting temperature (Tm1, Tm2), the cold
crystallization temperature (Tcc) and related enthalpies (DHcc and
DHm), such as the percentage of crystallinity (Xc), of the different
materials were calculated and reported in Table 2, while in Fig. 3 the
heat flow curves of cooling (Fig. 3a) and second heating scans
(Fig. 3b) are reported for all the investigated systems. As observed
in Fig. 3a, the addition and dispersion of clay into the matrix makes
the crystallization occuring faster, and the result is consistent with
previous reported studies on the addition of nucleating agents on
PHBmatrix [5]. Another phenomenon that has been observed is the
appareance of double melting endotherms during melting. This
behavior can be attributed to the well-known recrystallization
phenomenon [34]. The lower temperature peak (Tm1) at about
(169.9 � 1.4) �C for PHB neat film corresponds to the melting of the
Fig. 2. Water contact angle values of PHB and PHB nanocomposite films.



Table 2
Thermal characteristics calculated for the PHB and its nanocomposites from DSC thermograms (cooling and 2nd heating scan).

Cooling scan 2nd heating scan TGA

DHc (J/g) Tc (�C) Tcc (�C) DHcc (J/g) DHm (J/g) Tm1 (�C) Tm2 (�C) Xm (%) Tpeak (�C) Residual mass
(%) @ 600 �C

PHB 68.9 � 2.7 72.0 � 0.9 90.3 � 0.5 14.2 � 1.8 93.5�1.4 169.9 � 1.4 173.8 � 0.2 54.3 � 2.2 266.9 � 2.0 0.58
PHB_4CNa 60.9 � 5.2 74.0 � 1.2 88.1 � 0.1 8.1 � 0.4 77.0 � 7.6 157.5 � 1.9 167.7 � 0.8 45.3 � 5.2 262.5 � 1.0 6.08
PHB_4C15A 71.3 � 6.2 71.7 � 1.1 88.4 � 1.5 13.1 � 2.2 87.6 � 6.4 155.7 � 0.2 166.8 � 1.0 49.0 � 5.7 271.4 � 1.5 3.67
PHB_4C93A 67.5 � 3.7 80.9 � 0.6 85.9 � 6.4 10.4 � 4.9 85.4 � 2.6 169.0 � 0.7 171.8 � 2.2 49.3 � 1.5 275.8 � 2.0 2.08

Fig. 3. DSC thermograms of PHB and PHB nanocomposites during the cooling (a) and the second heating (b) scan.
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“as-formed” polymer crystals, while the higher temperature,
Tm2 ¼ (173.8 � 0.2) �C, corresponds to the melting of the PHB
crystals formed from the recrystallization during the heating pro-
cess. PHB_4C93A shows a similar behavior respect to the PHB neat
film (Fig. 3b and Table 2) with no significant effect on the melting
temperatures induced by the Cloisite 93A, while a shift to lower Tm1
and Tm2 was detected for both PHB_4CNa and PHB_4C15A nano-
composites probably due to a reduced crystallite size [35,36]. This
behavior underlined an hindering effect of clay sheets on the
recrystallization phenomenon for PHB_4CNa and PHB_4C15A sys-
tems, while PHB_4C93A showed improved recrystallization phe-
nomena during melting confirmed by the increased mean value of
crystallinity degree of C93A containing system with respect to the
C15A and CNaþ, in which a reduction of the final Xm value was
observed. Such phenomenon of clay platelets hindering crystal
growth while enhancing nucleation step has already been observed
in other nano-biocomposite systems [37,38].

Thermal degradation analysis was also performed in order to
determine the influence of the clay addition on the thermal
behavior of PHB. The residual mass vs temperature curves of PHB
and PHB nanocomposite films are shown in Fig. 4a, while the de-
rivative curves are reported in Fig. 4b. It was observed that the
nanocomposites showed higher residual mass than the PHB, due to
the presence of inorganic compounds (Fig. 4a and Table 2): spe-
cifically, the nanocomposites with CNa showed higher amount of
residual mass than the other nanocomposites (Table 2). The DTG
curve of PHB showed a peak at about 260 �C due to the polymer
decomposition. This peak shifted to higher temperatures for the
nanocomposites with OMMT, indicating that the introduction of
this type of fillers slightly improve the thermal stability of PHB,
acting as thermal barriers. On the contrary, in the case of CNa, the
thermal resistance of PHB slightly decreased, due to the catalytic
activity of the Al Lewis acid sites of MMT [36].

3.2. Disintegrability in composting of PHB nanocomposite films

Disintegrability in composting conditions was first evaluated by
visual observation of the PHB and PHB nanocomposites at different
times of incubation. Fig. 5 shows that all samples changed their
color (in the web version) and became opaque after 7 days of in-
cubation, while they exhibited a considerable surface deformation
and fractures starting from 14 days in composting. This effect was
more evident in the case of neat PHB after 14 days of incubation.
The changes in sample color is a consequence of water absorption
and/or presence of products formed by the hydrolytic process that
induced a change in the refraction index of the specimens [39]. The
visual observation highlighted that all the materials were visibly
disintegrated after 28 days, while only PHB_4C15A and PHB_4C93A
formulations were still present at 35 days in composting. This result
is confirmed by disintegrability values (Fig. 6) that remain constant
for all systems until 14 days of incubation, while a 25% at 21 days
and a 95% at 28 days of disintegrability was detected for neat PHB
film. A different behavior is detected for PHB nanocomposites, for
which a visible mass loss is detected only after 28 days. During the
initial phases of the disintegration, the high-molecular weight PHB
chains are hydrolyzed to form lower molecular weight chains and
this reaction can be delayed by the presence of organo-modified
clays. They hinder the segmental motion of the PHB chains and



Fig. 4. Residual mass (a) and derivative curves (b) of PHB and PHB nanocomposites.

Fig. 5. PHB and PHB nanocomposites before (0 day) and after different stages of disintegration in composting at 58 �C.
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the diffusion into the bulk of the film through a more tortuous path
[19]. The degraded materials were either digested by the microor-
ganisms or broken into such small fragments that no film residuals
could be found in the compost. More material loss and a greater
appearance change can be taken to reflect a faster degradation rate.
Based on the appearance variations in Fig. 6, the order of disinte-
gration rate can be preliminarily determined as follows:
PHB > PHB_4CNa > PHB_4C15A > PHB_4C93A. The enhanced PHB
degradation observed with unmodified MMT layered silicates with
respect of OMMT modified cloisites had already been reported. It
was explained by the presence of Al Lewis acid sites in the inorganic
layers [40,41] or by the presence of residual water, due to the hy-
drophilic nature of the CNa.

The morphology of PHB films containing the different fillers,
retrieved regularly from the compost, was characterized by field
emission scanning electron microscope. The results are shown in
Fig. 7. It can be seen from the FESEM images that the surfaces of PHB
films were smooth before degradation while a higher surface
roughness characterized the PHB nanocomposite films due to the
presence of the fillers. After 7 days of composting, the surfaces of all
PHB films were eroded with an evident surface irregularity, and a
network of cavities were formed on the surface of PHB_4C93A.
FESEM micrographs of specimens exposed for 7 days showed sig-
nificant number of pits on the surface with the rest of the surface
being slightly rougher than the control specimens at start time.
However, no cavities appeared on the surfaces of PHB_4C15A and
PHB_4CNa. After 28 days of composting, many cavities were formed
for all PHB based systems. After 35 days, it was difficult to see the
cavities and there are only some PHB fragments [16]. It is very clear
from these micrographs that, as a result of bacterial consumption,
significant surface erosion takes place in PHB nanocomposites as
compared to that in neat PHB. In soil, the surface of the samples
became matte initially and then progressively rougher with incu-
bation time, with degradation taking place on all surfaces. When



Fig. 6. Disintegrability values of PHB and PHB nanocomposites at different stages of
incubation in composting.
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the polymer is degraded by extracellular enzymes produced by
fungi or other micro-organisms, only the surface is attacked due to
the larger size of the enzyme. These differences have also been
observed by Doi et al., 1990 [42] where SEM photographs of
enzymatically degraded PHB show a very irregular surface although
the cross-section of the same sample shows no degradation.
Atkinson et al., 1996 [43] observed that the microorganism sub-
populations (colonies) grew initially, reached an equilibrium, and
decreased eventually in a sawdust compost medium similar to the
one used in this study. This could well explain the kinds of topo-
graphic patterns of degraded PHB specimens observed in the pre-
sent study. In the initial composting period, there existed a few
microorganism colonies that were spread far apart. As the colonies
multiplied, the number of pits increased and spread over other
Fig. 7. FESEM images of PHB and PHB nanocomposite s
regions of the specimens [44]. The order of disintegration rate
determined from the FESEM analysis was in accord with the visual
observation (Fig. 5) and disintegrability investigations (Fig. 6).

The FT-IR spectra of PHB and PHB nanocomposites before
composting and after 7, 14, 21, 28 and 35 days of degradation were
performed. Fig. 8a shows the spectra of PHB where the band at
1724 cm�1, assigned to C]O stretching vibration of carbonyl
groups, became wider along the degradation process. The charac-
teristic absorptions of CH3 out of plane bending, CeOeH in plane
bending and CeO stretching vibration were found at 1455, 1377,
1226 and 1183 cm�1. During degradation, the intensity of the above
bands became stronger up to 21 days, and at this time the
biodegradation rate suddenly change (see Fig. 6) and the peaks
almost disappeared, indicating a progressive degradation of the
PHB matrix. It can be seen that PHB and PHB composites films had
similar absorption peaks in their FT-IR spectra up to 21 days (Fig. 8b
shows the spectra of PHB/C15A as an example). The changes in the
height of the characteristic peaks were also observed in the case of
nanocomposites but some differences arisen. These differences for
the OMMT based PHB nanocomposites are visible at 28 and 35 days
of composting experiment where the broad peak appeared at
1040 cm�1 could show the presence of clay (SieO stretch). Addi-
tionally, the band at 1650 cm�1 may be associated to the eC]Ce
stretching vibration present in the products of degradation formed
from the break of the ester link [45e47]. Since the chemical
structure of residual PHB was not changed during the degradation
process, FT-IR results confirmed that erosion of PHB films, caused
by microorganisms action, originated from the surface layer and
then spread gradually to the interior of the PHB film [16]. This
suggests that no degradation by-products were left on the surface
of the specimens after washing with deionized water. The smaller
molecules (oligomeric species) formed by chain scission are
believed to have leached out into the composting medium or
washed.

Fig. 9 shows the DSC thermograms (a,b) of the second heating
scan for PHB and PHB nanocomposites, respectively, at 7 and 21
urfaces after disintegration in composting at 58 �C.



Fig. 8. Infrared spectra of PHB (a) and PHB_4C15A nanocomposite (b) before and after different stages of disintegration in composting.
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days of degradation, while in Fig. 9 c and d the DTG curves of the
materials at the same conditions, are reported. All the data related
to melting and crystallization events measured from DSC tests and
the peak temperatures and residual mass obtained from TGA
analysis, at 7, 14 and 21 days, are reported in Table 3. It should be
pointed out that no data for calorimetric and thermogravimetric
tests are reported in Table 3, since no significant thermal events
were recorded in the second heating scan due to the degradation of
PHB matrix after 28 days of composting test. After 7 days of
degradation, melting temperatures decrease with respect to their
initial values as a consequence of a molecular chain degradation in
composting, according to morphological observations (Table 3). For
all samples, the decrease of transition temperatures was evident,
however, the great difference in thermal stability of the systemwas
detected for the PHB_4CNa system, for which an evident decrease
in crystallization degree was evident. After 21 days in compost, a
decrease of the Tm1 and Tm2 values was observed for all the samples,
due to an increase in the polymer chain mobility for a plasticizing
effect of oligomers formed on degradation. In general, the results
indicate that crystallinity of the PHB nanocomposites at the
different composting times, was not affected by composting con-
ditions. This again suggests that, up to 21 days, degradation during
composting occurs at the surface and does not discriminate be-
tween crystalline and amorphous states [48,49].

DTG curves of PHB and PHB nanocomposites at different times
in composting (7 and 21 days) are shown in Fig. 9 c and d, while the
maximum degradation temperatures (Tpeak) and the residual mass
at 600 �C are reported for 7, 14 and 21 days in Table 3. A complete
weight loss in a single step was detected for neat PHB and a similar
behavior was found after degradation in compost for all the ma-
terials. A common shift to higher temperatures was observed at 14
days of incubation, indicating that even after degradation in
compost, the introduction of organomodified clays improve the
thermal stability of neat PHB, acting as thermal barriers [16]. In the
case of CNa, the thermal resistance of PHB slightly decreased, due to
the catalytic activity of the Al Lewis acid sites of MMT, as previously
reported for the same systems before degradation tests [36]. It can
be also observed that the nanocomposites showed, even after
degradation tests, higher residual mass than the PHB, due to the
presence of inorganic compounds and the PHB_4CNa system
showed higher amount of residual mass than the other nano-
composites at the different composting times. The results coming
from degradation test in compost confirm that the dispersed sili-
cates in the PHB matrix lower the disintegration rate of the neat
polymer, and this effect could be explained by considering the in-
crease in effective path length and time for the microorganism for
diffusion into the bulk of the film. Moreover, the presence of
dispersed large aspect ratio silicates in the polymermatrix is able to
improve the barrier properties and, at the same time, the thermal
stability of the different systems up to 21 days of composting test.
After three weeks of exposure, the rate of degradation for the
PHB_4CNa system is analogous to the neat matrix and much higher
if compared to the other nanocomposites and this behavior can be
justified with the presence of Al Lewis acid sites in the octahedral
layers of montmorillonite and surface hydroxyl groups, which
catalyze the hydrolysis of the ester linkages in the polymer.

4. Conclusions

PHB based nanocomposites were successfully produced by so-
lution process adding both unmodified montmorillonite Cloisite
Naþ (CNa) and chemically modified Cloisite 15A and 93A (C15A and
C93A) at 4wt% respect to the polymermatrix. XRD analysis suggests
that the PHB crystalline lattice does not change appreciably in the
presence of the differentmontmorilloniteswhile a better dispersion
of C15A and C93A in PHB was detected respect to the unmodified
clay. Contact angle measurements showed that the composites
containing the organically modified OMMT fillers presented a
higher hydrophobic nature than the PHB, because of the non-polar
modifiers added to C15A and C93A clays. However, thermal inves-
tigation revealed no significant changes in the fusion temperature
and percentage of crystallinity with the clay addition because the
MMT was predominantly in the amorphous phase. The lab-scale
composting test showed that all the studied materials were visibly
disintegrated after 28 days, while PHB_4C15A and PHB_4C93A for-
mulations were still present at 35 days in composting. The dis-
integrability values suggest the following order of disintegration:
PHB>PHB_4CNa>PHB_4C15A>PHB_4C93Aunderlining that after



Fig. 9. DSC thermograms at second heating scan (a,b) and derivative curves extracted from TGA analysis (c,d) of PHB and PHB nanocomposites at 7 and 21 days of incubation in
composting conditions.

Table 3
Thermal characteristics calculated for the PHB and its nanocomposites fromDSC thermograms (cooling and 2nd heating scan) and TGA results at different composting times (7,
14 and 21 days).

Cooling scan 2nd heating scan TGA

DHc (J/g) Tc (�C) Tcc (�C) DHcc (J/g) DHm (J/g) Tm1 (�C) Tm2 (�C) Xm (%) Tpeak (�C) Residual mass (%)
@ 600 �C

PHB_7d 64.7 � 2.2 76.3 � 0.5 91.1 � 0.1 12.2 � 3.1 85.8 � 3.1 167.7 � 0.3 173.7 � 0.1 50.4 � 4.3 278.9 � 1.5 0.37
PHB_4CNa_7d 69.0 � 4.2 89.9 � 2.2 97.2 � 2.5 10.1 � 1.5 79.5 � 7.2 167.8 � 0.5 175.3 � 1.6 45.7 � 5.7 278.5 � 2.1 6.44
PHB_4C15A_7d 74.7 � 9.2 86.1 � 1.2 92.6 � 2.6 4.4 � 2.2 87.4 � 2.4 149.3 � 1.1 163.1 � 2.6 54.6 � 2.6 274.6 � 1.7 2.94
PHB_4C93A_7d 78.2 � 8.9 89.3 � 0.2 98.6 � 1.2 7.3 � 1.8 91.3 � 8.0 167.6 � 0.2 173.6 � 0.1 55.3 � 4.1 276.3 � 1.8 2.08

PHB_14d 61.4 � 0.5 70.3 � 0.1 91.2 � 1.2 7.2 � 2.6 85.4 � 2.1 171.7 � 1.4 160.0 � 1.5 53.6 � 0.4 277.2 � 0.4 0.41
PHB_4CNa_14d 61.6 � 4.7 89.4 � 6.3 95.2 � 0.3 5.0 � 1.5 74.6 � 7.4 161.6 � 0.3 172.4 � 1.5 45.8 � 4.0 286.5 � 1.3 3.60
PHB_4C15A_14d 72.4 � 2.0 79.3 � 2.4 92.3 � 4.4 6.1 � 1.2 80.8 � 1.5 142.2 � 3.2 160.7 � 1.5 49.2 � 2.6 279.3 � 2.3 1.53
PHB_4C93A_14d 74.28 � 4.0 89.2 � 0.5 96.2 � 2.0 6.6 � 1.0 86.0 � 3 0 168.1 � 4.9 175.4 � 0.1 52.2 � 1.3 275.8 � 2.6 2.20

PHB_21d 66.1 � 0.3 69.7 � 1.5 91.5 � 3.1 4.5 � 0.5 77.7 � 5.0 152.0 � 3.0 167.5 � 2.6 50.1 � 0.3 285.8 � 3.0 0.53
PHB_4CNa_21d 71.4 � 0.4 76.6 � 7.6 87.5 � 2.9 5.1 � 0.6 86.8 � 4.3 152.1 � 3.0 167.2 � 3.5 53.7 � 3.3 283.9 � 2.5 4.13
PHB_4C15A_21d 67.1 � 3.4 70.2 � 6.1 80.4 � 3.0 5.0 � 1.1 76.7 � 2.0 127.3 � 1.6 152.8 � 3.1 47.2 � 1.9 268.3 � 2.0 2.93
PHB_4C93A_21d 70.0 � 2.0 81.8 � 6.0 88.6 � 3.6 6.2�1.0 87.4 � 3.6 155.4 � 2.9 170.2 � 2.3 53.4 � 3.0 280.3 � 2.5 1.83
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three weeks of exposure, the rate of biodegradation for the
PHB_4CNa system is analogous to theneatmatrix andmuchhigher if
compared to the other nanocomposites. The results revealed that
the biodegradation is influenced by several factors including the
crystallinity and hydrophobicity of the material, dispersion, anti-
microbial and acid properties of the fillers. Then, the study under-
lined the effect of clay organic modification on the structural
properties and disintegrability rate of PHB nanocomposites opening
perspective to modulate the disintegration pattern selecting a filler
with specific characteristics.
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