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ABSTRACT:	
The effects of accelerated photooxidation on the molecular weight and thermal and mechanical properties
of Cast PHBV and PHBV/Cloisite 30B (3 wt%) bionanocomposites are investigated herein. Through size
exclusion chromatography (SEC) analysis, a significant decrease in both weight and number average
molecular weights was observed for all irradiated samples over time, resulting from the chain scission
mechanism. Differential scanning calorimetry (DSC) data indicated a decrease in degree of crystallinity and
melting temperature after UV exposure, with the appearance of double melting peaks related to the changes
in the crystal structure of PHBV. Thermal stability, tensile and thermo-mechanical properties were also
reduced consecutively in photooxidation, being more pronounced for Cast PHBV. This study shows that the
incorporation of Cloisite 30B in PHBV provides a better resistance to photooxidation in comparison with the
neat polymer.
KEYWORDS:	
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate), organo-modified montmorillonite, bionanocomposites,
accelerated photooxidation and degradation

1

INTRODUCTION

In recent years, much attention has been focused on
the study of stabilization of bionanocomposite materials in order to predict their lifetime and behavior
in outdoor applications [1–3]. Indeed, polymers may
degrade when exposed to environmental factors, such
as temperature, humidity, UV light exposure and so on,
which affect their overall performances [4–5]. In order
to determine the aging mechanisms of polymeric materials under service conditions, two types of environmental aging tests have been developed: natural aging
tests under outdoor exposure conditions and artificial
aging tests reproducing natural aging under accelerated conditions with laboratory equipments [6–8].
To minimize environmental pollution, conventional
plastics can potentially be replaced with biodegradable polymers that can be produced from renewable
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resources [9–10]. Among the biodegradable polymers,
poly(hydroxyalkanoates) (or PHAs), including poly(3hydroxybutyrate) (PHB) and poly(3-hydroxybutyrateco-3-hydroxyvalerate) (PHBV), are among the most
studied ones [11–12]. Most of the degradation studies on PHAs have been focused on thermal degradation [13–14], and biodegradation behavior of PHB and
PHBV in water [15], soil [16–18], waste compost [19–
20], and enzymes [21, 22]. However, only a few studies
have been conducted on photooxidation of PHAs. In
this regard, the effect of accelerated weathering exposure on PHBV was studied by Wei and McDonald [23].
The ﬁlm samples were exposed to a repeated 2 h cycle
of UV radiation followed by 2 h of combined UV radiation and water spray. The authors proposed ﬁve types
of degradation mechanisms that can take place during PHBV weathering: (1) Norrish Type I, (2) Norrish
Type II, (3) radical initiation, (4) crosslinking reaction,
and (5) some extent of hydrolysis of ester bonds, primarily resulting in a decrease in molecular weight.
The effect of UVA radiation on PHB was investigated
by Sadi et al. [24]. The results showed that PHB undergoes both chain scission and crosslinking reactions and

© 2018 Scrivener Publishing LLC

DOI: 10.7569/JRM.2017.634184

the formation of carbonyl groups was detected. These
changes in the chemical structure of PHB resulted in
the appearance of cracks and whitening of the PHB
samples surfaces, accompanied by a decrease in the
melting temperature and mechanical properties, and
substantial increase in the degree of crystallinity. The
authors also argued that Norrish II reaction probably
did not take place in the case of PHB photooxidation.
Furthermore, accelerated weathering conditions with
cyclic humidity and ultraviolet (UV) light exposure on
PHB ﬁlms and PHB/hemp-ﬁber reinforced composites were investigated by Michel and Billington [25].
Two distinct weathering procedures were performed,
one with cyclic elevated relative humidity and one at
constant humidity. The authors reported that neat PHB
polymer ﬁlms exhibit increased elastic modulus and
decreased ultimate strength and strain with increasing weathering exposure time, while PHB/hemp-ﬁber
composites exhibit decreased ultimate strength and
elastic modulus after exposure, attributed to combined
cyclic ﬁber swelling and embrittlement of the biopolymer matrix through photooxidation and hydrolysis.
Both neat PHB and PHB/hemp-fiber composites experienced mass loss and increased fading upon weathering exposure. Moreover, degradation rates of polymer
matrices can be influenced by the presence of layered
silicate nanoclays, such as montmorillonite (MMT),
often used to enhance some of their properties. Indeed,
several authors have found a catalytic effect of montmorillonite on hydrolytic degradation and biodegradation of different aliphatic polyesters, due to the
high hydrophilicity of these nanoparticles [26–28].
Furthermore, significant degradation could also be
induced by the presence of Al Lewis acid sites in the
inorganic layers of montmorillonite which catalyzes
the hydrolysis of ester linkages of polyesters [29–30],
and the decomposition of the organo-modifiers upon
extrusion that could also catalyze degradation [31–32].
However, other authors have reported that nanoclays
may retard the degradation of aliphatic polyesters due
to the enhanced barrier properties of the layered silicate nanocomposites [33–35]. Among the tremendous
amount of literature devoted to aging of nanocomposite materials, the behavior of PHBV-based bionanocomposites under ultraviolet (UV) photooxidation has not
yet been reported.
Therefore, the objective of this work was to investigate the effects of accelerated photooxidation on the
molecular weight and thermal and mechanical properties of PHBV/Cloisite 30B (3 wt%) bionanocomposite with respect to neat PHBV. The material changes
induced by the accelerated photooxidation were evaluated by several techniques, including size exclusion
chromatography (SEC), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
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dynamic mechanical analysis (DMA), tensile testing
and scanning electron microscopy (SEM).

2

EXPERIMENTAL

2.1 Materials and Preparation of PHBV/
C30B Nanocomposite Films
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) was supplied by NaturePlast (France) under
the trade name PHI 002® with 7 wt% of hydroxyvalerate (HV). It is nucleated with boron nitride and used
as received. It is a semicrystalline polymer with a glass
transition temperature of around 5 °C and a melting
temperature of around 155 °C according to the supplier data sheet.
The nanoclay used was supplied by Southern Clay
Products, Inc. (USA) under the trade name Cloisite
30B®, named C30B. According to the manufacturer,
it was organically modified by bis-(2-hydroxyethyl)
methyl tallow alkyl ammonium cations with 65%
C18, 30% C16 and 5% C14 and cation exchange capacity of 90 meq/100 g. PHBV matrix and C30B clays
were dried under vacuum overnight at 80 °C before
use.
The bionanocomposite sheet samples, named
C-PHBV/3C30B, prepared at a filler content of 3 wt%,
were produced by masterbatch dilution with neat
PHBV using a single-screw cast extruder, as detailed in
a previous paper [20]. The sheets obtained, having an
average thickness of about 500 µm and 80 mm width,
were then stored at 20 °C and 2% RH. Our previous
study [20] demonstrated through STEM observations,
WAXD measurements and thermo-mechanical analyses the formation of intercalated bionanocomposites,
with a few individually dispersed platelets attesting to
a partial exfoliation of MMT.

2.2 Accelerated Photooxidation
Conditions
The sheet samples of both Cast PHBV and
C-PHBV/3C30B (3 wt%) bionanocomposites were
subjected to accelerated UV exposure up to 4500 h
using a SEPAP 12/24 photo-aging chamber, which
is equipped with four mercury-vapor arc lamps. The
power of each lamp is 400 watts and the temperature in the chamber is fixed at 63 °C due to the lamps’
emission. The specimens, in the shape of an ISO ½
dumbbell, were placed in their sample holders on a
cylindrical turret and a regular circular rotation was
applied upon UV exposure to ensure uniform aging.
The samples were collected periodically for testing
between 0 to 4500 hours.
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2.3

Characterization Methods

2.3.1 Size-Exclusion Chromatography (SEC)
The molecular weight changes of neat PHBV samples
and their bionanocomposites before and after accelerated UV aging were determined by size-exclusion
chromatography (SEC) using an Omni-SECT 60A system. Samples of Cast PHBV and C-PHBV/3C30B bionanocomposites (typically 20 mg) were dissolved in
2 ml of chloroform over 1 h at 60 °C. Before injection,
all samples were ﬁltered through a Phenex PTFE 0.2
mm ﬁlter to remove any insoluble fractions or clays.
SEC experiments were conducted in a Waters 410 differential refractometer using a PL Gel 5-mm Mixed-C
column (1 × 600 mm). The column eluent was chloroform at a ﬂow rate of 1 mL/min and polystyrene
standards were used for calibration. The average
molecular weights in weight Mw and in number Mn
well as the polydispersity index (Ð) were determined.
Two specimens of each sample were tested.

2.3.2 Differential Scanning Calorimetry
(DSC)
Differential scanning calorimetry analysis was performed on a Pyris Diamond DSC thermal analysis
system (PerkinElmer) equipped with an IntraCooler
II. Small amounts (15 to 20 mg) of dried samples
were placed into aluminum pans. Heating and cooling scans were performed at a scanning rate of 10 °C
min–1 from 30 to 200 °C, using N2 as the purging gas. At
least three specimens were tested for each sample. An
empty aluminum pan was used as reference and the
crystallization exotherm and melting endotherm were
analyzed. The degree of crystallinity (Xc) was determined according to Equation 1:

Xc =

∆H m
× 100 (1)
W . ∆H m0

where ∆Hm (J.g–1) is the melting enthalpy of the polymer matrix PHBV, W is polymer weight fraction
(PHBV) in the sample, calculated from the real content
of C30B, and ∆Hm0 is the melting enthalpy of a pure
crystal and ∆Hm0 = 146J.g–1 [36].

2.3.3

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis measurements were carried out using a Pyris Diamond thermogravimetric analyzer (PerkinElmer) on specimens of 10–12 mg at a heating rate of 10 °C/min. Samples were heated from room
temperature up to 700 °C to reach the complete thermal
degradation of PHBV and its bionanocomposites. All
tests were performed under nitrogen atmosphere.
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2.3.4

Dynamic Mechanical Analysis (DMA)

The thermo-mechanical behavior of Cast PHBV and
C-PHBV/3C30B bionanocomposite samples was
investigated in the vicinity of the α-transition using
a DMA 50 dynamic mechanical analyzer (Metravib
O3dB, France). Three rectangular specimens of each
sample with dimensions of approximately 35 × 5 × 0.5
mm3 were tested. The measurements were performed
in shear mode at 5 Hz and 5 mm of amplitude and
the temperature range was varied between 20 and
120 °C at a heating rate of 3 °C/min. Storage modulus (G′), loss modulus (G″) and loss factor (tan δ) were
determined.

2.3.5

Tensile Testing

The mechanical properties were measured with a universal testing machine (Zwick/Roell) at room temperature according to ASTM standard method (ISO
527). The extension was set at 1 mm/min, using an
incremental clip-on extensometer (Zwick/Roell). Five
specimens were tested for each material and the average value was calculated for Young’s modulus, tensile
strength and elongation at break.

2.3.6

Scanning Electron Microscopy (SEM)

The SEM images of Cast PHBV and C-PHBV/3C30B
bionanocomposite ﬁlms were captured using a
Quanta 200 FEG (FEI Company) environmental scanning electron microscope at an acceleration voltage of
7 to 10 keV. Prior to observations in scanning mode
(SEM), the fracture surfaces of the ﬁlms in liquid nitrogen were sputter-coated with carbon using a CED 030
carbon evaporator device (Balzers) to ensure good surface conductivity and avoid degradation under electron beam upon observation.

3
3.1

RESULTS AND DISCUSSION
Molecular Weight Changes

Table 1 reports the values of the weight average
molecular weight Mw , number average molecular weight Mn and polydispersity index (Ð) for
Cast PHBV and C-PHBV/3C30B bionanocomposite samples after 880 and 4500 h of exposure under
accelerated UV conditions. A significant reduction
can be noticed in the average molecular weight for
both materials. Indeed, upon increasing exposure
time to 4500 h, PHBV exhibits a decrease in both
Mw and Mn by almost 65% and 86.5%, respectively. The same trend is also observed for Mw and
Mn of C-PHBV/3C30B bionanocomposite samples,
© 2018 Scrivener Publishing LLC
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Table 1 Weight-average molecular weight Mw , number-average molecular weight Mn and polydispersity index ( Ð) of Cast
PHBV and C-PHBV/3C30B bionanocomposites as a function of exposure time.
Samples

Exposure time (h)

M w ( g / mol)

M n ( g / mol)

Ð

0

290860 ± 2881

112950 ± 12632

2.6 ± 0.26

880

178220 ± 9326

52920 ± 2896

2.4 ± 0.01

4500

103080 ± 15216

15200 ± 1913

6.8 ± 0.15

0

305510 ± 1971

94640 ± 5460

3.2 ± 0.17

880

186450 ± 5728

47160 ± 12745

4.1 ± 0.98

4500

113590 ± 3837

21480 ± 9248

5.4 ± 0.50

Cast PHBV

C- PHBV/3C30B

showing a decrease in Mw and Mn by about 63%
and 77%, respectively. According to the literature
[37–38], the decrease of the average molecular weight
associated with an enhanced polydispersity for both
Cast PHBV and C-PHBV/3C30B during the accelerated photooxidation process is explained as a result
of degradation, which primarily takes place in the
amorphous regions of the polymer matrix via chain
scission mechanism. Indeed, Wei et al. [23] and Sadi
et al. [24] reported that the chain scission mechanism
likely occurs via Norrish reaction and radical initiation mechanisms. These results are in good agreement with those presented in Figure 1, indicating the
chain scission index (SI) values for each sample with
increased exposure time, determined according to
Equation 2:
7
Cast PHBV
C-PHBV/3C30B
6

Scissions index (SI)

5

4

3

2

1

0

880

4500
Exposure time (h)

Figure 1 Chain scission index (SI) of Cast PHBV and
C-PHBV/3C30B bionanocomposite films.
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 M (t ) 
SI =  n 0  − 1 (2)
 Mn ( t ) 
where Mn (t0) and Mn (t) are the initial number average molecular weight and the number average molecular weight at a given exposure time, respectively.
Figure 1 shows a significant increase in the SI value
for Cast PHBV and C-PHBV/3C30B bionanocomposite samples from 1.13 to 6.42 and from 1 to 3.40,
respectively, at 880 and 4500 h. These results clearly
indicate the occurrence of chain scission in the irradiated samples. Furthermore, it is worth mentioning
that the extent of chain scission was less pronounced
for PHBV/C30B bionanocomposite.

3.2

Thermal Properties

Figure 2 shows the DSC thermograms recorded during the second heating scans for Cast PHBV and
C-PHBV/3C30B samples at different exposure times.
The DSC data are reported in Table 2. For all irradiated samples, a decrease in the melting temperature (Tm) is observed with increased exposure time.
Furthermore, the DSC thermograms of the irradiated
samples exposed up to 2000 h exhibit double melting
peaks, exhibiting a main peak Tm1 at 165 and 167 °C
and a secondary peak Tm2 at lower temperature, i.e.,
156 and 162 °C, for Cast PHBV and bionanocomposites C-PHBV/3C30B, respectively. The appearance of
a shoulder corresponding to a third melting peak Tm3
for the bionanocomposite sample above 2000 h of UV
exposure is also observed. The third peak decreases
from 155 °C to 152 °C with time. The literature [39–41]
attributed the formation of secondary melting peaks
to changes in the chemical structure and organization
of the polymer chains during UV irradiation that leads
to the formation of crystal populations with different
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C-PHBV/3C30B

Heat flew endo (g/w)

Heat flow endo up (g/w)

Cast PHBV

0h
40
(a)

880h
60

80

2500h

2000h
100

120

140

4500h

160

180

0h

200

40

60

(b)

Temperature (°C)

880h
80

2000h
100

120

2500h
140

4500h

160

180

200

Temperature (°C)

Figure 2 DSC thermograms of (a) Cast PHBV and (b) C-PHBV/3C30B bionanocomposites during second heating scans at
different exposure times.

Table 2 Thermal characteristics (crystallization temperature Tc, melting temperature Tm and crystalline index Xc) obtained from
the cooling and the second heating of Cast PHBV and C-PHBV/3C30B Bionanocomposites as a function of exposure time.
Samples

Cast PHBV

Exposure time
(h)

0

Tm3 (°C)

Tm2 (°C)

Tm1

Xc (%)

119 ± 0.5

–

–

170 ± 0.5

66.1 ± 1

115 ± 2

–

–

165 ± 0.5

64.6 ± 0.5

1500

114 ± 1.5

–

–

165 ± 0.5

62.8 ± 1

2000

114 ± 0.5

–

156 ± 0.5

165 ± 0.5

64.5 ± 0.5

2500

110 ± 1.5

–

152 ± 1

162 ± 0.5

62.5 ± 2

4500

152 ± 1

880

C-PHBV/3C30B

Tc (°C)

112 ± 1

–

159 ± 0.5

62.5 ± 1

0

119 ± 0.5

–

–

165 ± 0.5

63.4 ± 0.5

880

114 ± 0.5

–

–

164 ± 0.5

63.9 ± 0.5

1500

115 ± 0.5

–

–

165 ± 0.5

62.3 ± 0.5

2000

116 ± 1

155 ± 0.5

162 ± 0.5

167 ± 0.5

63.4 ± 1

2500

115 ± 0.5

154 ± 0.5

155 ± 0.5

163 ± 0.5

63.9 ± 0.5

4500

116 ± 0.5

152 ± 0.5

154 ± 0.5

163 ± 0.5

62.5 ± 0.5

perfections and lamellar thicknesses. Moreover, the
overall decrease in melting temperature with exposure
time may also be attributed to the significant decrease
in molecular weight of polymer chains [42–43]. Figure
3 shows the relationships between the crystallization
temperature (Tc), the crystallinity index (Xc) and the
exposure time for Cast PHBV and C-PHBV/3C30B
samples. A slight decrease of Tc and Xc is observed
with increasing exposure time. The decrease of Tc is
attributed to chain scission mechanism, which promotes the formation of shorter macromolecular chains
with higher mobility. Therefore, short chains have
the ability to orient themselves into an ordered structure intramolecularly or intermolecularly at a lower
temperature compared to long molecular chains [41,
292  J. Renew. Mater., Vol. 6, No. 3, April 2018

44]. On the other hand, the decrease of Xc may result
from the damage of the crystallites by UV irradiation,
which promotes imperfections in crystalline structure
[39–41, 45].
Additional data about changes in thermal stability
induced by accelerated photooxidation exposure of
Cast PHBV and C-PHBV/3C30B bionanocomposite
samples were obtained by TGA analysis. The degradation temperature values at 5% and 50% weight loss
and the maximum degradation rate, in addition to the
char percentage at 600 °C, are summarized in Table 3.
The TGA and DTG thermograms for C-PHBV/3C30B
bionanocomposites as a function of exposure time
taken as an example are shown in Figure 4. Before
exposure to accelerated UV testing, C-PHBV/3C30B
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bionanocomposite sample exhibits the higher thermal
stability (+8 °C) compared to Cast PHBV. This is due
to the presence of the organoclay, which reduces the
diffusion of the volatile degradation products of the
bionanocomposite sample [37–38]. After UV irradiation, a decrease in the degradation temperature values
is observed for both PHBV and its bionanocomposite
with increasing exposure time, probably due to the
reduction of the molecular weight of samples arising as
photolysis products that could catalyze degradation of
polymer [38, 46–47]. For Cast PHBV T5% = 263 ± 1 °C is
decreased by 11 °C after 4500 h of exposure. This effect
is more pronounced when PHBV contains 3 wt% of
Cloisite 30B, indicating a faster thermal degradation.
T5% also shifts to lower values, reducing from 266 ± 1
°C to 244 ± 1 °C after 4500 h of exposure, representing a
decrease of 22 °C. A similar trend is observed with the

Tc (°C)

130
Cast PHBV
C-PHBV/3C30B
120

Xc (%)

110
70

60

50

0

1000

2000

3000

4000

5000

Exposure time (h)

Figure 3 Tc and Xc changes of Cast PHBV and C-PHBV/3C30B
samples with exposure time (0–4500 h).

Table 3 The decomposition temperatures at 5%, 50% weight loss, the maximum degradation rate and the char residue at 600 °C
of Cast PHBV and C-PHBV/3C30B bionanocomposites as a function of exposure time.
Samples

T5% (°C)

T50% (°C)

Tmax. rate
Tvmd(°C)

Char (%)
at 600(°C)

0

263

282

285

1.3

880

260

282

284

1.4

1500

258

279

283

1.7

Exposure time (h)

Cast PHBV

2500

254

276

280

1.5

4500

252

275

278

1.5

0

266

290

293

3.6

C-PHBV/3C30B

880

260

288

293

4.2

1500

-

-

-

-

2500

263

270

286

3.5

4500

244

277

286

4.1

120

10
C-PHBV/3C30B

100

After 2500h

After 4500h

10

80

–10

60

–20

DTG (%)

Weight loss (%)

Before exposition

Before exposure
After 2500h
After 4500h

40

–30

20

–40

0

–50

293°C
286°C

C-PHBV/3C30B
–60
150

(a)

200

250

300

Temperature (°C)

350

400

200

(b)

220

240

260

280

300

320

340

Temperature (°C)

Figure 4 (a) TGA and (b) DTG curves of C-PHBV/3C30B bionanocomposites before exposure and after 2500 and 4500 hours
exposure to accelerated photooxidation.
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degradation temperature at 50% weight loss for both
Cast PHBV and C-PHBV/3C30B bionanocomposite
samples. However, before accelerated photooxidation exposure, the decomposition temperatures at the
maximum degradation rate (Tvmd) of C-PHBV/3C30B
bionanocomposites increased compared to Cast
PHBV, indicating the enhancement of thermal stability
with the incorporation of C30B. After exposure, there
is no signiﬁcant change in the maximum degradation
rate of C-PHBV/3C30B bionanocomposites even after
4500 h compared to that of Cast PHBV. The values
of the decomposition temperature at the maximum
degradation rate (Tvmd) of C-PHBV/3C30B decreases
from 293 °C to reach the value of the non-irradiated
Cast PHBV observed at 285 °C. These results indicate
a lower degradation rate at given temperature for the
bionanocomposite sample, which could be attributed
to the protective role of C30B nanoclays acting as an
insulating barrier.

3.3

in molecular weights of PHBV (Table 1) due to chain
scission, which greatly alters the thermo-mechanical properties of the PHBV matrix. The addition of 3
wt% of C30B seems to have no positive effect on the
thermo-mechanical stability of PHBV when exposed
to UV aging. Indeed, the drop in storage modulus is
almost similar to that of cast PHBV and no shift in the
alpha transition is observed.

3.4

Figure 5 shows the curves of storage modulus (G′)
for Cast PHBV and C-PHBV/3C30B bionanocomposite samples before and at exposure time of 880, 2000
and 2500 hours. The results indicate that before UV
irradiation, an enhancement of storage modulus (G′)
is clearly observed for the bionanocomposite sample
compared to PHBV. This may be related to the high
stiffness of clays, their good dispersion and the good
interactions occurring between the PHBV matrix and
C30B that should restrict the polymer chains mobility [20]. Under accelerated photooxidation, it is noted
that the storage modulus is significantly reduced for
both Cast PHBV and C-PHBV/3C30B bionanocomposite samples with increasing irradiation time. This
phenomenon is explained as a result of the reduction

Cast PHBV

Before exposure
After 880 h
After 2000 h
After 2500 h

800
600
400
200
0
–20

(a)

1400

C-PHBV/3C30B

Before exposure
After 880 h
After 2000 h
After 2500 h

1200
Storage modulus G’ (MPa)

Storage modulus G’ (MPa)

1000

Tensile Properties

The variations in Young’s modulus, tensile strength
and elongation at break for both Cast PHBV and
C-PHBV/3C30B bionanocomposite samples are presented in Figure 6 as a function of exposure time.
The values are also summarized in Table 4. For Cast
PHBV, it is observed that the values of Young’s modulus remain fairly constant up to 880 h before decreasing gradually with exposure time. Indeed, at 4500 h,
the Young’s modulus value decreases by 23% as compared to non-irradiated PHBV. This could be due to
the signiﬁcant reduction in molecular weight resulting from the chain scission mechanism. Similar data
were reported by Gorrasi et al. [48] for PLA after 300
h of exposure in a UV climatic chamber at 30°C and
50% RH. Moreover, tensile strength and elongation at
break both decrease drastically with exposure time,
to reach a maximum loss of 67% and 45% at 4500 h,
respectively. In this regard, Sadi et al. [24] and Wei and
McDonald [23] reported a reduction in tensile strength
and elongation at break by 58% and 46% for PHB and
PHBV subjected to accelerated photooxidation, respectively. A lower decrease in the mechanical properties
was observed for the C-PHBV/3C30B bionanocomposite samples compared to the Cast PHBV along the
photooxidation process. Indeed, after 4500 h of exposure to accelerated UV irradiation, Young’s modulus,

Thermo-Mechanical Properties

1200

DOI: 10.7569/JRM.2017.634184

1000
800
600
400
200

0

20

40

60

Temperature (°C)

80

100

120

0
–20

(b)

0

20

40

60

80

100

120

Temperature (°C)

Figure 5 Temperature dependence of storage modulus (G′) for (a) Cast PHBV and (b) C-PHBV/3C30B bionanocomposites as a
function of exposure time.
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1400

35
Cast PHBV
C-PHBV/3C30B

1000

25
20
15

800
600

10

400

5

200

0

Cast PHBV
C-PHBV/3C30B

1200
Young modulus (MPa)

Tensile strength (MPa)

30

0

480

(b)

880 1500 2000 2500
Temps (h)

4500

0
(a)

0

480

880

1500 2000 2500
Time (h)

4500

Figure 6 Evolution of (a) Young’s modulus, (b) tensile strength for Cast PHBV and C-PHBV/3C30B as a function of exposure
time to accelerated photooxidation.

Table 4 Values of Young modulus, tensile strength and elongation at break measured by tensile test of cast PHBV and C-PHBV/
C30B (3 wt.%) bionanocomposites as a function of exposure time to accelerated photooxydation.
Samples
Cast PHBV

C-PHBV/3C30B

Exposure time (h)

Young modulus (MPa)

Elongation at break (%)

0

1020 ± 51

27 ± 1.4

2.9 ± 0.2

880

967 ± 78

16 ± 2.0

2.5 ± 0.4

1500

842 ± 71

15 ± 1.1

2.2 ± 0.4

2000

861 ± 116

16 ± 1.0

2.2 ± 0.2

2500

831 ± 31

12 ± 1.9

1.9 ± 0.7

4500

787 ± 60

09 ± 3.3

1.6 ± 0.3

0

1180 ± 42

28 ± 1.3

2.9 ± 0.1

880

834 ± 145

19 ± 1.9

2.9 ± 0.1

1500

954 ± 89

19 ± 1.5

2 .9± 0.7

2000

984 ± 68

17 ± 1.5

2.3 ± 0.9

2500

882 ± 79

13 ± 1.8

1.9 ± 0.4

4500

932 ± 73

12 ± 1

1.9 ± 0.1

tensile strength and elongation at break of irradiated
C-PHBV/3C30B bionanocomposite were reduced by
21%, 54% and 34%, compared to those of irradiated
cast PHBV, respectively. The incorporation of clays
in PHBV thus appears to limit the loss in mechanical
properties of PHBV when exposed to UV aging.

3.5

Tensile strength (MPa)

Fracture Surface Analysis

Figure 7a,b shows SEM micrographs of the fractured
surface in liquid nitrogen of the Cast PHBV before
and after 4500 h of exposure, respectively. From the
SEM images of Cast PHBV (Figure 7a), a regular and
smooth surface with some particles of boron nitride,
i.e., the nucleating agent present in the PHBV matrix,

J. Renew. Mater., Vol. 6, No. 3, April 2018

is observed. After 4500 h of exposure, it is observed
in Figure 7b that the fracture surface of the irradiated
sample exhibits noticeable damage, as evidenced by a
rough surface and the presence of many cavities of different sizes and shapes. For the C-PHBV/3C30B bionanocomposite sample, the SEM micrograph shown
in Figure 8a taken before UV exposure, exhibits a
regular surface characterized by a homogeneous dispersion of the clay particles in the PHBV matrix. After
4500 h of exposure, the sample displays signiﬁcant
defects on the fracture surface due to photooxidative degradation effect. These defects are primarily
responsible for the loss in tensile strength and elongation at break of both Cast PHBV and C-PHBV/3C30B
bionanocomposite.
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This study thus opens up interesting perspectives on
the durability of PHA performances in service use
when subjected to environmental aging.
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