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Abstract

In this study, poly(3-hydroxybutyrate-co-3-hydroxyvaerate) (PHBV)/graphene oxide (GO) nanocomposite films
containing various content of GO were prepared using solution casting method. The effect of GO content on Y oung’s modulus
and dispersion of GO in PHBV matrix was investigated. Also, the thermomechanical properties, oxygen transmission rates and
hydrolytic degradation of PHBV/GO nanocomposite films were studied. The addition of GO into PHBV improves the
Young's modulus and decreases thermal expansion coefficient. The improvement can be mainly attributed to good dispersion
of GO and interfacial interactions between PHBV and GO. Furthermore, PHBV/GO nanocomposite films show good oxygen

barrier properties. PHBV/GO nanocomposites show lower hydrolytic degradation rates with increasing content of GO.
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1. Introduction

Since polymers derived from petroleum are
generally non-degradable, their wastes have an
adverse effect on the environment. Tough
environmental laws and increasing disposal costs
have generated much interest in biodegradable
polymers. Recently, sustainability becomes a very
important concept for the human well-being and
environmental concerns. Therefore, biodegradable
polymers based on renewable
atracted great interest.

resources have

Poly(hydroxylalkanoates) (PHAS) produced as
internal carbon and energy storage materials by
bacteria grown under nutrient-limited growth
conditions are biodegradable polymers based on
renewable resources (Rouf and Stoke, 1962). Besides
being enzymatically degradable, PHASs possess good
mechanical properties that are often compared
favorably to petroleum-based thermoplastics.
Among PHAs, poly(3-hydroxybutyrate) (PHB) is the
most studied. Even though the physical properties of
PHB are very close to those of polypropylene (PP),
brittle nature and the narrow therma processing
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window of PHB limit its application (King, 1982). To
overcome these drawbacks, poly(3-hydroxybutyrate
-co-3-hydroxyvalerate) (PHBV) was developed. The
copolymer composition has great influence on the
physical properties of PHBV (Shogren, 1997; Wang
et a., 2005; Cavaet a., 2006).

Recently, a lot of studies about polymer
nanocomposites have been done in various fields
because of their enhanced physical properties
(Gianndlis, 1996; Lebaron et al., 1999; Alexandre
and Dubois, 2000; Ray and Okamoto, 2003; Maniar,
2004; Shafiee et a., 2010; Ataeefard and Moradian,
2011). Especidly polymer/graphene nanocomposites
have attracted considerable attention due to their
superior mechanical, thermal and electronic properties
(Stankovich et a., 2006; Kim et a., 2012; Lee et d.,
2012; Tapaswi et a., 2015; Tzeng et d., 2015).
Graphene Oxide (GO) formed by the Oxidation of
graphene can readily exfoliate to form homogeneous
colloidal suspensions in water because of oxygen
-containing functional groups such as carboxyl,
hydroxyl, and epoxide groups. Even though there
have been a lot of studies on the blends between
PHBV and other polymers (Imam et a., 1998; Avdla
and Errico, 2000; Chun and Kim, 2000; Godbole et
al., 2003; Qiu et al., 2003; Parulekar and Mohanty,
2007), there have been few studies about
PHBV/graphene nanocomposites (Wang et d., 2013;
Sridhar et a., 2014; Ambrosio-Martin et al., 2015).
With addition of graphene into PHBV, improvement
of mechanical properties and thermal degradation
temperature was reported in the previous studies
(Wang et d., 2013; Sridhar et a., 2014). Also,
PHBV nanocomposites containing functionalized
graphenes showed improved crystallinity, significantly
enhanced conductivity and acceleration of the
bio-disintegration process in compositing conditions
(Ambrosio-Martin et ., 2015; You et d., 2015).

In this work, PHBV/GO nanocomposite films
containing various content of GO (0, 0.7, 1, 2 and 5

wit%) were prepared using solution casting method.
The effect of GO content on Young's modulus and
dispersion of GO in PHBV matrix was investigated.
Also, the thermomechanical properties and oxygen
transmission rates of PHBV/GO nanocomposite films
were studied. The change in the surface morphology
and weight of PHBV/GO nanocomposite films with
hydrolytic degradation time was examined.

2. Materials and Methods

2.1. Materials and preparation method

Natural graphite powder (< 20 um), potassium
persulfate,  phosphorus  pentoxide, potassium
permanganate, hydrogen peroxide solution (30 wt%),
hydrochloric acid (37%) and PHBV containing 12
mol % of hydroxyvaerate were purchased from
Sigma Aldrich and used after oven drying at 60°C for
24 h. Sulfuric acid (97%) was purchased from Junsei.
Graphite Oxide (GO) was synthesized from graphite
powder by the modified Hummers method (Hummers
and Offeman, 1958). Detailed preparation method
can be found in our previous publication (You et al.,
2015).

For the preparation of PHBV/GO nanocomposite
films, GO was dispersed in chloroform with stirring
for 12 h, followed by ultrasonication for 30 min.
PHBV was dissolved in chloroform a 60°C with
stirring for 2 h. GO solution was poured into the
PHBV solution, and stirring was continued for 2 h.
Then, the mixture was sonicated for 30 min to make a
well dispersed suspension. In order to examine the
effect of GO content on the physical properties of the
PHBV/GO nanocomposite films, the nanocomposite
films containing various content of GO (0, 0.7, 1, 2
and 5 wt%) were prepared using solution casting
method. Finally, samples were dried to constant
weight in a vacuum oven at 35°C. The films were
peeled off from a substrate for further testing.
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Fig. 1. (8 Loss modulus versus temperature curves and (b) Storage modulus versus temperature curves of PHBV/GO
nanocomposite films containing 0 wt%, 2.0 wt%, and 5.0 wt% of GO.

2.2, Testing

The storage modulus and loss modulus of the
nanocomposite films were measured by Dynamic
Mechanica Analyzer (DMA, Perkin Elmer N535
-0001 model) with a heating rate of 10°C/min at 1
Hz. Tensile modulus of PHBV/GO nanocomposite
films was measured usng a Universal Testing
Machine (Model 4466, Instron Co.) at a strain rate of
10 mm/min at room temperature. The sample length
and width were 2.5 and 0.5 cm, respectively. All
measurements were performed for five replicates of
specimens and averaged to get the fina result. The
morphologies of GO and PHBV/GO nanocomposite
films were investigated by field emission-scanning
electron microscopy (FE-SEM, JSM-6700F) with an
acceleration voltage of 15 kV and energy-filtering
transmission electron microscope (EF-TEM, EM-912
Omega, Carl Zeiss). Samples for TEM were prepared
by a microtoming method with a focused ion beam
(Quanta 3D FEG) a low temperature. Typica
tapping-mode Atomic Force Microscopy (AFM)
measurements were performed using a Multimode
SPM from Digital Instruments. The samples for the
AFM were prepared by depositing the homogeneous
GO suspension onto a mica substrate in water.

For the oxygen barrier property, an OX-TRAN
Model 2/21 (MOCON Inc.) was used with the ASTM
protocol D3958. PHBV/GO nanocomposite films
were masked with an adhesive aluminum film to
expose a circular 5 cm® surface area Thermal
Expansion Coefficient (CTE) was measured using a
TA Instruments thermomechanical analyzer under
nitrogen with a fixed load of 0.05 N from -10 to
140°C with a heating rate of 10°C/ min. PHBV/GO
nanocomposite films were weighted and then
incubated in 20 mL Phosphate Buffer Solution (PBS)
(pH 7.4) in 30 mL glass vid in an incubator at 37°C.
The nanocomposite films were retrieved at specified
times and air-dried to constant weight. Weight loss
was determined gravimetrically.

3. Results and Discussion

Fig. 1 shows the storage and loss modulus of
PHBV/GO nanocomposite films measured by DMA.
It is obvious that the incorporation of GO into PHBV
matrix has a significant influence on the storage and
loss modulus. The storage modulus (E) is usualy
indicative of the elastic modulus of the composites
during elastic deformation, and the loss modulus (E)
is indicative of the energy lost due to the friction of
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polymer chain movement. E at 25°C is dramatically
increased from 390 MPa for PHBV to 720 MPa and
1060 MPa for PHBV/GO (2 wt%) and PHBV/GO (5
wt%) nanocomposites, respectively. This significant
increase of E is due to the good dispersion of GO in
PHBV matrix, and the good interactions between GO
and PHBV, asdiscussed aready in our previous work
(Youet d., 2015)

The Young's moduli of the PHBV/GO
nanocomposites are shown in Fig. 2. Like storage
moduli behavior(Fig. 1(b)), the ultimate Young's
modulus of the PHBV/GO composite significantly
increased by 38% from 1094 Mpato 1505 MPa. This
increase in the modulus with adding GO can be
mainly attributed to its good dispersion, aswell asthe
covalent bonding sites which can strong interfacial
interactions between the polymer and graphene sheet
in the composite. The GO consists of covaently
attached oxygen-containing groups such as hydroxyl,
carboxyl groups. Between these groups of GO and
ester group of PHBYV, the composites can form a
strong hydrogen bonding, therefore it lead to the
mechanical propertiesin increase (Park et a., 2013).

#— HalpinTsai2D
6 ® - HalpinTsai3iD
& Experimental "
g 5-
=
5 41
=
g 3 .
ol
22 i
2 P 2
~ 14
0 T T T T T
0 1 2 3 4 5

Graphene oxide (vol.%)

Fig. 2. Experimenta Young's modulus of PHBV/GO
nanocomposite films and theoretica Young's
modulus of the nanocomposite films calculated
from the Halpin-Tsai model.

The Young's modulus of composites can be
predicted from the Halpin-Tsai theory, a widely used
model for predicting the modulus of unidirectionaly
or randomly oriented filler-reinforced composites
(Halpin and Kardos, 1976; Schafer and Justice, 2007;
Kimet a., 2012; Lee et d., 2012; Cho et d., 2015).
The composite moduli for the randomly and
unidirectionally oriented GO sheets in a PHBV
matrix are given by the following equations:

(E,/E,)-1 2

+ Nl By
Ec=E_x §>< (Eg/Em)+(2|g/3tg) 3tg ¢

"8 (E,/E,)-1 v
“(E,/E, )+ (@, /3t,)"

(E,/E,)-1 v
(E,/E J+2 ¢

+>x T

8 | (E,/E,)-1

“(E,/E,)+2"

1+ 2x

@
PP Y1 N PN
- (E,/E, )+ (2, /3t,) 3, °
X E/E,)1
(g, /1€, )+ (@, /3t,)
2

where E; and E; represent the Y oung’s modulus of
the composites with randomly oriented GO and the
aligned GO paralld to the surface of the composite
films, respectively. E; and En are the Young's
modulus of the GO and the polymer, respectively.
The symbols, Iy and ty refer to the length and
thickness of the GO sheet, respectively, whereas V.
refers to the volume fraction of the GO in the
composite. The Young's modulus of GO was
assumed to be 0.25 TPa based on the literature value
for GO (Gomez-Navarro et a., 2008). The Young's
modulus of the pure PHBV is 1 GPa. The densities of
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Fig. 3. Surface images of GO sheets observed with (a) SEM, (b) TEM, and (c) AFM.

the PHBV and GO were 1.25 and 2.25 g/om’,
respectively. The statistical averages of the Iy and tq
of the GO sheets were approximately 500 and 1 nm,
respectively, according to AFM analysis that are
shown |ater.

The experimental values for Young's modulus
of PHBV/GO nanocomposites are compared with
the theoreticd values (3D random and 2D
aligned) predicted from the Halpin-Tsai theory in
Fig. 2. The experimenta values increase with
increasing content of GO. This reinforcement
effect from GO can be mainly attributed to its
good dispersion and interfacid interactions between
PHBV and GO. GO consigts of oxygen-containing
groups such as hydroxyl and carboxyl groups. A

hydrogen bonding can exist between these groups
of GO and ester groups of PHBV (Gilje et d.,
2007; Park et d., 2013).

Fig. 2 shows that the theoretica values for the
random 3D plots are close to the experimental
vaues. Based on this result, the dispersion of
GO sheets in PHBV matrix could be mostly
random. The surface images of the GO sheets
were observed with SEM (Fig. 3(ad)) and TEM
(Fig. 3(b)), which show flat morphology, with
some wrinkles and folding on the surface and
edge. AFM is used to determine the length and
thickness of the GO sheets. Fig. 3(c) displays a
typica tapping-mode AFM image of GO deposited
onto a mica substrate from an aqueous dispersion,
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and (e) 5.0 wt% of GO.

which shows approximately 500 nm and 1 nm in
length and thickness, respectively. Based on this
result, the aspect ratio of GO nanosheet is about
500.

Fig. 4 shows the TEM images of PHBV/GO
nanocomposite films with various GO weight

fractions. GO sheets are randomly dispersed
throughout the polymer matrix. Some aggregated
sheets are observed in the TEM images. The
TEM images of PHBV/GO nanocomposite films
are consistent with the result in Fig. 3.

Table 1 shows the oxygen transmission rates
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Table 1. Oxygen transmission rates and thermal expansion coefficients of PHBV/GO nanocomposite films

Sample

Oxygen transmission rates

Thermal expansion coefficients

cm’/(m*day) pum/(m-°C)
0 wt% 63 2715
0.7 wit% 51 248.8
1.0wt% 50 2255
2.0wt% 48 202.9
5.0 wi% 45 1938
of PHBV/GO nanocomposite films, implying

much lower oxygen transmisson rate compared
with commercia polymers such as polyethylene
and polypropylene and meaning a desirable oxygen
barrier properties for packaging. With increasing
content of GO, oxygen transmission rates of PHBV
/GO nanocomposite films decrease. Further reduction
in the oxygen transmisson rates, which is necessary
for practical packing uses, may be expected with
further increasing GO content due to a tortuous
path mechanism by high aspect ratio of GO.

The Therma Expansion Coefficients (CTEs) for
PHBV/GO nanocomposite films are also shown
in Table 1. The CTEs were determined from the
TMA measurements in the range of -10~140°C.
The addition of GO remarkably reduces the CTE
of PHBV/GO nanocomposite films. The addition
of GO sheets is believed to increase the rigidity,
resulting in lower CTE. GO leads to enhanced
thermomechanical properties of PHBV/GO nano
-composites.

Hydrolytic degradation of PHBV in an agueous
environment occurs through simple hydrolysis of
ester bonds (Casarin et a., 2011). To investigate
hydrolytic degradation of PHBV/GO nanocomposites,
PHBV and PHBV/GO nanocomposites films were
incubated in 20 mL phosphate buffer solution
(PBS) (pH 7.4) in 30 mL glass vial in an
incubator at 37°C. Fig. 5 shows the morphology
of PHBV and PHBV/GO nanocomposites after 30

with various weight fractions of GO after 30 days
of hydrolytic degradation: (a) 0 wt%, (b) 0.7 wt%,
(€) 1 wt%, (d) 2 wt%, and (e) 5 wt% of GO.

days of the incubation. Before the incubation, a
smooth surface was observed. The micro-holes
and cracks on the PHBV film were observed after
30 days of the incubation. The amount of defects
decreases for PHBV/GO (0.7 wt%) nanocomposites
compared with the pristine PHBV. With increasing
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content of GO, the amount of defects decresses
for PHBV /GO nanocomposites. The hydrolytic
degradation of nanocomposites decreases  with
increasing amount of GO.

The weight loss of the nanocomposites as a
function of incubation time is shown in Fig. 6. The
weight loss is dow in the beginning of the
incubation. After 30 days of incubation, PHBV and
PHBV/GO nanocomposite samples (0.7 wt%, 1 wt%,
2 wt%, 5 wt%) start losing weight more rapidly. With
increasing content of GO, the PHBV/GO samples
show lower hydrolytic degradation rates. Therefore,
the rates of hydrolytic degradation of PHBV can be
controlled using GO.
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Fig. 6. Weight loss of PHBV/GO nanocomposite films with
various weight fractions of GO as a function of
hydrolysistime.

4, Conclusions

The addition of 5 wt% GO into PHBV improves
the Young's modulus by 38% and decreases thermd
expansion coefficient by 29%. The improvement
can be mainly attributed to good dispersion of
GO and interfacial interactions between PHBV
and GO. Furthermore, PHBV/GO nanocomposite
films show good oxygen barrier properties.
Hydrolytic degradation of PHBV/GO nanocomposite

films took place more slowly with increasing GO
amounts. Therefore, the rates of hydrolytic
degradation of PHBV can be controlled using GO.
PHBV/GO nanocomposite films have potentia
applications in packaging films.
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