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ABSTRACT: To improve the dispersity of multi-walled carbon nanotubes (MWCNTs) in poly(3-hydroxybutyrate-co—3-hydroxyvalerate)
(PHBV) matrix, MWCNTs functionalized with carboxyl groups, hydroxyl groups, and atactic poly (3-hydroxybutyrate) (ataPHB)
through acid oxidation, esterification reaction, and “grafting from” method, respectively, were used to fabricate nanofiller/PHBV
nanocomposites. The crystallization behavior, dispersion of MWCNTs before and after functionalization in PHBV matrices, and
mechanical properties of a series of nanocomposites were investigated. The differential scanning calorimetry, wide-angle X-ray diffrac-
tion, and polarized optical microscope results suggested that the four types of MWCNTs acted as effective heterogeneous nucleation
agents, inducing an increase in the crystallization rate, crystallinity, and crystallite size. Scanning electron microscope observations
demonstrated that functionalized MWCNTs showed improved dispersion comparing with MWCNTs, suggesting an enhanced interfa-
cial interaction between PHBV and functionalized MWCNTs. Consequently, the mechanical properties of the functionalized
MWCNTs/PHBV nanocomposites have been improved as evident from dynamic mechanical and static tensile tests. © 2015 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42136.
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INTRODUCTION

Polyhydroxyalkanoates (PHAs) are a family of aliphatic polyest-
ers produced by bacteria as an intracellular material to store
carbon and energy.”> PHAs are potential substitutes to
petroleum-based synthetic polymers due to their complete bio-
degradability, biocompatibility, natural origin, and physical and
mechanical properties which are similar to conventional ther-
moplastics. One of the most extensively studied member of
PHAs family is poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), whose physical properties are strongly affected by the
molar fraction of 3-hydroxyvalerate.” Compared with homopol-
ymer poly(3-hydroxybutyrate) (PHB), the mechanical properties
of PHBV have been enhanced. In addition, the lower melting
temperature (7T,,) of semi-crystalline PHBV offers the possibility
of processing at lower temperatures.* Unfortunately, the applica-
tion of PHBV is hindered by some disadvantages such as slow
crystallization rate and interlamellar secondary crystallization on
storage.” What’s more, PHBV has a low degree of heterogeneous
nucleation density for the much high purity, which induces the

low elongation at break. Therefore, the expansion of commercial
applications for PHBV will necessitate the improvement of the
crystallization and processing behavior, and the enhancement of
the mechanical properties. It is known that preparing PHBV
nanocomposite is one of the easiest methods to improve the
properties of PHBV.®™

Carbon nanotubes (CNTs) have attracted much attention of
academic and industrial researchers because of their fascinating
physical properties and unique structures since their discovery
by lijima in 1991.° They are one-dimensional entities with an
extremely high aspect ratio and surface area, thus only a little
amount of CNTs can remarkably improve the property of poly-
mers. Therefore, CNTs are one of the most promising candi-
dates for the modification of polymers.'>'! However,
homogeneous dispersion without aggregation in a polymer
matrix is extremely difficult for CNTs because they usually form
stable bundles due to Van der Waals interactions. In addition,
good interfacial adhesion between CNTs and polymers is essen-
tial for property improvement of the composite. But the
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nonreactive nature of CNTs would lead to a weak interfacial
interaction with the polymer matrix and resulted in phase sepa-
ration. Polymer grafting of carbon nanotubes is an efficient way
to achieve a homogeneous dispersion of nanotubes in the poly-
mer matrix and excellent interfacial stress transfer between
nanotubes and polymer.'* However, due to the relative smooth
graphene like surface of nanotubes, there is a lack of interfacial
bonding between CNTs and polymer matrix. Therefore, chemi-
cal functionalization of the nanotube surface is necessary, and it
is frequently initiated by introducing carboxyl groups on the
surface of CNTs with an acid oxidation method."

Even though increasing attention has been given to the fabrica-
tion and the property studies of CNTs/polymer nanocomposites
due to the remarkably enhanced physical properties of the com-
posites, the research on PHBV nanocomposites based on cova-
lent functionalized CNTs, especially PHB grafted CNTs, has
rarely been a concern in the past investigations. It was reported
that the synthetic analog of natural PHB with various tacticities
(atactic, isotactic, and syndiotactic) can be prepared by ring
opening polymerization of f-butyrolactone (f-BL) using vari-
ous types of catalysts."*™'7 Also, fully amorphous atactic PHB
(ataPHB) is miscible with bacterial PHBV in the melt as
reported by Scandola.'® Therefore, ataPHB was one of the best
choices for the grafting of CNTs to improve the dispersity and
interfacial adhesion between CNTs and PHBV.

In this study, to improve the crystallization and mechanical prop-
erties of PHBYV, three types of covalent functionalized multi-
walled carbon nanotubes (MWCNTs) (carboxyl-functionalized
(MWCNTs-COOH), hydroxyl-functionalized (MWCNTs-OH),
and ataPHB-functionalized (MWCNTs-PHB) were used to fabri-
cate nanofiller/PHBV nanocomposites. The thermal properties,
crystallization, and mechanical behavior of these nanocomposites
were studied and compared with MWCNTs/PHBV nanocompo-
site in detail by differential scanning calorimetry (DSC), wide-
angle X-ray diffraction (WAXD), polarized optical microscopy,
tensile test, and dynamic mechanical analysis (DMA).

EXPERIMENTAL

Materials

PHBV with HV content, M,,, and polydispersity of 12 mol %,
1.49 X 10° and 2.3, respectively, is produced by ICI, Agricul-
tural Division, Billingham, UK, and is available under the trade
name Biopol. PHBV was purified by dissolving in chloroform at
80°C and then precipitating from methanol. The MWCNTs
with diameter of 10-30 nm and length of 5-15 pm were pur-
chased from Tokyo Chemical Industry (TCI). Racemic f-butyr-
olactone  (f-BL),  3-ethyl-3-oxetanemethanol, and o-
dichlorobenzene (ODCB) were dried by calcium hydride
(CaH,) and magnesium sulfate (MgSO,), respectively, and then
distilled under reduced pressure. Stannous octoate (SnOct,)
purchased from Aldrich Chemical was dissolved in distilled o-
dichlorobenzene prior to use. Other materials were used with-
out further purification.

Preparation of MWCNTs-COOH
MWCNTs were mixed with sulfuric acid and nitric acid (3 : 1
in volume), treated in ultrasonic bath for 1 h, and then refluxed
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at 80°C for 6.5 h to obtain the MWCNTs-COOH. The excess
acids were washed thoroughly with deionized water until the
pH value was about 7.0. MWCNTs-COOH were dried and
ground to powder in an agate mortar.

Preparation of MWCNTs-OH

After the drying of MWCNTs-COOH and catalyst tetraphenyl-
phosphonium bromide (TPPB) in a reaction tube under vac-
uum, dehydrate dimethyl sulfoxide (DMSO) was added under
nitrogen and then sonicated for 2 h. After the addition of a cer-
tain amount of 3-ethyl-3-oxetanemethanol into the suspension,
the tube was immersed into an oil bath setting at 160°C and
stirred for 80 h. The reaction mixture was cooled and precipi-
tated from excess methanol. The obtained products were fil-
trated with 0.2 pm PTFE millipore membrane under reduced
pressure and dried under vacuum.

Preparation of MWCNTs-PHB

After the drying of MWCNTs-OH in a reaction tube under vac-
uum, racemic f3-BL and ODCB solution of stannous octoate
were added to the tube under nitrogen, and the reaction was
performed at 130°C under refluxing condition for 80 h. The
reaction mixture was cooled and precipitated from excess meth-
anol. The obtained products were filtrated with 0.2 pm PTFE
millipore membrane under reduced pressure and washed with
chloroform several times to remove the free and physically
absorbed ataPHB and then dried under vacuum.

Preparation of Nanofiller/PHBV Nanocomposites

To obtain a homogeneous dispersion of nanofillers in the
polymer matrix, nanofiller/PHBV nanocomposites with the
nanofiller content ranging from 0 to 3.0 wt % were prepared
in two steps: solution mixing to disaggregate the nanofillers
and then melt mixing the dried mixture to overcome partial
sedimentation. The detailed process was as follows: nanofillers
were ultrasonically dispersed in CHCl; for 1 h, and then
PHBV was added to the suspension and stirred for a certain
time to ensure sufficient mixing. After ultrasonic for another
10 min, the suspension was poured into glass Petri dishes for
solvent evaporation. The residual trace solvent was removed
under vacuum overnight. The dried film was then melt
extruded at 165°C with a screw speed of 50 rpm, the mixing
process continued for 3 min. The extrudates were sandwiched
between two Teflon films with another 0.1-mm-thick Teflon
film as spacer and compressed at 180°C, and then isothermal
crystallized at ambient temperature over 3 days before use.
The pure PHBV sample was also processed under the same
condition for comparison.

Characterizations

Thermal gravimetric analysis (TGA) was performed at a heating
rate of 10°C/min under nitrogen atmosphere. Raman measure-
ments were performed on a Raman spectroscope instrument
(JASCO NRS-2100) equipped with an Ar ion laser (632.8 nm)
as excitation source. DSC data were recorded in the temperature
range —30 to 200°C on a Perkin Elmer DSC8500 equipped with
a liquid nitrogen cooling accessory under a nitrogen flow of
20 mL/min. For the measurement of T, the samples after iso-
thermal crystallization at ambient temperature over 3 days were
heated from —30 to 200°C at a heating rate of 20°C/min. To
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Figure 1. TGA curves of pristine MWCNTs and functionalized MWCNTs.
The heating rate is 10°C/min and under N, atmosphere.

determine the non-isothermal crystallization temperature (7T}),
the samples were maintained at 200°C for 30 s, and then cooled
to —10°C at a cooling rate of 10°C/min. With respect to iso-
thermal crystallization, after melting at 200°C for 30 s, the sam-
ples were rapidly quenched to a given temperature and held for
a certain time. The WAXD patterns of these films were recorded
at room temperature on a Rigaku RINT2500 diffractometer
with a nickel-filtered Cu K« radiation (wavelength
A=0.154 nm, 40 kV and 100 mA) in the 20 range of 5-35°
with a scanning step of 0.02° and a scanning rate of 1°/min. An
Olympus BX51 microscope with DP21 digital camera was used
in this study to observe spherulitic morphology. The dispersion
of nanofillers in the fractured surfaces of nanofiller/PHBV
nanocomposites (fractured in liquid nitrogen) was observed
with a scanning electron microscope (SEM) (JEOL JSM-6330F)
after gold coating of the films using an ion coater. Dynamic
mechanical analysis (DMA) was performed with a DMA 8000
from PerkinElmer. A dual cantilever clamp was used at the fre-
quency of 0.6 Hz. The samples were heated from —100 to
100°C at a heating rate of 5°C/min. Tensile tests were per-
formed on a Shimadzu autograph AG-X plus series tensile test-
ing machine with a crosshead speed of 5 mm/min and an initial
gauge length of 15 mm at room temperature. The sample films,
with a thickness of about 0.2 mm, were cut into strips with a
width of 10 mm. At least three strips were measured for each
sample.

RESULTS AND DISCUSSION

Preparation and Characterization of Functionalized MWCNTs
Considering the nonreactive nature of MWCNTS, to realize the
covalent functionalization of nanotubes, carboxyl groups were
first introduced onto the surface of MWCNTs by acid oxida-
tion, and then converted into hydroxyl groups by reacting
with 3-ethyl-3-oxetanemethanol. To introduce atactic PHB on
the surface of MWCNTs, MWCNTs-OH was used to initiate
the ring-opening polymerization of racemic f-BL with the
presence of SnOct,, as shown in Supporting Information
Scheme S1. After the grafting reaction, the products were
washed thoroughly with chloroform to remove any
chloroform-soluble substances (such as PHB) unbound to the
MWCNTs.
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The amounts of —OH and PHB grafted on the surface of
MWCNTs were determined through the TGA analysis. Figure 1
shows the TGA curves of pristine MWCNTs, MWCNTs-COOH,
MWCNTs-OH, and MWCNTs-PHB under nitrogen atmosphere.
MWCNTs hardly decomposed below 500°C and about 98.7 wt
% remained at 500°C. However, the mass losses of 7.7 wt %,
9.8 wt %, and 15.8 wt % for MWCNTs-COOH, MWCNTs-OH,
and MWCNTs-PHB, respectively, were observed at 500°C. The
weight loss of MWCNTs-COOH demonstrates the formation of
thermally unstable functional groups (e.g., carboxyl groups) on
the surface of MWCNTs during the oxidation process. The dif-
ference in weight loss (AW) at 500°C between MWCNTs-
COOH and MWCNTs-OH mainly results from the reaction
with of 3-ethyl-3-oxetanemethanol (M, = 116). Therefore, it
could be roughly estimated that the amount of introduced
—OH groups is about 0.6 wt % (—OH amount =AW X 17 X
2/116). Although the AW between MWCNTs-OH and
MWCNTs-PHB is mainly from the introduced ataPHB, indicat-
ing that the amount of grafted ataPHB is about 6.0 wt %.

Raman spectroscopy has been a sensitive probe of the electronic
structure in carbon nanotubes and presence of defects. The
Raman spectra shown in Figure 2 revealed that the D- and G-
bands are at 1351 and 1572 cm™ ', respectively, for all MWCNTSs
materials. The disorder D-band in pristine MWCNTs indicates
the presence of a small number of sp>-hybridized carbons within
the nanotube framework. The D/G band ratio increased from
about 0.84 in the pristine MWCNTs to approximately 1.04 in
the acid oxidized compounds. This result suggests that the acid
oxidation treatment introduced a substantial amount of defects
like carboxyl groups at the MWCNTs sidewalls. Upon further
reacting with 3-ethyl-3-oxetanemethanol and f-BL, the disorder
bands in the spectrum were a little weakened with respect to G
bands, which probably because the molecules attached to the
sidewall hindered the radial breathing and disorder oscillation
motion. All in all, the increased D/G band ratio for all function-
alized MWCNTs confirmed the successful covalent modification.

MWCNTs-PHB “ J\ N

(D/G)=1.03

MWCNTs-OH
1(D/G)=1.01

MWCNTs-COOH ) \ J \ N\

I(DIG)=1.04

Intensity/a.u.

MWCNTs
I(D/G)=0.84
i 1

1000 2000
- -1
Raman shift/cm

Figure 2. Raman spectra of pristine MWCNTs and functionalized
MWCNTs.
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Table I. The Calculated DSC Thermal Data and X-ray Crystallinity of PHBV and Its Nanocomposites
Sample Nanofiller content T °C) Tz (°C) AH,, (J/g) Ty (°C) AH. (J/g) Xt (%)
PHBV 0% 134.1 150.7 62.3 58.4 -18.6 68.9
MWCNTs/PHBV 0.1% 135.5 153.0 58.0 61.9 -40.3 67.5
nanocomposite
0.6% 135.8 152.1 57.1 77.4 —42.7 74.5
1.0% 136.3 151.5 58.3 71.7 -45.5 73.8
3.0% 137.6 153.4 53.8 83.6 -45.4 77.3
MWCNTs-PHB/PHBV 0.1% 134.2 149.4 58.9 56.4 -37.3 66.3
nanocomposite
0.6% 135.5 151.5 55.1 71.8 —39.2 64.3
1.0% 134.7 151.4 53.0 55.1 -37.4 70.3
3.0% 132.2 148.1 50.2 55.3 -39.2 72.1

Melting and Crystallization Behavior of Nanocomposites
PHBV is a typical semicrystalline polymer. Both processing and
physical properties of this polymer greatly depend on its T,
crystallization rate, crystallinity, and solid-state morphology.
Therefore, it is important to study the influence of nanofillers
on the melting and crystallization behavior of the polymer
matrix. As the melting curves of all nanocomposites were simi-
lar, only the results for nanocomposites with 1.0 wt % nanofil-
ler loading are shown in Supporting Information Figure S1. The
low-melting peak temperature (T,,;), high-melting peak temper-
ature (T,,), and melting enthalpy (AH,,) of neat PHBYV,
MWCNTs/PHBV, and MWCNTs-PHB/PHBV nanocomposites
are listed in Table I. All samples showed obvious double melting
peaks with the high temperature peak as the dominant one.
This complex double melting behavior is due to the melting—
recrystallization-remelting mechanism during heating."”” As
shown in Table I, the T,,, of MWCNTs/PHBV nanocomposite
increased slightly with an increase in MWCNTs content whereas
the T,,, was more or less unchanged, implying that the hetero-
geneous nucleation induced more perfect crystals. For
MWCNTs-PHB/PHBV  nanocomposite, the T, first slightly
increased and then decreased, which might be ascribed to the
two opposite effects. On one hand, MWCNTs-PHB acted as
nucleating agents and induced more perfect crystals. On the
other hand, the amorphous ataPHB grafted on the surface of
MWCNTs confined the crystallization of PHBV main chain and
induced imperfect crystals.

The non-isothermal crystallization exotherms of neat PHBV and
nanofiller/PHBV nanocomposites during cooling from the melt
at 10°C/min are presented in Figure 3. It was apparent that the
onset crystallization temperature (7T,) of all nanocomposites
shifted to higher temperatures compared with neat PHBV, indi-
cating that all nanofillers behave as nucleating agents for the
crystallization of PHBV. In the case of MWCNTs-OH, the crys-
tallization peak was wide and the T, was higher than other
nanocomposites when the contents of nanofillers are 0.6 wt %
and 1.0 wt %. Maybe this results from the small amount of
—OH groups on the surface of MWCNTs which could form
hydrogen bonds with the C=0O groups in PHBV matrix, this
facilitates the nucleation of PHBV. In addition, the crystalliza-
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tion enthalpies (AH,) of nanocomposites were much higher
than that of neat PHBV, implying that nanofillers are beneficial
to the crystallization of PHBV and greatly enhance the crystal-
linity of the nanocomposites. Similar phenomenon of the
increase in AH, with the addition of nanofiller was observed by
Yang et al.*® The T, of nanocomposites during cooling was a lit-
tle complicate. In general, the T}, of all nanocomposites shifted
toward higher temperature at first and reached maximum with
a nanofiller content of 0.6 wt %, and subsequently shifted
toward lower temperature and then increased again with the
increasing of nanofiller contents. Also, it was found that the
effects of functionalized MWCNTs on the non-isothermal crys-
tallization of PHBV are similar, which is much different from
MWCNTs. Therefore, the T, and AH. of neat PHBV, PHBV/
MWCNTs, and PHBV/MWCNTs-PHB nanocomposites are
listed in Table I for comparison. As shown in Table I, the T, of
PHBV increased dramatically (from 58.4°C to 61.9°C) even
with the addition of only 0.1 wt % MWCNTs, indicating an
obvious nucleation effect of MWCNTs.*' The T, value decreased
as the MWCNTSs content increasing to 1.0 wt % but increased
again with further addition of MWCNTs. The effect of
MWCNTs-PHB on the non-isothermal crystallization tempera-
ture of PHBV was much weaker but the same trend as
MWCNTs. The results suggest that the imperfect surface of
functionalized MWCNTs is unfavorable for the heterogeneous
nucleation of PHBV. Additionally, the T, of MWCNTs-PHB/
PHBV nanocomposite was lower than other two functionalized
MWCNTs/PHBV nanocomposites as shown in Figure 3, which
was resulted from the restriction effect of ataPHB on the crys-
tallization of PHBV. The complicate effect of nanofiller content
on the Tj, of PHBV matrix could be attributed to the synergy of
following factors. First, the number of nucleation sites increases
with increasing nanofiller content, which is favorable for the
crystallization of PHBV. Second, further addition of nanofillers
might induce agglomeration of nanofillers in nanocomposites,
which results in decreasing amount of heterogeneous nucleation
sites. Third, more steric hindrance introduced by nanofillers
limits the mobility of PHBV chains which is not favorable to
the crystallization. The AH, of MWCNTs-PHB/PHBV
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Figure 3. The non-isothermal crystalline curves of PHBV and its nanocomposites with different contents of nanofillers at a cooling rate of 10°C/min.

nanocomposite was lower than that of MWCNTs/PHBV nano-
composite, indicating a lower crystallinity of the former. This
phenomenon is resulted from the confinement of ataPHB on
PHBV matrix, which is in consistent with the melting results.
The isothermal crystallization of PHBV and its nanocomposites
were investigated to give more detailed information on the
effect of nanofillers on the crystallization of PHBV matrix. The
crystallization half-time (#;,,) of the isothermal DSC curves are
plotted as a function of isothermal crystallization temperature
(T,) for PHBV, MWCNTs/PHBV, and MWCNTs-PHB/PHBV
nanocomposites, and the results are shown in Figure 4. Crystal-
lization half-time ¢/, is defined as the time at which the extent
of crystallization is 50%. It was observed that neat PHBV
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showed a typical bell-shaped curve with the minimum at about
60°C, while nanocomposites also showed bell-shaped curves but
the minimum #,,, values a little moved to lower temperatures.
The t;/, of PHBV nanocomposites decreased dramatically within
the temperature range of our DSC experiments, suggesting the
greatly increased crystallization rate, that is, strong nucleation
effects of nanofillers. Also, same trend of f,,, versus contents of
nanofiller for all nanofiller/PHBV nanocomposites was found,
fi» increased at first and subsequently decreased and then
increased again with the increasing of nanofiller content. It is
well consistent with the observations from non-isothermal pro-
cess. The comparison results (Figure 4) also indicate the weaker

nucleation effects of MWCNTs-PHB than MWCNTs as
35
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Figure 4. Crystallization half-time of MWCNTs/PHBV and MWCNTs-PHB/PHBV nanocomposites as a function of isothermal crystallization

temperature.
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Table II. The Calculated X-ray d Spacings, Crystallite Sizes, and Crystallinity of PHBV and Its Nanocomposites with Nanofiller Content of 1.0 wt %

Sample hkl 20 (°) d spacing A Fwhm Hhis (nm) X (%)

PHBV 020 13.20 6.70 0.394 21.6 68.9
110 16.62 533 0.415 20.9

MWCNTs/PHBV nanocomposite 020 13.36 6.62 0.332 25.7 73.8
110 16.76 5.29 0.385 22.5

MWCNTs-COOH/PHBV nanocomposite 020 13.26 6.67 0.326 26.2 73.4
110 16.66 532 0.395 219

MWCNTs-OH/PHBV nanocomposite 020 13.32 6.64 0.389 21.9 5.5
110 16.74 5.29 0.417 20.8

MWCNTs-PHB/PHBV nanocomposite 020 13.48 6.56 0.352 24.2 70.3
110 16.88 525 0.415 20.9

discussed in previous results which originate from the introduc-
tion of ataPHB.

Crystal Structure and Morphology

PHBV can crystallize in either PHB unit cell or PHV unit cell,
which depends on the content of HV composition, and the
transformation from PHB lattice to PHV lattice occurs at about
30 mol % HV.* It has been reported that diffraction peak at
20 =17° is associated with the (1 1 0) diffraction of PHB type
lattice and at 20 = 18° is associated with the (0 2 0) diffraction
of PHV type lattice."” The WAXD results (Supporting Informa-
tion Figure S2) showed that there was only PHB type lattice
existing in both PHBV and nanofiller/PHBV nanocomposites,
indicating that the introduction of nanofillers does not affect
the basic crystalline structure of PHBV. Crystallinity (X,) and
crystallite size (Hpg) (determined by Scherrer formula) calcu-
lated according to the WAXD patterns were listed in Tables I
and II. Table I shows the effects of MWCNTs and MWCNTs-
PHB contents on the crystallinity of PHBV matrices. With addi-
tion of MWCNTs in an amount of 0.1 wt %, the crystallinity of
PHBV matrix decreased from 68.9% (for neat PHBV) to 67.5%.
In the case of MWCNTs-PHB/PHBV nanocomposite, the crys-
tallinity decreased even when the amount increased to 0.6 wt
%. With further addition of nanofillers, the crystallinity of
nanocomposites enhanced and reached 77.3% and 72.1% for
MWCNTs/PHBV and MWCNTs-PHB/PHBV nanocomposites,
respectively, with a nanofiller content of 3 wt %. The trend of
crystallinity decreasing at first and then increasing with the
increasing amount of nanofillers indicates both retarding and
nucleation effects exist in the nanofiller/PHBV nanocomposites.
Besides, the retarding effect of MWCNTs-PHB is much stronger
than MWCNTs, which is consistent with the DSC results. It is
noticed that the crystallite sizes of nanocomposites were larger
than that of neat PHBV (shown in Table II). Such behavior has
been reported in somewhere else.”> The elevated crystallinity
and crystallite size of nanocomposites assert that nanofillers
have a positive effect on the crystallization of PHBV.

Figure 5 shows the typical polarized optical micrographs of
PHBV and nanofiller/PHBV nanocomposites with different con-
tents of nanofiller after melt-crystallized at 80°C. The size of
PHBV spherulites was large because of the low nucleation
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density which is resulted from the high purity of PHBV. With
the addition of both MWCNTs and MWCNTs-PHB, the spheru-
lite size became smaller because the nucleation density was
much higher than that of neat PHBV. The nucleation density of
nanofiller/PHBV nanocomposites increased at first and subse-
quently decreased and then increased again with the increasing
of nanofillers content, which kept the same trend as crystalliza-
tion rate indicated by DSC results. This further improved the
heterogeneous nucleation effect and the agglomeration of nano-
fillers coexisted in the nanocomposites. On the whole, the
nucleation sites of MWCNTs/PHBV nanocomposite were more
than MWCNTs-PHB/PHBV nanocomposite at the same nanofil-
ler content except 1 wt %, indicating stronger heterogeneous
nucleation effect and more serious agglomeration of nanofillers
in MWCNTs/PHBV nanocomposite.

Dispersion of Nanofiller in PHBV Matrix

The dispersion of nanofiller in polymer matrix is one of the
most important factors for fabricating high performance nano-
filler/polymer nanocomposite. A homogeneous dispersion of
nanofiller and strong interfacial interaction between polymer
matrix and nanofiller can effectively improve the mechanical
properties of polymer composites. The dispersions of four types
of MWCNTs in nanocomposites with nanofiller content of 1.0
wt % are shown in Figure 6. The distribution of MWCNTs was
not uniform in the MWCNTs/PHBV nanocomposite, which was
not favorable to enhance the properties of polymer matrix. In
contrast to MWCNTs/PHBV nanocomposite, functionalized
MWCNTs showed homogeneous distributions in PHBV matri-
ces, indicating better interfacial adhesion between the function-
alized MWCNTs and PHBV. The good interfacial adhesion is
mainly facilitated by the interactions between the functional
carboxyl group, hydroxyl group, and ataPHB on MWCNTs
surfaces and PHBV chains.

Dynamic Mechanical and Tensile Properties

In an attempt to examine the reinforcing effects of the nanofil-
lers, the dynamic mechanical properties and tensile properties
of neat PHBV and its nanocomposites were studied by DMA
and tensile experiment, respectively. Figure 7 and Supporting
Information Figure S3 show the storage modulus curves of neat
PHBV and its nanocomposites with different contents of
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Figure 5. Polarized optical micrographs of neat PHBV (a), MWCNTs/PHBV nanocomposites (b, ¢, d, and e¢) and MWCNTs-PHB/PHBV nanocomposites
(f, g, h, and i) isothermally crystallized at 80°C, (b, f) 0.1 wt %, (c, g) 0.6 wt %, (d, h) 1 wt %, and (e, i) 3 wt %.

Figure 6. SEM micrographs for nanofiller/PHBV nanocomposites with nanofiller content of 1.0 wt %.
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Figure 7. DMA storage modulus as a function of temperature for neat
PHBYV and its nanocomposites. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

nanofillers. Neat PHBV showed highest storage modulus (E') at
the temperature range below its glass transition temperature
(Ty). When the temperature increased above its T, the E of
PHBV decreased sharply due to the occurrence of glass transi-
tion (from 2.9 GPa at —100°C to 1.1 GPa at room tempera-
ture). In the case of nanocomposites, the E increased with
increasing content of nanofillers. The E of nanocomposites
with 3.0 wt % nanofillers increased by about 79% from
29*1.2 to 52*1.6 GPa at —90°C and about 36% from
1.1 0.3 to 1.5*+ 0.4 GPa at room temperature, suggesting that
the incorporation of nanofillers significantly enhances the stor-
age modulus of PHBV.

Figure 8 shows the strain-stress curves of neat PHBV and nano-
filler/PHBV nanocomposites with 1.0 wt % nanofillers.
MWCNTs/PHBV nanocomposite was very brittle with the elon-
gation at break only about 3%. Compared with MWCNTs/
PHBV nanocomposite, pure PHBV showed a slightly better flex-
ibility with elongation about 6%, which was similar to function-
alized MWCNTs/PHBV nanocomposites. However, the strength

30
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—— + MWCNTs
——— + MWCNTs-COOH
24+ —_ .\‘E\\'C‘.\'Ti-OH
. + MWCNTs-PHB
E 18} |
< |
% |
o 12F
=
w2
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0 . : ' :

Strain/ %

Figure 8. Tensile stress—strain curves of PHBV and its nanocomposites
with nanofiller content of 1.0 wt %. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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of PHBV was lower than functionalized MWCNTs/PHBV nano-
composites. The results demonstrate that the presence of a little
amount of functionalized MWCNTs improved the mechanical
performance of PHBV matrix. It is known that crystallinity
influences the tensile strength, but the increase of crystallinity
for nanocomposites compared with neat PHBV only ranged
from —3 to 5% (shown in Table II). Hence, the improvement
of tensile strength for functionalized MWCNTs/PHBV nano-
composites was mainly due to the introduction of the nano-
tubes. These results indicate that the chemical groups and
ataPHB grafted on the surface of the MWCNTs not only facili-
tate a uniform dispersion of the MWCNTSs within PHBV matri-
ces, but also build up a strong interface interaction between
functionalized MWCNTs and PHBV. Also the abundant interfa-
cial area at the nanoscale is essential for effective stress distribu-
tion and stress transfer between functionalized MWCNTs and
PHBV matrices.

CONCLUSION

MWCNTs functionalized with carboxyl groups, hydroxyl groups,
and ataPHB were successfully obtained through acid oxidation,
esterification reaction, and “grafting from” method, respectively.
Both MWCNTs and the three types functionalized MWCNTs
were used to fabricate nanofiller/PHBV nanocomposites. The
melting and crystallization behaviors of PHBV and its nano-
composites have been investigated in this study. On one hand,
the four types nanofillers act as the heterogeneous nucleation
agents for PHBV and thereby improve the crystallization rate.
On the other hand, more steric hindrance introduced by nano-
fillers limits the mobility of PHBV chains, which is not favor-
able to the crystallization. In addition, more nanofillers
especially MWCNTs could induce agglomeration of nanofillers
in nanocomposites, resulting in decreased amounts of heteroge-
neous nucleation sites. The incorporation of nanofillers induced
the increase of crystallinity and crystallite sizes of PHBV, while
the basic crystalline structure of the PHBV was not influenced.
Based on the SEM results, it is concluded that functionalized
MWCNTs led to an enhanced interfacial interaction between
nanofiller and PHBV, which dramatically improved the disper-
sion of nanofillers in PHBV matrix. Furthermore, functionalized
MWCNTs improved the strength of nanocomposites while
maintaining the toughness.
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