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Pure poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and zinc oxide (ZnO)/PHBV composite
nanofibers were fabricated by an electrospinning method. ZnO nanoparticles (NPs) with a diameter of
about 10e20 nm were doped in the PHBV fibers and no dispersion agent was utilized. Both pure PHBV
and composite electrospun fibers were smooth and uniform. ZnO NPs did not affect the basic crystalline
structure of electrospun PHBV fibers. The well dispersion of NPs was attributed to the interaction of
hydrogen bonds between eOH groups on the surface of ZnO and C]O groups in the PHBV. ZnO NPs were
not nucleating or modifying agents but retarding agents for crystallization in the polymer matrix. The
crystallinity and crystallization rate was lowered by adding ZnO NPs. The well dispersion of ZnO NPs in
the electrospun nanofibers was confirmed by TEM characterization. A hypothesis was developed to
interpret the influence of ZnO NPs on the crystalline behavior of electrospun PHBV fibers.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polyhydroxyalkanoates (PHAs) are a family of biological poly-
esters produced by microorganisms under unbalanced growth
conditions [1]. By controlling the monomer composition of PHA,
the physical properties of polymers can be regulated to a great
extent. Compared with other biodegradable plastics from chemi-
cally synthesized polymers or starch-based biodegradable plastics,
PHAs are the only 100% biodegradable and biosynthetic polymers
[2]. This outstanding merit makes them attractive in many pack-
aging, disposable items and biomedical applications.

The earliest discovered and most extensively studied PHA is poly
(3-hydroxybutyrate) (PHB). However, the application of PHB is rela-
tively limiteddue to its brittleness causedby itshighcrystallinity. Poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) copolymers with
varying ratios of 3-hydroxyvalerate (HV) component are the most
widely usedmember in PHAs. PHBV ismoreflexible andmore readily
processable than PHB mainly due to its lower crystallinity [3,4]. The
crystalline structure, thermal properties, mechanical properties,
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degradationproperties, etc., can be easily tuned byadjusting the ratio
of HB (3-hydroxybutyrate) and HV in PHBV accordingly [5].

In order to further improve the properties of PHBV, incorpora-
tion of other functional additives into the polymer to form
composites has received more and more attention. Organically
modified montmorillonite (OMMT) was introduced into PHBV
through polymer intercalation from solution [6]. With the incor-
poration of 3 wt.% OMMT, the tensile strength of the hybrid was
about 32% higher than that of the original PHBV and the tensile
modulus was also increased. Nanocomposites based on PHBV and
multi-walled carbon nanotubes (MWNTs) were prepared using the
similarmethod [7].MWNTswere found to disperse uniformly in the
matrix and their nucleating effect on PHBV made the composites
more thermally stable than pure PHBV in nitrogen.

Notably, electrospinning, a simple and convenient process based
on electrostatic force, has been largely developed in recent decades
to fabricate ultrafine fibers with diameters typically in the range of
several micros down to tens of nanometers [8,9]. Under the effect of
the electrostatic force, a polymer solution jet from the spinning
needle head is splayed and the polymer is solidified instantly due to
the fast evaporation rate of the solvent in the electrospinning
process. When nanomaterials are added and well dispersed in the
polymer solution, they homogeneously are confined to the fiber
matrix with no time to aggregate. The high electric fields can
induce polarization and orientation of the nanomaterials, which
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lead to the well embedding, dispersion and alignment of nano-
materials along the fiber matrices [10]. In order to increase the
bioactivity of PHBV, hydroxyapatite (HA) and collagen were incor-
porated into PHBV to prepare nanofibers by electrospinning,
respectively [11,12]. As an organosoluble salt (benzyl tri-
alkylammonium chloride, BTEAC) was added to the PHBV electro-
spinning solution, the average fiber diameter decreased from 2.5 to
1.0 mm and the degradation of the fibers was accelerated [13].

The unusual and specific properties of inorganic nanomaterials
have brought new direction in material science. There have been
many efforts on the preparation of nanocomposites. However, the
well dispersion of small size additives into polymer matrix is the
primary problem to be resolved. Potential solutions such as ultra-
sonication [14], surface modifications [15], physical blending [16]
and adding surfactants [17] have been reported. The issue
remains a challenge to the preparation and usage of the nano-
composites. Moreover, the roles of nanomaterials during the
fabrication of the nanocomposites and the interaction between
organic and inorganic phases have not yet been intensively
discussed.

Zinc oxide (ZnO) is not only a well-known semiconductor
material for solar energy conversion [18], optoelectronic devices
[19], piezoelectric generators [20], etc., but also an important
additive in rubber and plastic industry for the purposes of anti-
bacterial [21,22], antisepticizing [23], UV-shielding [24], deodoriz-
ing [25,26] and so on. It was found that particle size had an
influence on the antibacterial activity: smaller ZnO particles had
a better antibacterial activity due to larger surface area [27]. It is no
doubt that the property of composite is greatly influenced by the
degree of dispersion of NPs in the polymer matrix. In the few
studies of ZnO NPs and polymer composites, ZnO NPs and poly
(ethylene oxide) (PEO) [28] or polyethylene terephthalate (PET)
[29] are connected by coupling agent and the former are regarded
as a nucleating agent and can accelerate the crystallization of the
polymers in the nanocomposites. Based on differential scanning
calorimetric (DSC) data, it is found that ZnO NPs can speed up the
crystallization rate and promote crystallization temperature of the
polymer matrix.

Since PHBV is a kind of polyester without strong interactive
functional groups, it is quite difficult to prepare well-dispersed
composite of PHBV/inorganicmaterials. The puzzle lies in the stable
combination of the two phases. To the best of our knowledge, there
have been few reports or discussions concerning composite of
PHBV/ZnO NPs and the interaction between them. In this study, we
have prepared composite nanofibrous membranes with ZnO NPs
and PHBV by the electrospinning method without any dispersion
agent. The basic crystalline structure and the interaction between
ZnO NPs and PHBV in the composite fibers are intensively studied.
A primary model of the crystallization behavior of the electrospun
composite fibers is proposed. It is hoped that this study will give
a clue on the influence of the inorganic NPs on the crystallization
behavior of the electrospun PHBV fibers.

2. Experimental

2.1. Materials

PHBV (with 5 wt.% of HV component, Mw ¼ 400,000) was from
Aldrich (St. Loius, MO, USA), chloroform was from Mallinckrodt
(Hazelwood, MO, USA), dimethylformamide (DMF) was from Tedia
(Fairfield, OH, USA), zinc acetate dehydrate (Zn(CH3COO)2$2H2O)
was from Showa (Tokyo, Japan), lithium hydroxide monohydrate
(LiOH$H2O) was from Tedia (Fairfield, OH, USA), absolute ethanol
(200 proof) was from Echo (Taipei, Taiwan), and n-heptane was
from Baker (Phillipsburg, NJ, USA).
2.2. Sample preparation

2.2.1. Synthesis of ZnO NPs
The ZnO NPs were self-made by a solegel process according to

the reference [30]. Firstly, organometallic Zn precursor was
prepared from Zn(CH3COO)2$2H2O in ethanol by a 3 h reaction at
180 �C; then the ZnO clusters were formed by adding LiOH$H2O in
the precursor ethanol sol in an ice bath; finally, after crystal growth,
the ZnO NPs were separated from the sol using heptane (as non-
solvent for ethanol).

2.2.2. Preparation of electrospinning solution
PHBV in chloroform were stirred for at least 24 h to make sure

that the molecular chains of the polymer are well entangled.
Afterwards, DMF was added and then the solution was stirred for
another 24 h. The final solution is composed of 4 wt.% PHBV in 90/
10 chloroform/DMF co-solvent. Additional 1 wt.% ZnO NPs (based
on PHBV) was added in the solution for the preparation of
composite fibers. The doping concentration of ZnO NPs is 1 wt.% of
the polymer and no higher concentration is utilized in this study.
Firstly, high doping concentration will inevitable bring in aggre-
gation problem. Moreover, it is reported that 1 wt.% ZnO doping can
already result in an antibacterial efficiency of 99.7% while the
efficiency is 99.996% at 2 wt.% [31]. Therefore, 1 wt.% ZnO doping
concentration is considered effective for the antibacterial
applications.

2.2.3. Electrospinning process
The electrospinning process for the preparation of pure PHBV

and composite fiber membranes was similar to that in the previous
report [32]. The applied voltage was 18 kV, the temperature was
kept at 40 �C, the tip-to-collector distance was 25 cm, the feeding
rate was 0.5 mL/h, and the collecting time was 6 h. Different from
the reported one [32], a rotatingmodewas utilized and the rotating
speed of the collector was 1200 rpm.

2.3. Characterization methods

Themorphology of electrospun fibers was observed by scanning
electron microscopy (SEM) (JEOL JSM-5600) equipped with an
energy dispersive spectrometer (EDS). The average diameter of
electrospun fibers was measured by analyzing the SEM image. First,
five horizontal straight lines were drawn on a SEM picture. The
diameters of all the fibers intersected with the straight lines were
measured. Finally, these data were mathematically treated to
obtain an average diameter of the electrospun fibers.

Crystalline diffraction patterns of ZnO NPs or nanofibers were
determined by a wide angle X-ray diffractometer (WAXD, Shi-
madzu, XRD-600) operated at 40 kV and 30 mA, with Cu radiation
(l ¼ 0.1542 nm). The scanning rate was 1�/min.

The micro-morphology was characterized with transmission
electronmicroscope (TEM) (JEM2100, JEOL, Japan). The specimen of
ZnO NPs for TEM observation was prepared by sonicating extreme
small quantity of the NPs in the chloroform and a droplet was
dispersed on a lacey carbon microgrid. The specimen of ZnO NPs/
PHBV composite fibers for TEM observation was prepared by
directly electrospinning the fibers on themicrogrid. The fibers were
collected by a randommode [31] with other parameters unchanged
compared with the rotating mode (polymer concentration,
temperature, applied voltage, feeding rate, collecting distance, etc.).
The microgrid was placed in the center of the collecting area and
the collecting time was 1 min. Composite PHBV fibers were imaged
using a cryotransfer sample holder.

The chemical environments of the polymer molecules in the
samples were tested by an attenuated total reflectance Fourier
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transform infrared spectrometer (ATR-FTIR) (Perkin Elmer, USA).
Each spectrum was collected by averaging 32 scans at a resolution
of 4 cm�1.

The thermal properties, such as heat capacity change (DCp) at
transition temperature, melting temperature (Tm), crystallization
temperature (Tc), enthalpy of melting (DHm), and enthalpy of
crystallization (DHc), of the nanofibrous membrane samples were
determined by the differential scanning calorimeter (DSC) (Perkin
Elmer DSC7, equipped with an intracooler). Samples were sealed in
aluminum pans and scanned from �40 to 180 �C with a rate of
10 �C/min under a nitrogen atmosphere. The samples were kept at
180 �C for 5 min an then cooled to �40 �C with a cooling rate of
10 �C/min. Followed the cooling run, the samples were placed at
�40 �C for 5 min and then heated again from �40 to 180 �C with
a rate of 10 �C/min. According to the enthalpy of melting (DHm), the
relative crystallinity of the samples could be determined by:

Xð%Þ ¼
 
DHm

DHref

!
� 100% (1)

Where DHref ¼ 138.7 J/g. Here, the value of 138.7 J/g was estimated
for the enthalpy of melting of the 100% crystallized HB fraction in
the PHBV polymer (with 5 wt.% of HV component) [33].

3. Results and discussion

The properties of ZnONPs are characterized first. From the sharp
diffraction peaks in the XRD pattern (Fig. 1a), it can be deduced that
ZnO NPs are well crystallized. By Scherrer formula [34], the crys-
tallite size of the self-synthesized ZnONPs is estimated about 11 nm
from the strongest two peaks (<101> and <100 > directions). The
NPs are characterized by TEM observation and the morphology is
shown in Fig. 1b. ZnO NPs are of spherical shape and the apparent
diameter of them is about 10e20 nm, which is consistent with that
from the XRD results. Due to the annealing process, the NPs arewell
crystallized and clear lattices are observed in the TEM image. The
crystalline direction is along hexagonal <0001> with the inter-
planar spacing of 0.261 nm. The insert in Fig. 1b is the selected area
electron diffraction (SAED) pattern of the characterized area con-
firming the crystalline direction of the ZnO NPs.

Typical morphology of the electrospun PHBV nanofibers is
shown in Fig. 2. It has been found that polymer concentration of
4 wt.% is an optimal concentration for the pure PHBV to produce
smooth nanofibers with diameter of 300 � 120 nm in our study.
After adding 1 wt.% ZnO NPs in PHBV, the morphology of the
obtained nanofibers does not change much except a smaller
diameter (230 � 70 nm) of the fibers in comparison with the pure
Fig. 1. (a) XRD pattern and (b) T
PHBV fibers. Since ZnO is a typical semiconductor, during the
electrospinning process, the polymer solution with ZnO NPs will
have a larger charge capacity and then be driven by a stronger
electric force along the fibers; therefore, smaller fiber diameter can
be obtained in turn [13].

XRD results of the pure PHBV and composite fibrousmembranes
(Fig. 3) show that there is no new peak of PHBV after adding ZnO,
indicating that ZnO does not significantly affect the crystalline
structure of PHBV in the electrospinning process. Moreover, no
peaks of ZnO are detected which may be due to the low doping
concentration of ZnO NPs, which is just 1 wt.% and may be below
the detection limit of the instrument. Calculated from the FWHM of
the XRD data (peaks of <020> and <110>) by Scherrer formula
[32], the crystallite size of PHBV decreases slightly after adding ZnO
NPs (from 27 to 24 nm), implying that ZnO NPs may have
a restrictive effect on the crystallite growth of PHBV.

In order to explore the role of ZnO NPs on the crystallization
process of PHBV during the electrospinning process, ATR-FTIR is
performed to detect the changes of chemical environment of the
functional groups in PHBV after doping. The band at 1453 cm�1,
assigned to the scissoring vibration of CH2 group, is taken as the
reference peak since it is unconcerned with the conformation of
PHBV. All the curves are normalized to be of same height (or area)
at 1453 cm�1.

The FTIR spectra of the carbonyl group (C]O) stretching band
region (Fig. 4) has received much attention since the C]O bonds in
PHBV are usually sensitive to crystalline phases. In this study, the
curve fitting result reveals that there are only two peaks (1722 and
1731 cm�1) in this region. The absorbance band at 1722 cm�1 is
correlated to the antiparallel alignment of the 21 helix chain and
assigned to the vibration of C]O in the crystalline state [35]. The
band at 1731 cm�1 used to be related to the interphase between the
lamellar crystallites and amorphous layers and generally named as
rigid amorphous fraction (RAF) [36]. Recently, it is reported that
this band should be related to intermediate state (between crys-
talline and amorphous states, or less ordered crystalline state).
There have been several reports about the intermediate state,
especially in the interpretation of the melt-crystallization process
of PHB [37,38]. The band at 1740 cm�1 standing for the amorphous
state [36] is not observed. The absence of amorphous state in this
study may be due to the electrospinning process. The electric field
has a strong elongation effect on the fibers by which the PHBV
molecular chains tend to be oriented rather than randomly
distributed as amorphous phase.

The weak peak at 1687 cm�1, a crystalline sensitive band, is
related to the crystal defect caused by the interaction of eOH end
and C]O groups in PHBV [37]. It is found that the height (or area) of
EM image of the ZnO NPs.



Fig. 2. SEM images of (a) the pure PHBV and (b) composite ZnO/PHBV nanofibrers.
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the peak 1687 cm�1 after doping ZnO NPs becomes weaker
(Table 1), i.e., less interaction ofeOH end and C]O groups in PHBV.
Since the peak at 1687 cm�1 locating on a strong background of the
envelope of 1722 cm�1 band, we have removed the background in
processing the data. Although the changes of those values are quite
minimal and may be close to the resolution limit, the difference is
still worth discussing. Usually, there are plenty oxygen vacancies on
the surface of ZnO NPs and theeOH groups in the environment can
be absorbed onto those vacancies [39]. Here in this experiment,
ZnO NPs are synthesized by a solegel method using ethanol as
solvent, therefore the surfaces of them are full of eOH groups
which has been confirmed by FTIR test (data not shown here).
TheseeOH groups can form hydrogen bonds with C]O groups and
in turn decrease the chance of forming hydrogen bonds between
eOH end and C]O group of PHBV. As a result, there is a decrease of
the height (area) of the peak at 1687 cm�1 in the FTIR spectra after
adding ZnO NPs.

In order to further study the influence of inorganic NPs on the
crystallization behavior of electrospun PHBV nanofibers, DSC test is
employed. The thermograms are illustrated in Fig. 5, and all the
derived data are summarized in Table 2.

It is well accepted that Cp is usually related to the vibration of
molecular chains and a drastic change of Cp in the heating process is
a sign of the relaxation (glass transition) of the mobile molecular
chains [40,41]. Here the transition temperatures are 61.3 �C (pure
PHBV) and 57.0 �C (composite) (Fig. 5a) which are far above the
Fig. 3. XRD patterns of the pure PHBV and ZnO NPs/PHBV composite fibrous
membranes (The curve of the composite membrane is moved upward for 500 intensity
unit.).
common Tg of the raw PHBV (w0 �C). The common glass transition
behavior is absent or very weak in both cases since the mobile
molecular chains are not amorphous but intermediate phase (less
ordered crystalline state). This is consistent with the former FTIR
results (no peak at 1740 cm�1 has been observed or resolved by
curve fitting). After adding ZnO NPs, DCp increases from 0.135 to
0.174 J/g �C (Table 2). It indicates the amount of polymer at inter-
mediate state increases. The crystallization of PHBV is partially
retarded and the fraction of intermediate state increases.

It is well accepted that Tm is sensitive to lamella thickness
[42,43]. However, in the first heating process of DSC, it is found that
Tm does not significantly change before and after adding ZnO NPs.
Thus it once again confirms that ZnO NPs do not influence the basic
crystalline structure of electrospun PHBV fibers. The relative crys-
tallinity decreases a bit after adding ZnO NPs (from 49.3 to 46.7%,
calculated from DHm according to eq. (1) [33]) implying that they
act as a retarding agent for the crystallization in the electrospun
PHBV fibers. In the cooling process (Fig. 5b), it is quite obvious that
both Tc and DHc decrease after adding ZnO NPs (Table 2). This
follows what has been proposed: ZnO NPs retard the PHBV matrix
from crystallization and slower the crystallization rate.

In the second heating process, dual melting peaks appear. The
multiple melting peaks can arise either from compositional
heterogeneity, multiple crystalline forms, or simply from mel-
tingerecrystallizationeremelting (mrr) during the heating run
[44e46]. Melting process (first heating) has destroyed the whole
Fig. 4. FTIR spectra of the carbonyl group (C]O) stretching band region of pure PHBV
and ZnO NPs/PHBV composite fibrous membranes. (Normalized to be of the same
height at 1453 cm�1).



Table 1
Chemical environment changes of 1687 cm�1 peak.

Same height of 1453 cm�1

peak
Same area of 1453 cm�1

peak

Height (A)a Area (A cm�1) Height (A) Area (A cm�1)

Pure PHBV 0.0042 0.0242 0.0028 0.0162
Composite 0.0039 0.0229 0.0027 0.0151

a Absorbance.

Table 2
Thermal properties of the electrospun PHBV or composite fibers.

First heating Cooling Second heating

DCp
a

(J/g �C)
Tm
(�C)

DHm

(J/g)
Tc
(�C)

DHc

(J/g)
Tm
(�C)

DHm

(J/g)

Pure PHBV 0.135 168.2 68.3 58.5 �54.8 157.2 77.8
Composite 0.174 168.7 64.7 52.5 �47.1 143.1 and 159.2b 75.1

a Measured at the transition temperatures indicated in the Fig. 5a.
b Dual melting points shown in Fig. 5c.
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crystalline structures and the thermal histories of the samples have
been eliminated. The shoulder of the melting peak of pure PHBV in
the second heating is ascribed to festinate cooling rate in the
cooling process (10 �C/min). However, there are much more
remarkable dual melting peaks for the composite (at 143.1 �C and
159.2 �C, respectively). Hence it is no doubt that, the first melting
peak stands for the melting of secondary crystallites. Hindered by
NPs, there is much more secondary crystallization in the composite
than the pure one during the cooling run or the earlier stage in the
second heating run. The secondary crystalline phase melts at
a lower Tm, crystallizes, and remelts again at a higher temperature
during the second heating. After the first heating and cooling
processes, the samples are no longer the same as the original
electrospun nanofibrous membranes. They behave like ordinary
PHBV or ZnO NPs/PHBV composites and the common Tgs around
0 �C can be observed. A small crystallization peak around 45 �C is
found for the composite. It further demonstrates the retarding
effect of ZnO NPs in the melt crystallization during the cooling run.

It is widely accepted that the crystallinity of the polymer matrix
will increase through adding nanomaterials which serve as nucle-
ating agent [47e49]. However, here in this study, it is quite different
Fig. 5. DSC thermograms of the pure PHBV and composite fibrous m
from the general cases that the crystallinity of the electrospun
PHBV fibers does not increase but decreases after adding ZnO NPs.
This unusual phenomenon is mainly ascribed to two factors: the
special crystalline structure of PHBV and the interaction between
the two components.

In general, the crystalline region of a polymer is composed of
lamellar stacks where there is alternatively stacking of crystalline
and amorphous phases (long period) [50]. According to the XRD and
SAXS results, the size of the lamellar stacks (crystallite size)
decreases slightly (Fig. 3) but the thickness of the repeating lamellar/
intermediate (complete amorphous phase is absent according to the
FTIR result) layers do not change before and after adding ZnO NPs
(from SAXS, data not shown). Therefore, the crystalline behavior of
electrospun PHBV fiber is illustrated in Fig. 6a. PHBV a-helix regu-
larly folds as crystalline layer and the space between the crystalline
layers is intermediate phase. These repeating layers form stacking
structure in the fibers. Based on the strong diffraction peaks of
<020> and<110> directions in the XRD pattern of the electrospun
fibers, it can be deduced that the nanofibers and the a-helixes are
parallel to the c axis (<001> direction) and the lamellae are almost
perpendicular to the fiber direction.
embranes. (a) first heating, (b) cooling, and (c) second heating.



Fig. 6. Sketches of the (a) pure PHBV and (b) composite ZnO NPs/PHBV fiber.
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Moreover, it has been reported that in the case of the electro-
spun nanofibers of PET containing TiO2 NPs [51], the two compo-
nents can form network which hinders the crystallization of PET
chains. There is a similar interaction in this study: hydrogen bonds
are formed between PHBV and ZnO NPs. The crystallinity of the
electrospun fiber decreases after adding ZnO NPs. Based on the
experimental evidences discussed earlier, a hypothesis is set up
to interpret the influence of ZnO NPs on the crystalline behavior
of PHBV in the electrospinning process. A schematic description
of this influence is demonstrated in Fig. 6b. Hydrogen bonds are
formed between eOH groups on ZnO NPs and C]O in PHBV. In
the crystallization process, ZnO NPs disturb the regularity of
Fig. 7. TEM images of the comp
PHBV molecular chains which in turn decreases the PHBV
crystallinity of the electrospun composite fibers and the PHBV
crystallite size of the lamellae in the fibers. The mobility of
random macromolecular chains is lower than the original
amorphous phase and addressed as intermediate phase. The
amount of intermediate phase in the PHBV fibers increases after
adding ZnO NPs.

TEM images of the composite fibers are presented in Fig. 7.
Dispersion of ZnO NPs in the electrospun fibers is quite well
although they are retarding agent for the crystallization of the
polymer matrix. There is no serious agglomeration of ZnO NPs in
the polymer. It is worth mentioned that ZnO NPs do not distribute
evenly in every part of the fibers. In another words, they prefer
certain regions to somewhere else. Based on the hypothesis dis-
cussed above, it can be deduced that the location with more ZnO
NPs should be intermediate phase where there are more irregular
PHBV molecular chains. As a consequence, there is much less
possibility for NPs to distribute in the well crystalline state.
However, further rigorous characterizations are still needed, such
as a TEM test of the cross-section of the electrospun composite
fibers with dyeing treatment so as to clearly distinguish different
crystalline phases.

4. Conclusions

Pure PHBV and ZnO NPs/PHBV composite nanofibers are fabri-
cated by the electrospinning process. To some extent, the doping of
the ZnO NPs decreases the diameter of the electrospun fibers. The
basic crystalline structure of the PHBV is not influenced by the NPs.
However, the interaction of hydrogen bonds between ZnO NPs and
PHBV hinders the crystallization of the latter. A schematic
morphological model of the electrospun PHBV composite fibers is
given accordingly. The present study sheds a light on the influence
of the inorganic nanoparticles with hydroxyl groups on the crys-
tallization behavior of electrospun PHBV nanofibers. Even without
the use of a dispersion agent, the compatibility of ZnO NPs with
other carbonyl group containing polymers, such as polyacrylates,
polymethacrylates, and polyesters, could be expected from the
finding of this study. The effect of hydrogen-bonding interaction
between the hydrophilic surface of inorganic NPs and the polar
groups of the polymers should be carefully examined although the
polymers themselves are considered hydrophobic.
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