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ABSTRACT: To prepare hydroxyapatite (HA)/poly(vinyl
alcohol) (PVA) composite fibers with high processibility ap-
plicable to various biomedical fields, HA/PVA composite
powders were synthesized through a coprecipitation
method and then mixed with pure PVA in dimethyl sulfox-
ide at 908C for 2 h to prepare wet-spinning dopes. HA/PVA
solutions with HA contents of 0, 1, 3, 5, 10, and 15 wt % were
analyzed with a rheometer to elucidate the effect of HA par-
ticles on the shear viscosities of the spinning dopes. The
spinning dopes with pure PVA and an HA/PVA concentra-
tion of 12 wt % showed non-Newtonian flow behaviors,
and as the HA content increased from 1 to 15 wt %, the
shear viscosities increased simultaneously because of the
complex formation between PVA chains, citric acid, and

HA particles acting as crosslinkers. The increased viscosities
of the spinning dopes diminished the breakage of PVA
fibers and enhanced the spinnability. Through the addition
of citric acid interacting with both PVA and HA particles,
the aggregation of HA particles was suppressed, and it was
possible to prepare HA/PVA composite fibers with smooth
surfaces. An adequate amount of HA in the PVA fibers
improved the thermal and mechanical properties of the
fibers because uniformly dispersed HA particles interacting
with PVA chains through hydrogen bonding in the PVA
matrix complemented the structural defects. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 106: 3423–3429, 2007
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INTRODUCTION

Poly(vinyl alcohol) (PVA) fibers are employed profit-
ably as high-performance substances and are the best
replacement materials for natural, carcinogenic asbes-
tos fibers and iron rods in ferroconcrete because they
have high tensile and impact strengths, high tensile
moduli, high abrasion resistance, excellent alkali re-
sistance, oxygen barrier properties, and good binding
properties.1–3 Recently, PVA gels and films have
attracted great attention for various applications
because of their easy preparation, excellent chemical
resistance and physical properties, biocompatibility,
and low price. Furthermore, the high water content
and elastic properties make PVA gels advantageous

for many biological applications, including wound
dressings, bioreactors, controlled release matrices,
and bioadhesives.4–7

Hydroxyapatite [HA; Ca10(PO4)6(OH)2], partially
ionically substituted HA, and their composites have
attracted much attention as materials suitable for
repairing and substituting for hard tissues, and their
clinical applications are gradually expanding because
of their excellent biocompatibility and overall safety
and the fact that they have a chemical structure simi-
lar to that of the mineral found in hard tissues of the
body.8–11 An ideal prosthetic material must fulfill
such basic requirements as biocompatibility with
bone tissue, sufficient initial strength, strength reten-
tion over an adequate period of time, and nontoxicity
of degradation byproducts.

PVA has been used extensively in the treatment of
defects in load-bearing joints such as cartilage because
of the similarity of its tensile strength to that of human
articular cartilage and its good lubrication.12–15

There have been several studies on the preparation
of polymer/HA composite films using a soaking pro-
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cess16–18 and a casting process with polymeric solu-
tions containing HA.19 However, HA particles are
readily aggregated and have poor dispersibility in
polymeric matrices. Moreover, most inorganic materi-
als are available as powders and granules; macro-
scopic morphology control is desirable and allows for
easier processing and handling of the materials.

There have been some reports on the formation of
inorganic–organic hybrid fibers with HA. Granqvist
et al.20 prepared biodegradable and bioactive hy-
brid organic–inorganic poly(ethylene oxide)/siloxane
fibers using a sol–gel transition method. Ito et al.21

immersed electrospun biodegradable nanofibers in an
inorganic suspension to prepare mats with enhanced
cell adhesion. However, there have been few results
reported on the spinning of polymeric solutions
mixed with HA nanoparticles.

Thus, in this study, to prepare HA/PVA composite
powders, HA was synthesized in PVA solutions and
coprecipitated with PVA. Then, HA/PVA spinning
dopes with various HA contents were prepared and
analyzed with a rheometer to elucidate the effects
of HA/PVA complexes on the shear viscosities. The
HA/PVA composite fibers prepared by wet spin-
ning were characterized with various instrumental
techniques.

EXPERIMENTAL

Materials

Calcium hydroxide [Ca(OH)2; Showa Chemical Co.,
Ltd., Tokyo, Japan] and phosphoric acid (H3PO4;
Samchun Pure Chemical Co., Ltd., Seoul, Korea) were
used as received. PVA with a number-average degree
of polymerization of 1700 and a degree of saponifica-
tion of 99.3% was purchased from Unitika Co., Ltd.

(Osaka, Japan). Citric acid (Showa Chemical) was
used as an aggregation-preventing agent for HA par-
ticles. Other extrapure-grade reagents were used with-
out further purification, and distilled water was used.

Preparation of the HA/PVA powder and
HA powder

Ca(OH)2 (8.2 g) was completely dissolved in 1 L of a
10 wt % PVA aqueous solution at 608C with a me-
chanical stirrer to yield a concentration of 0.5M. A so-
lution of H3PO4 with a concentration of 0.3M was
added to the Ca(OH)2/PVA solution dropwise at a
speed of 3.2 mL/min at 608C, and the pH of the sys-
tem was maintained at 9.1 6 0.5 with an ammonium
solution. To prepare HA/PVA with a weight ratio of
50:50, the overall weight of Ca(OH)2 and H3PO4 was
fixed to that of PVA. After the reaction mixture was
aged for 24 h at 308C under stirring, it was poured
into methanol. The obtained HA/PVA composite was
washed with methanol several times and then freeze-
dried. To obtain the homo-HA powder, the prepared
HA/PVA with a weight ratio of 50 : 50 was dissolved
in hot water at 1008C, washed with hot water several
times, and then freeze-dried. Figures 1 and 2 present
scanning electron microscopy (SEM; JSM-6300, JEOL,
Tokyo, Japan) images and particle size distributions
of pure HA prepared by the method described previ-
ously, respectively.

Preparation of the HA/PVA composite fibers

The PVA/HA/dimethyl sulfoxide (DMSO) spinning
dopes were prepared at 908C for 2 h through the mix-

Figure 1 SEM image of pure HA particles prepared
through the dissolution of HA/PVA with a weight ratio of
50 : 50 in hot water at 1008C, washing, and freeze drying.

Figure 2 Particle size distributions of pure HA particles
prepared through the dissolution of HA/PVA with a
weight ratio of 50 : 50 in hot water at 1008C, washing, and
freeze drying.
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ing of PVA and HA/PVA composite powders. The
total concentration of PVA and HA was 12 wt %, and
the weight ratios of HA to PVA were 0/100, 1/99, 3/
97, 5/95, 10/90, and 15/85. To suppress the aggrega-
tion of HA particles, 5 wt % citric acid with respect to
the weight of HA was added to the spinning dopes
and then filtered, and the bubbles were removed. Wet
spinning was performed by the extrusion of the
dopes from a nozzle with 200 holes, of which the di-
ameter was 0.1 mm and the length/diameter ratio
was 2. The dopes were extruded in methanol and
then washed, dried, and drawn, and their draw ratios
were 2, 4, and 6, respectively. The obtained fibers
were immersed in methanol for 1 day to remove
DMSO thoroughly and dried. The overall procedure
for the spinning of the HA/PVA composite fibers is
shown in Figure 3.

Characterizations of the HA/PVA fibers

To evaluate HA/PVA composite formation in the
fibers, they were analyzed with Fourier transform
infrared (FTIR) spectroscopy (FTS, Bio-Rad Co., Ltd.,
Cambridge, MA). The thermal characteristics of the
HA/PVA composite fibers were analyzed with a TA
Instruments (New Castle, DE) model 2050 and differ-
ential scanning calorimetry (DSC) under an atmos-
phere of flowing nitrogen gas at a heating rate of
208C/min from 30 to 8008C for thermogravimetric
analysis and at a heating rate of 108C/min from 20 to
2508C for DSC, respectively. HA/PVA fibers with
different amounts of HA were observed with SEM
(JSM-6300, JEOL) to investigate the surface morphol-
ogy of the HA/PVA composite fibers. Load–elonga-
tion curves were recorded on a tensile strength meter
(TSM-02, Search Co., Ltd., Tokyo, Japan) with a sam-
ple length of 25 mm and a crosshead speed of 20
mm/min to determine the tenacities and elongations
at break of the wet-spun HA/PVA composite fibers.

RESULTS AND DISCUSSION

Rheological characteristics of the HA/PVA
spinning dopes

Polymeric solutions are inevitably deformed because
of viscoelastic properties originating from their huge
molecular size, which makes it difficult to analyze the
spinning process. Furthermore, the final properties of
a product are affected not only by the inherent chemi-
cal structure but also by physical properties such as
the crystallinity and degree of orientation determined
during the spinning process. Thus, before spinning, it
is very important to understand the rheological prop-
erties of polymeric materials for the improvement of
the final products through the optimization of the
spinning process. Figure 4 shows the shear viscosities

Figure 3 Schematic diagram of the wet-spinning procedure.

Figure 4 Shear viscosities of pure PVA and HA/PVA
(10/90) spinning dopes as a function of the shear rate.
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of HA/PVA spinning dopes with different HA con-
tents according to the shear rates. Pure PVA and HA/
PVA composite solutions showed typical non-Newto-
nian flow behavior, and at the same shear rate, the
shear viscosities increased with increasing HA con-
tents.

In this study, citric acid was added to PVA/HA
suspensions after the formation of the composites.
Citric acid has the highest salting-out effect of the so-
called Hofmeister series. The multivalent ion may
absorb by physicochemical interactions and change
the surface potential of the particles. Additionally, the
ion competes with the colloid for the hydration water,
dehydrating the lyophilic particles.22–24 Therefore, cit-
ric acid is able to lower surface-charged layers or
shorten the distance between charged particles by
adsorbing oppositely charged ions and/or eliminat-
ing surface hydration water. Thus, a small amount of
citric acid was added to the PVA/HA suspensions af-
ter the formation of the composites. PVA has good
linearity because most branches are cut during sapon-
ification. The number of complexes of PVA chains,
citric acid, and HA particles, however, increased with
increasing HA contents, and these acted as branches
and crosslinkers. Thus, the viscosities of the HA/PVA
spinning dopes increased with increasing HA con-
tents. HA/PVA complexes in spinning dopes with
citric acid formed a similar structure with a branched
polymer, which increased the resistance against the
drawing tension when PVA chains were oriented by
the tension loaded during the spinning process. This
tension-stiffening phenomenon had the advantage of
diminishing a local stress concentration effect arising
from an unstable drawing flow. Thus, it is possible to
prepare uniform fibers without breakage of the fibers
during the spinning process. In this study, HA/PVA
fibers with higher HA concentrations were less bro-

ken by drawing tension in the coagulation bath than
those with lower HA concentrations and pure PVA.

Characteristics of the HA/PVA composite fibers

The FTIR spectra of pure PVA and HA/PVA compos-
ite fibers prepared by wet spinning are shown in
Figure 5. The HA/PVA fibers exhibited typical peaks
of the phosphate bands in HA (1100–1032, 565, and
632 cm21)25 and ��OH bands at 3571 cm21. It was
confirmed that because of ��OH groups both in PVA
and in HA, the intensity of the band at 3200–
3500 cm21 corresponding to the hydrogen bond was
significantly increased.

The surface morphologies of composite fibers with
various HA contents are shown in Figure 6. The

Figure 5 FTIR spectra of pure PVA and HA/PVA com-
posite fibers with various HA contents.

Figure 6 SEM images of pure PVA and HA/PVA com-
posite fibers with various HA contents in the absence of
citric acid. The HA concentrations were (a) 0, (b) 5, (c) 10,
and (d) 15 wt %.
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higher the contents were of HA, the rougher the sur-
faces were of the fibers and the more severe the
aggregation was of the HA particles. However, com-
posite fibers that were wet-spun with dopes with cit-
ric acid had few HA particle aggregates and rather
smooth surfaces in comparison with fibers with no
citric acid addition, as shown in Figure 7. There was
such a strong coagulation tendency of HA particles
by hydrogen bonds that it was difficult to separate
the HA particles once they aggregated. In this study,
HA was synthesized in a 10 wt % PVA solution, in
which the growth of the HA particles could proceed
more slowly because of the decreased mobility of the
reactants and the aggregation was suppressed by
PVA. Chung et al.26 reported that the role of citric
acid in an HA/chitosan solution was to prevent the
aggregation of HA particles, and transparent HA/chi-
tosan films were obtained at a citric acid concentra-
tion over 50% with respect to HA. Citric acid, having
one hydroxyl group and three carboxylic groups, is
ionized in HA/PVA composite aqueous solutions.
Hydroxyl groups of citrate ions can interact with
those of PVA through a hydrogen bond, and carboxyl
groups can interact with Ca21 on the surface of HA
particles through an ionic bond. Thus, PVA chains,
bridged through citrates to the surface of HA par-
ticles, are capable of preventing the aggregation of
HA particles.27–29

There were no aggregates of HA particles in the
cross sections of composite fibers with HA contents of
1–5 wt %, as shown in Figure 7. However, some
aggregated HA particles were observed at 10 and 15
wt %. The cross sections of most fibers had a circular
contour, but the fiber with 15 wt % HA had voids and
a somewhat loose structure because of the hindered
orientation of PVA chains and crystallization due to
the complex formation.

Figure 7 SEM images of pure PVA and HA/PVA com-
posite fibers with various HA contents in the presence of
citric acid. The HA concentrations were (a) 0, (b) 1, (c) 3,
(d) 5, (e) 10, and (f) 15 wt %. Figure 8 DTG thermograms of HA/PVA composite

fibers.
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Two thermal degradation peaks were observed, as
shown in Figure 8. The former corresponded to that
of soft segments like the chain ends of PVA or an
amorphous region, and the latter corresponded to
that of a dense crystalline region, respectively. The
thermal degradation starting temperatures of the soft
segments at 10 and 15 wt % were reduced in compari-
son with those of pure PVA. This was because an
excess addition of HA caused the aggregation of HA
particles and suppressed the crystallization. At lower
HA contents, the thermal degradation starting tem-
perature of the soft segments was almost the same,
whereas that of the hard segments increased, and the
peak became sharp, reflecting an increased degrada-
tion heat that might correspond to 1 and 5 wt % con-
centrations of HA. On the basis of these results, it was
concluded that an adequate addition of HA particles
to PVA filled the voids in the matrix and was helpful
in making denser fibers because of increased intermo-
lecular hydrogen bonding. DSC thermograms of pure
PVA and HA/PVA composite fibers are shown in
Figure 9. The crystal melting temperatures and heats
of fusion were not significantly different. The glass-
transition temperatures, however, largely increased at
5 wt % and then decreased at 15 wt %. These results
corresponded to those of differential thermogravime-
try (DTG).

The tenacities and elongations at break are pre-
sented in Figure 10. The tenacities of fibers increased
with HA concentrations of 1–5 wt % and decreased
with HA concentrations of 10 and 15 wt %. As for the
elongations at break, they decreased significantly
with HA concentrations greater than 3 wt %. As men-
tioned previously, these were affected by the balances
between factors encouraging a denser structure of the
composite and suppressing the crystallization of poly-
mer chains by the addition of inorganic particles.

When tension was loaded to a HA/PVA composite
fiber, the PVA chains were under the tension, but the
solid crystalline HA particles were not. The HA par-
ticles, acting as crosslinkers, depressed the elonga-
tions more significantly. For these reasons, the real
elongation of some PVA chains became larger than
the overall elongations of the composite fibers when
tension was loaded; thus, it was concluded that the
elongations at break decreased with increasing HA
contents.

CONCLUSIONS

HA/PVA composite powders were synthesized
through a coprecipitation method to prepare resins
with finely dispersed HA particles. The HA/PVA
composite powders were mixed with pure PVA in
DMSO at 908C for 2 h to prepare wet-spinning dopes.
The spinning dopes with PVA and an HA/PVA con-
centration of 12 wt % showed non-Newtonian flow
behaviors, and as the HA content increased from 1 to
15 wt %, the shear viscosities increased simultane-
ously because of the formation of complexes of PVA
chains, citric acid, and HA particles acting as cross-
linkers. The increased viscosities of the spinning
dopes diminished the breakage of the PVA fibers and
enhanced the spinnability. With the addition of citric
acid, the aggregation of HA particles was suppressed,
and it was possible to prepare HA/PVA composite
fibers with smooth surfaces. An adequate amount of
HA in the PVA fibers improved the thermal and me-
chanical properties of the fibers because uniformly
dispersed HA particles interacting with PVA chains
through hydrogen bonding in the PVA matrix com-
plemented the structural defects. The HA/PVA com-
posite fibers in this study are promising materials for
various PVA applications. In the near future, we will
report on the preparation of stereoregular PVA/HA
composite fibers.

Figure 9 DSC thermograms of HA/PVA composite
fibers.

Figure 10 Effects of the HA contents on the tenacity and
elongation at break of HA/PVA composite fibers.
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