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Abstract

We investigated hydroxyapatite (HAp) formation from alpha-tricalcium phosphate (o-TCP) under solvothermal conditions using water—
ethanol solution. The rate of HAp formation decreased with increasing ethanol fraction in the solution. Needle-like HAp was formed with a small
amount of beta-tricalcium phosphate after solvothermal treatment for 3 h in solutions with water/ethanol volume ratios of 5/15 and 10/10. In the
solution with water/ethanol volume ratio of 5/15, needle-like HAp formed with a small amount of dicalcium phosphate anhydrous (DCPA) at 12 h,
and the amount of DCPA increased with increasing treatment period. The aspect ratio of the HAp crystals that formed increased with increasing
ethanol fraction in the solution. The fraction of ethanol in the solution during the solvothermal processing affects not only the rate of transformation

of a-TCP into HAp, but also the morphology of the HAp that is formed.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (HAp; Ca,((PO,)s(OH),) has been used as a
bone substitute in the treatment of bone defects, because it
shows good osteoconductivity [1]. In addition, HAp has been
studied as a chromatography column filler [2-5] and carrier for
drug delivery [6,7]. The protein adsorption characteristics of
HAp crystals depend on their morphology, with different
crystal faces having different characteristics. HAp is a
hexagonal crystal, which has two types of crystal planes, a-
face and c-face. The a-face is positively charged due to calcium
ions, while the c-face is negatively charged due to oxygen
atoms belonging to phosphate ions. Different types of proteins,
such as basic and acidic proteins, adsorb selectively on the
crystal planes of HAp [4,5]. Furthermore, crystal morphology
and size affect solubility, specific surface area and mechanical
strength. Material characteristics derived from crystal mor-
phology and size is also important for cellular activity and
biodegradability under body environment. Relationship
between various morphologies of HAp nanocrystal and cellular
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behavior in vitro were reported [8,9]. In addition, the biological
response of calcium-deficient HAp consisting of rod-shaped
particles showed higher capability of degradation by osteo-
clastic cells, compared to that of stoichimetric HAp consisting
of globular particles [10]. These reports described that the
response in terms of cellular behavior to HAp crystal was
dependent on crystal size, morphology and types of cells. Thus,
the morphological control of HAp is important for development
of clinical and biological applications.

HAp synthesis has been carried out using several methods,
such as solid-state reaction, wet chemical methods, gel growth
methods and hydrothermal methods [11]. The hydrothermal
method is the one most commonly used to prepare well-
crystallized, single crystal HAp [12]. Thus many researchers
have attempted to control the crystal size and/or morphology of
HAp using hydrothermal methods [13-21]. The crystal growth
and morphology of HAp significantly depend on the starting
materials and hydrothermal conditions such as temperatures,
treatment periods and additives to the aqueous solution.

In hydrothermal processing for fabrication of HAp, some
organic molecules have been added to control morphology.
Organic molecules affect the chemical reaction in a range of
ways, such as via a chelating effect with calcium ions, pH
increasing with molecular degradation, or molecular adsorption
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to crystal faces under hydrothermal conditions [13-21].
Calcium chelating agents, such as acetic acid, citric acid or
ethylenediaminetetraacetic acid, have often been used to
prevent the rapid calcium phosphate precipitation [15,16].
Functional groups on organic molecules, such as amino groups
and carboxyl groups, also affect the morphology of the HAp
crystals by a mechanism involving adsorption of the molecules
on the surfaces of crystals during the crystal growth [17,18]. For
instance, the effect of the hydroxyl group from alcohol on
growth of HAp under hydrothermal conditions has been
discussed. Nagata et al. reported that addition of methanol into
the aqueous solution used for hydrothermal processing with
HAp slurry as a precursor lead to formation of plate-shaped
HAp [19]. Mizutani et al. reported that large-sized HAp
whiskers were prepared by hydrothermal treatment of calcium
tripolyphosphate gel using various alcohols [20]. In addition,
Guo et al. reported the effect of isopropanol on the synthesis of
HAp nanoparticles from low crystalline HAp under hydro-
thermal conditions [21]. These results show that alcohol was
useful to control the morphology of HAp crystals formed in
hydrothermal synthesis of HAp.

When low crystalline HAp was used as a starting material,
the size of the final synthesized HAp was small [19,21]. On the
other hand, large-sized HAp crystals were obtained using
another starting material [20]. The crystal size of the product is
affected by the crystal growth rate of HAp from the starting
material. Thus we expect that large crystals of HAp can be
produced by using starting materials with high reactivity with
the surrounding solution, such as calcium orthophosphates.
Application of water—ethanol solution gives a way to reduce the
rate of dissolution of starting materials. The treatment using the
water—ethanol solution is regarded as solvothermal processing
[12]. However such a solvothermal treatment with water—
ethanol solution and calcium orthophosphate as a starting
material has not been studied for fabrication of HAp crystals.
We expect that the solvothermal treatment of alpha-tricalcium
phosphate (a-TCP) in water—ethanol solution will allow control
of HAp formation, because the solubility of a-TCP is high [11]
and it is easily transformed into HAp after reaction with water.
The mixed water—ethanol solvent system should retard the
reaction and cause slower crystal growth of HAp. In this study,
the effects of the ethanol fraction in solution on the formation of
HAp via solvothermal treatment of a-TCP were investigated.
We used solutions with different ratios of ethanol to water. The
changes in crystal phase, size, morphology and composition of
the product as a function of the water:ethanol fraction were
examined. In addition, the results are discussed in terms of the
crystal growth mechanism of HAp from a-TCP in the water—
ethanol system.

2. Materials and methods
2.1. Solvothermal treatment
a-TCP (Taihei Chemical Industrial Co., Ltd., Osaka, Japan)

was hydrothermally treated in solutions with different
proportions of water and ethanol (Nacalai Tesque, Inc., Kyoto,

Table 1
Sample notation and treatment conditions.
Notation Volume/cm?

Water Ethanol
W20E00 20 0
WI15E05 15 5
WI10E10 10 10
WO5E15 5 15
WOOE20 0 20

Japan), as given in Table 1. 0.25 g of a-TCP powder was placed
in a 90 cm® vessel (Shikokurika Co., Ltd., Kochi, Japan), and
then 20 cm? of the mixed solvent was added into the vessel. The
vessels were sealed and kept at 120 °C for various periods
ranging from 3-24 h after initial heating for 30 min to reach the
treatment temperature. After the solvothermal treatment, the
vessel was cooled to room temperature. The samples were
removed from the vessel and then washed with ethanol and
acetone to terminate any reaction. The samples were dried at
40 °C for at least 12 h.

2.2. Characterization

The phases of the samples were identified by powder X-ray
diffraction (XRD; RINT2100HL, Rigaku Co., Tokyo, Japan)
using CuKa radiation at 40 kV and 20 mA. The fractions (F) of
HAp and other phases formed in the samples were evaluated
semiquantitatively from the XRD patterns using the following
formula:

1

F (%) =
(%) Iyap + Io—tcp + Ig—1cp + Ipcep + Ipcpa

x 100

(D

Iyap is the integrated intensity of the HAp 211 reflection at
20 = 31.80; 10L—TCP7 IB—TCP, IDCPD, and IDCPA are the integrated
intensities of the a-TCP 132 reflection at 20 = 24.1°, the beta-
tricalcium phosphate (3-TCP) 214 reflection at 20 = 27.8°, the
dicalcium phosphate dihydrate (DCPD) 12 — 1 reflection at
26 = 20.9° and the dicalcium phosphate anhydrous (DCPA) 002
reflection at 20 =26.4°, respectively. In addition, [ is the
integrated intensity of the HAp, o-TCP, B-TCP and DCPA.
The morphology of samples was observed by a scanning
electron microscope (SEM; JSM-5600, JEOL Ltd., Tokyo,
Japan). For SEM observation, a thin film of gold was sputtered
onto the surfaces of the samples. Crystal size of the synthesized
HAp was determined from the SEM images. The aspect ratio
was calculated from the length and width of HAp crystals. The
crystal growth rate was defined as the apparent crystal growth
behavior using the following formula:

ds
Crystal growth rate = = 2

where 7 is treatment period and S is crystal size (length or width)
at that treatment period. A Fourier transform infrared spec-
trometer (FT-IR; FT/IR-610, JASCO Co., Tokyo, Japan) was
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used to examine the structures of samples. The samples before
and after the solvothermal treatment were ground and mixed
with potassium bromide (KBr) at a mass ratio of about sample/
KBr = 1/50. The mixed powder was then pressed into pellets for
analysis in transmission mode. In addition, the Ca/P atomic
ratio of the synthesized HAp crystal was measured using an
inductively coupled plasma atomic emission spectrometer
(ICP-AES; Optima 2000DV, PerkinElmer Japan Co., Ltd.,
Japan).

3. Results
3.1. Effects of ethanol addition on HAp formation

After the solvothermal treatment, the aggregation of
powders was observed at the bottom of the vessel for samples
W20E00, W15E05, W10E10 and WOS5E15 regardless of the
treatment period. In contrast, the sample WOOE20 was not
aggregated even after solvothermal treatment for 24 h.

Fig. 1 shows powder XRD patterns of the samples before and
after solvothermal treatment at 120 °C for (a) 3 h and (b) 24 h.
The pattern from sample treated with just water for 3 h
(W20E00) was assigned to only HAp (PDF No. 76-0694)
phase. In contrast, the phase of the sample treated with just
ethanol (WOOE20) was not changed, remaining as a-TCP (PDF
No. 70-0364) after treatment for 24 h. The samples with higher
fractions of water in the mixed solution (W15E05) were
assigned to only HAp phase after the treatment. With increasing
fraction of ethanol (W10E10 and WOSE15), formation of {3-
TCP (PDF No. 09-0169) and HAp was detected in the samples
after treatment for 3 h. After treatment for 24 h, DCPA (PDF
No. 77-0128) was detected in the samples prepared with high
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fractions of ethanol in the solution (W10E10 and WO5E15).
Comparing the XRD patterns of the samples treated for 24 h
showed that the crystallinity of the HAp formed increased with
increasing fraction of ethanol in the solution.

Fig. 2 shows the SEM images of the samples before and after
solvothermal treatment at 120 °C for 24 h. Plate-like crystals 1—
3 wm across were observed in the W20EOO sample after
treatment. For W15EQS, both plate-like and needle-like crystals
were observed. The needle-like crystals were approximately
3 wm in length. In W10E10 and WOSEIS, only needle-like
crystals were observed. The needle-like crystals from W10E10
appeared longer than those from WI15EQ5. In contrast, the
WOOE20 treated in just ethanol shows similar morphology and
size before and after the treatment.

Fig. 3 shows the relationships between the fractions of
ethanol in the solution and crystal size and aspect ratio of
precipitates observed after solvothermal treatment at 120 °C for
24 h. The aspect ratio was calculated from the length and width
of crystals observed on the SEM images. For WOOE20, the
aspect ratio was not calculated because the formation of HAp
was not observed. The crystal length increased with increasing
fraction of ethanol (Fig. 3(a)). For the sample treated with only
water (W20E00), the average crystal length was 2.1 wm. The
average HAp crystal lengths were 3.3 and 4.6 pm in the
samples treated with 25 (W15E05) or 50% (W10E10) fractions
of ethanol, respectively. However, when the fraction of ethanol
was over 50% in the mixed solvent (WO5E15), the crystal
length no longer increased (average crystal length was 4.0 wm).
In contrast, the crystal width was decreased upon addition of
ethanol to the solvent, changing from 1.1 pm (W20E00) to
0.3 pm (W15E05). The aspect ratio was somewhat increased
with increasing fraction of ethanol in the mixed solvent
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Fig. 1. XRD patterns of the a-TCP powder and samples after solvothermal treatment using water—ethanol solutions at 120 °C for (a) 3 h and (b) 24 h.
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Fig. 2. SEM images of the a-TCP powder and samples after solvothermal treatment using water—ethanol solutions at 120 °C for 24 h.
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Fig. 3. Relationships between the ethanol fraction in the mixed solutions and crystal size and shape of products after solvothermal treatment at 120 °C for 24 h: (a)

length and width and (b) aspect ratio.

(Fig. 3(b)). The change in aspect ratio with ethanol fraction
showed a similar trend to the change in crystal length.

Fig. 4 shows the FT-IR spectra of the starting material (-
TCP) and the samples after solvothermal treatment at 120 °C
for 24 h. The broad band at 3600—3000 cm ' is assigned to
adsorbed water molecules and the band at 1637 cm ™' is
assigned to the bending mode of water. The bands at 1090, 1036
and 962 cm™' are assigned to the P-O stretching vibration
mode, and the bands at 604 and 565 cm™! are assigned to the
O-P-O bending mode of the phosphate group. The bands at
3571 and 633 cm ™" are assigned to the stretching and vibration
modes of the hydroxyl group, respectively. In addition, the band
at 868 cm ! is assigned to the P-O(H) stretching mode of the
HPO,>~ group. From these results, all the samples except
WOOE20 show typical HAp spectra after solvothermal
treatment [22]. The presence of the HPO42_ band shows that
the HAp that has formed is HPO,>~ substituted HAp crystal.
The Ca/P atomic ratios for the HAp from the single phase
samples (W20E00 and W15EQ5) after solvothermal treatment
at 120 °C for 24 h are shown in Table 2. No significant

difference in Ca/P atomic ratio of the HAp that formed was
observed, with both HAp samples having Ca/P ~ 1.5.

3.2. Treatment time-dependent change of HAp formation

Fig. 5 shows the F values, fractions of integrated intensity,
for HAp, a-TCP, B-TCP and DCPA from the XRD patterns of
(a) W20EOO and (b) WOSE1S5 after solvothermal treatment at
120 °C for various periods. The W20E0O sample completely
transformed into HAp after solvothermal treatment for 3 h
(Fig. 5(a)). No a-TCP, B-TCP or DCPA was observed in this
sample after solvothermal treatment. The rate of HAp

Table 2
Ca/P atomic ratio and morphology of formed HAp crystal.

W20E00 WI15E05
Morphology Plate Plate/Needle
Ca/P atomic ratio 1.54 1.51
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Fig. 4. FT-IR spectra of the o-TCP powder and samples after solvothermal
treatment using either pure water or water—ethanol mixed solution at 120 °C for
24 h.
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formation for sample WOSE1L5 was lower than for W20E00
(Fig. 5(b)). In addition, WOSE15 was only about 90%
transformed into HAp even after 24 h. o-TCP and B-TCP
were observed at the initial stages of the solvothermal treatment
(3-12 h), and DCPA was formed at 12 h. The amount of DCPA
increased with increasing treatment period.

Fig. 6 shows the change in crystal length and width per unit
time after solvothermal treatment at 120 °C for various periods.
These crystal sizes were calculated from the SEM images.
Crystal length increased with increasing fraction of ethanol;
however the crystal length was not changed by increasing
treatment period (Fig. 6(a)). The widths were decreased by
addition of ethanol (Fig. 6(b)), and no increase in width was
observed upon increasing treatment period (in contrast to the
trend for crystal length).

Fig. 7 shows the change in crystal growth rate calculated
from the crystal length and width per unit time after
solvothermal treatment at 120 °C for various periods. Here
the crystal growth rate at the initial stage of the solvothermal
treatment, calculated from the change in crystal size from 0 h to
3 h was shown as the value at 0 h. The change in the lengthwise
crystal growth rate decreased with increasing treatment period
(Fig. 7(a)). The lengthwise crystal growth rate of W20E00 was
the lowest of all the samples at the early stage (for O h). In
contrast, the W20EO0O sample displayed the highest widthwise
crystal growth rate of all the samples at the early stage (for 0-
6 h) (Fig. 7(b)). Both widthwise and lengthwise crystal growth
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Fig. 5. F, the fraction of integrated intensity from the XRD patterns, for HAp, a-TCP, B-TCP and DCPA, in samples (a) W20E00 and (b) WOSE15 after solvothermal

treatment at 120 °C for various periods.
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rates became closer to O pm/h as the period of the solvothermal
treatment increased.

4. Discussion

The XRD patterns confirmed that the transformation from a-
TCP into HAp was inhibited with increasing fraction of
ethanol. When o-TCP was treated with pure ethanol, o-TCP
was not transformed into HAp. This was because sufficient
water is required for the reaction of HAp as shown in the
following formula:

10Ca;3(POy), + 6H,0 — 3Cajo(PO4)4(OH), + 2P0,
+ 6H* 3)

A previous study reported that the rate of transformation of
o-TCP into HAp in the water—ethanol system was lower than
that in the water system in conventional wet processing [23].
The present transformation rate trend for water—ethanol
solution under solvothermal conditions is consistent with this
previous report.

Note that B-TCP was formed in the W10E10 and WO5E15
samples. The higher fraction of ethanol in the solution leads to
formation of B-TCP prior to HAp formation. 3-TCP may be
formed as a metastable phase by dissolution—precipitation
processes under the solvothermal conditions used in this study.
At high fraction of ethanol in the solvent, 3-TCP was observed,
accompanied by a decrease in the formation rate of HAp. Ca**
and PO,>~ ions in the mixed solvent react with hydroxide ions
with difficulty, so the stabilized phase B-TCP precipitates at the
low temperature instead. DCPA as a by-product was also
formed in samples W10E10 and WOSE1S5 after 24 h (Fig. 1(b)).
The F of DCPA in WOSEILS5 (Fig. 5(b)) increased with
increasing treatment period. These results show that HAp
formation was inhibited, and DCPA formation increased with
increasing fraction of ethanol in the solvent. It was reported
that, based on the solubility isotherms of calcium phosphate
phases, the solubility of DCPA is lower than that of HAp under
acidic conditions [11]. In addition, HAp formation from o-TCP
leads to pH decrease (formula (3)). Therefore, from the DCPA
formation, we suggest that the decrease of pH value of the
solvent was enhanced with increasing treatment period in

mixed solvents with a high proportion of ethanol. In other
words, in the case of the solution with the high proportion of
ethanol (WO5E15), DCPA formation from a-TCP is enhanced
by the increasing amount of H" in water—ethanol solution as
shown in the following reactions:

Ca3(POy4); — 3Ca*" +2P0,>" 4)
PO,>~ + HY — HPO,>~ (5)
Ca’*t + HPO,>~ — CaHPO, (6)

The Ca/P ratio of the HAp formed was 1.5 (from the ICP-
AES measurement), and the FT-IR spectra show that the HAp
was substituted. This Ca/P ratio is lower than that of
stoichiometric HAp (Ca/P=1.67). It would appear that
HPO,>™ is easily substituted into the HAp crystal because
the Ca/P atomic ratio of «-TCP is 1.5. In the present study, the
Ca/P atomic ratio and composition was not affected by ethanol
addition.

The morphology of the HAp crystal changed from plate-
shaped to needle-shaped with increasing fraction of ethanol in
the solution. The change of crystal morphology was not
affected by the treatment period. In addition, the aspect ratio of
the needle-like HAp crystals increased with increasing ethanol
fraction in the solution. It was reported that addition of ethanol
to aqueous solution may reduce the dissolved amounts of Ca**
and PO4> in the solution, and lead to more rapid precipitation
of calcium phosphate such as HAp [24,25]. In addition, Tung
et al. reported that the solubility of HAp decreased upon ethanol
addition [26]. The dielectric constants of water and ethanol at
25°C are 78.5 and 24.3, respectively, meaning that the
dielectric constant of water—ethanol solution will decrease with
increasing ethanol fraction. Thus the change of crystal
morphology is attributable not only to the supply rate of water
for the hydration of «-TCP, but also to the change in the
solubility of a-TCP and HAp. The amounts of dissolved a-TCP
in the mixed solution are likely to be less than in the pure water.
Therefore, the decreased amount of dissolved ions from a-TCP
may result in a decrease in the HAp formation rate. The size of
the HAp crystals will increase with decreasing HAp formation
rate, because HAp nucleation will be dominant over crystal
growth under conditions of saturation with respect to HAp. This
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Fig. 8. Schematic illustration of the mechanism for needle-like HAp formation in the water—ethanol mixed solvent under solvothermal conditions: (a) dissolution of
a-TCP, (b) nucleation of HAp and B-TCP and (c) crystal growth of needle-like HAp.

relation between alcohol amount and aspect ratio was
consistent with previous reports [20,21]. In general, for HAp
formation, the crystal morphology adopts the equilibrium form
when the crystal growth rate is slow. Suzuki et al. reported that
the a-face (10 — 10) of chlorapatite crystal is more stable than
c-face (10 — 11) based on the specific surface free energies
calculated from contact angles [27,28]. Therefore, with
increasing ethanol fraction in the solution, it would appear
that the crystal morphology of HAp became rod-shaped, which
exposed a-face (the equilibrium form). In the case of this study,
which used a highly soluble material, o-TCP, compared to other
calcium phosphates, a remarkable change in crystal morphol-
ogy was observed. Thus, these results mean that the
morphology and size of HAp can be controlled when using
a-TCP by the ethanol fraction in the solution under
solvothermal conditions.

Fig. 8 shows the crystal growth mechanism of HAp from a-
TCP in water and ethanol mixed solvents under solvothermal
conditions. First, Ca>* and PO437 ions were dissolved from o-
TCP (Fig. 8(a)). The amount of dissolved Ca** and PO,>~ ions
in the mixed solvent is smaller than that in the pure water. In
addition, PO,>~ ion becomes H,PO,~ or HPO,*>~ ion when the
solution pH is neutral. In other words, the pH will be increased,
as the OH™ concentration also increases. Therefore, it would
appear that the degree of supersaturation with respect to HAp in
mixed solvent is high. In the supersaturated solution, growth
units are generally formed, such as the Cao(POy4)¢ ‘‘Posner
cluster” for crystal growth of HAp [29]. Onuma et al. reported
that calcium phosphate clusters exist in fluid supersaturated
with respect to HAp [30]. Consequently, it is possible that
calcium phosphate clusters for the growth of HAp crystals were
formed in the water—ethanol system under the solvothermal
conditions. However, formation of calcium phosphate cluster is
not depicted in schematic illustration of Fig. 8, and in this study,
elementary species such as ions and molecules were used for

the sake of simplicity when considering the growth mechanism.
It was estimated that the amount of nucleation in the mixed
solution was lower than for the pure water condition. The HAp
nucleation occurred on the a-TCP powder (Fig. 8(b)). At the
same time, some Ca?* and PO,>~ ions were re-precipitated as
3-TCP because B-TCP is more stable than a-TCP under this
condition. Third, crystal HAp keeps growing by consuming the
surrounding Ca®* and PO,’” ions (Fig. 8(c)). The crystal
growth of HAp is slow in the mixed solution because the
dissolution rate of a-TCP is slow. In addition, the morphology
of the HAp crystal became needle-shaped with increasing
ethanol fraction in the mixed solvent. Fig. 7 suggests that the
crystal growth of HAp has reached an apparent equilibrium
after solvothermal treatment for over 12 h.

The present study was focused mainly on changes in
morphology of HAp crystal through solvothermal treatment of
a-TCP in water—ethanol system. This technique can be applied
to morphological control of ceramic biomaterials for artificial
bone and their coating on bone repairing biomaterials. Actually,
previous reports indicated that crystal morphology of HAp
affected the protein adsorption [9,31,32] and biological
behavior [8—10]. Thus our results would be helpful to develop
novel artificial bones designed not only from composition and
porosity, but also from morphology and crystal plane of HAp.

5. Conclusions

We investigated the effect of ethanol fraction on solvother-
mal synthesis of HAp from o-TCP as a starting material. With
increasing fraction of ethanol in the solutions, the rate of
transformation into HAp was decreased. 3-TCP and DCPA by-
products were observed in the samples with high proportion of
ethanol in mixed solvent. The morphology of HAp crystal was
changed from plate-shaped to needle-shaped with increasing
ethanol fraction. In addition, the aspect ratio of HAp crystal was
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increased with increasing fraction of ethanol. The rate of crystal
growth and the morphology of HAp were controlled by the
ethanol addition in the solvothermal synthesis from a-TCP as a
starting material.
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