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Abstract

Hydrothermal methods using calcium phosphate gels as precursor have an advantage in high production efficiency of hydroxyapatite (HAp),
but almost no large-sized HAp has been obtained so far. In the present work, large-sized HAp whiskers were prepared by a hydrothermal
t
i entional gel
p nt.
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reatment of calcium tripolyphosphate gel controlled at pH 4–6 using various alcohols at 140◦C for 24 h. Long HAp whiskers of 30–50�m
n length were successfully prepared using 2-propanol; their sizes were several ten times larger than those prepared via conv
rocesses. The whisker length and aspect ratio were controlled by content of additive solvents with high specific dielectric consta
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Recently, a great deal of attention is being paid to regen-
rative medicine using tissue engineering. It has a great ad-
antage in that the materials combined with cells restore the
nternal organs positively and regenerate the injured site fi-
ally. Tissue engineering is also expected to be applied to hard

issues of living body. Scaffolds play an important role in the
issue engineering; they should have excellent biocompati-
ility and the pore structure where cells and/or blood vessels
an be easily proliferated and/or made in the materials.1–3

Hydroxyapatite (HAp) whiskers are expected to be applied
o the scaffold for the tissue engineering, since HAp is the in-
rganic component of the hard tissue and the porous materials
aving large porosity may be prepared using the whiskers.
Ap whiskers can be easily prepared using hydrothermal
ethods. Two important routes have been reported; one is
homogeneous precipitation method using an agent such as
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EDTA–Ca complex solution,4–8and the other is a method u
ing calcium phosphate gels as the starting materials util
reactions such as dissolution–reprecipitation and hydro
in the gels.9–12

In general monodispersed whiskers need to be prep
by control of the coexisting ionic concentration. When
ionic concentration increases in the electrolytic solutio
repulsive force between the crystal nuclei decreases.
repulsive force is smaller than a van der Waals force betw
the crystal nuclei, the aggregation of the crystal nuclei
proceed and the obtained whiskers have no tendency
monodispersed. On the other hand, if the repulsive for
larger than a van der Waals force between the crystal n
the obtained whiskers tend to be monodispersed.

In the case of the hydrothermal method using gels as
ing materials, both of the starting materials and the p
ucts are solids. Ionic concentrations are maintained lo
the reactant gel during the hydrothermal treatment an
monodispersed crystals may be obtained even when the
ing of starting materials is high to prepare the large am
of products. As a result, the method is advantage in the
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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production-efficiency for the preparation of the monodis-
persed whiskers. However, it is not easy to prepare the large-
sized HAp whiskers using the conventional methods using
gels.9–12

In the hydrolysis method using calcium tripolyphosphate
gel, the length of the obtained HAp whiskers was less than
5�m.12 The reaction during this hydrothermal treatment pro-
gresses as follows.

The pH value of the gel decreases during the reaction,
because the protons generate with the hydrolysis of calcium
tripolyphosphate gel to orthophosphate ions. For formation
of HAp, an alkali agent should be added to the gel to neutral-
ize the proton and to prevent the formation of the dicalcium
phosphate anhydrous (DCPA), which show the lowest solu-
bility among calcium phosphate compounds in the range of
pH <4 as reported by Brown and co-workers13,14 Since the
pH during the reaction was in the basic range of pH 8–10 due
to the addition of ammonia as an alkali agent, the solubility
of HAp is relatively small and the crystal growth rate is not
high.

Ca5(P3O10)2 + 5Ca2+ + 6H2O → 10Ca2+ + 6PO4
3−

+ 2OH− + 10H+ → Ca10(PO4)6(OH)2 + 10H+

In the present work, our approach for preparation of large-
sized HAp whiskers is to maintain the pH value of the reactant
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beaker (60 mL of internal volume) and put in a sealed stainless
steel container. The sealed container was placed in a silicone
oil bath for 1 day at 140◦C, and then cooled quickly in air.
The products were collected by a suction filtration and the pH
value of the filtrate was measured as a final pH value before
washing the products several times with deionized water. Af-
ter the resulting products were dried at 70◦C for 1day under
a reduced air pressure using an air-removal pump, their crys-
talline phases were identified by X-ray diffractometry (XRD)
(RU-200, Rigaku, Japan). The morphology of the products
was observed with a scanning electron microscope (SEM)
(S-2500, Hitachi, Japan). The average length and aspect ratio
of whiskers were determined by randomly sampling 20–30
HAp whiskers in the SEM photograph of the product.

3. Results and discussion

Table 1shows the initial and the final pH values, which are
the values of the gel before and after the hydrothermal treat-

Table 1
Initial and final pH values of the gels consisting of 0.125 mol/L of calcium
nitrate and 0.025 mol/L of sodium tripolyphosphate including methanol,
ethanol, 1-propanol, 2-propanol, 2-methyl-1-propanol, 2-methyl-2-propanol
and 1,4-dioxane

A

N
M

E

1

2

2

30 5.0 3.7
40 5.0 3.8
50 4.8 3.9

2-Methyl-2-propanol 20 4.9 3.7
30 4.8 3.6
40 4.7 3.7
50 4.6 3.6

1,4-Dioxane 10 5.1 3.3
20 5.0 3.3
30 4.9 3.3
40 4.8 3.4
50 4.7 3.6
el from 4 to 6 during the hydrothermal treatment using
ium tripolyphosphate gel. In order to buffer the pH of
eactant gel, the different amphiprotic solvents were ex
ned as the buffer additives. The widely used buffers
cetate acid) having carboxyl groups, easily adsorb o
urface of HAp crystals, and it may inhibit the crystal gro
f HAp. The objective of the study is to prepare the la
ized HAp whiskers of more than 10�m in length by utilizing
he hydrothermal method of the gel, which has an advan
n the high production efficiency.

. Experimental procedure

The calcium tripolyphosphate gel was prepared by
ng 1 mol/L calcium nitrate solution and 0.1 mol/L sodi
ripolyphosphate solution with Ca/P = 1.67 of HAp stoich
etric atomic ratio as follows:

2Na5P3O10 + 10Ca(NO3)2

→ Ca5(P3O10)2 ↓ +5Ca(NO3)2 + 10NaNO3

The desired amount (10–50 vol.%) of water-soluble n
queous solvents, such as methanol, ethanol, 1-pro
nd 2-propanol was added to the gel prior to startin

he reaction. The gel included 0.125 mol/L of calcium
.025 mol/L of tripolyphosphate ion and the desired am
f the additive solvents. After the gel was stirred for 30 mi
chieve the equilibrium, the pH value of the gel was meas
s an initial pH. 40 mL of the gel was poured into a Tef
dditive Content (vol.%) Initial pH Final pH

one – 5.4 3.2
ethanol 10 5.2 2.9

20 5.0 2.7
30 4.9 3.5
40 4.9 3.5
50 4.8 3.7

thanol 10 5.1 3.6
20 4.9 3.6
40 4.7 3.9
50 4.7 4.3

-Propanol 10 5.0 3.0
20 4.9 3.7
30 4.9 3.9
40 4.8 4.1
50 4.7 4.5

-Propanol 10 5.1 3.9
20 4.9 4.2
30 5.0 4.6
40 4.7 4.9
50 4.6 6.2

-Methyl-1-propanol 10 5.0 2.9
20 5.1 3.8
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ment, resepectively. These initial pH values are in a range
from 4.6 to 5.4. On the other hand, there are the relatively
large changes in the final pH values, which are the values
of the gels after the hydrothermal treatment. They are in the
range from 2.7 to 6.2. The pH value of the gel changes dur-
ing the hydrothermal reaction, because protons generate with
the hydrolysis of calcium tripolyphosphate gel to orthophos-
phate ions. Using some alchols as an additive, they buffer
the generated protons and prevent the decrease of pH value
during the reaction. The final pH values have a tendency to
increase with increasing the additive content.

Fig. 1shows the XRD patterns of products after hydrother-
mal treatment of the various gels. The crystalline phases in the
obtained products are suggested to be influenced by the final
pH values. The amount of DCPA in the products decreased
with increase in the final pH values. This figure shows that
a large amount of HAp can be obtained when the final pH
values are above 3.9. It has been reported that the compound
having the lowest solubility among calcium phosphate in the
pH range above around 4 is HAp, whereas that in the pH
range below around 4 is DCPA.13,14

Fig. 2 shows the typical morphologies of the products,
which are prepared using 2-propanol as an example. The
product derived from the gel without additives consists of
plate-like particles, which are identified as DCPA by XRD
analysis (Fig. 1a), as shown inFig. 2a. The needle-like

F
a

Fig. 1. XRD patterns of products by hydrothermal treatment of the gels
consisting of 0.125 mol/L of calcium nitrate and 0.025 mol/L of sodium
tripolyphosphate at 140◦C for 24 h at various final pH. The final pH values
are (a) 3.2 [without additive], (b) 3.5 [40 vol.% methanol], (c) 3.9 [10 vol.%
2-propanol], (d) 4.2 [20 vol.% 2-propanol], (e) 4.6 [30 vol.% 2-propanol], (f)
4.9 [40 vol.% 2-propanol] and (g) 6.2 [50 vol.% 2-poropanol], where amount
and kind of additives are presented in the square bracket. In the figure� and
� present DCPA and HAp, respectively.
ig. 2. SEM photographs of products by hydrothermal treatment of the gels consisting of 0.125 mol/L calcium nitrate and 0.025 mol/L sodium tripolyphosphate
t 140◦C for 24 h (a) without an additive and including 2-propanol of (b) 10 vol.%, (c) 20 vol.%, (d) 30 vol.%, (e) 40 vol.% and (f) 50 vol.%.
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Table 2
Averages of whisker length and aspect ratio of products by hydrother-
mal treatment of the gels consisting of 0.125 mol/L of calcium nitrate and
0.025 mol/L of sodium tripolyphosphate at 140◦C for 24 h including ethanol,
1-proapnol and 2-propanol, and products prepared via a conventional gel
process

Additive Content
(vol.%)

Whisker
length (�m)

Aspect
ratio

Ethanol 40 47 16
50 50 18

1-Propanol 40 46 16
50 53 17

2-Propanol 10 46 16
20 48 18
30 32 13
40 30 11
50 33 6

2-Methyl-1-propanol 50 30 13

Prepared using a conventional
gel process

– 2 8

whiskers of 30–50�m in length inFig. 2b–f are identified
as HAp by XRD measurement (Fig. 1c–g).

Table 2shows the average lengths and average aspect ra-
tios of HAp whiskers derived from the gel including various
additives. In the present work, the sizes of all products derived
from the gels of which the final pH value is between 4 and
6 are several tens times larger than those prepared via some
conventional gel processes. The sizes of the products pre-
pared via the conventional gel process using an alkali agent
was reported to be less than 5�m.12 The pH value during
the hydrothermal treatment can be maintained between 4 and
6 by utilizing the buffer ability of the additives and the pH
range is lower than that in the conventional method. When
the degree of supersaturation concerning a crystalline phase
is low in the solution, the small numbers of nuclei have a
tendency to form and grow. On the other hand, when the de-
gree of supersaturation is high, the large numbers of nuclei
form and they may be not easy to grow largely. The sizes of
HAp whiskers may be controlled by the solubility of HAp in
the reactant pH range. The large-sized HAp whiskers can be
obtained in the pH range from 4 to 6, where the solubility of
HAp is relatively high.

Averages of the length and aspect ratio of the HAp
whiskers are shown inFig. 3 as a function of specific di-
electric constant of the additive. The whisker length and the
aspect ratio have a tendency to increase with increasing the
s r is
r pe-
c of
t con-
t ker
l of 2-
p ratio
d

dis-
p s low,

Fig. 3. Whisker lengths and aspect ratios of products by hydrothermal treat-
ment of the gels consisting of 0.125 mol/L of calcium nitrate and 0.025 mol/L
of sodium tripolyphosphate at 140◦C for 24 h as function of specific dielec-
tric constant of additives. In the figure, (©, �) and (�, �) present 40 and
50 vol.% addition of the additives, and (©, �) and (�, �) present whisker
length and aspect ratio, respectively.

as shown inFig. 2b–f. However, the morphology of HAp was
irregular when the gel included 50 vol.% 2-propanol. The fi-
nal pH value is closely related with the 2-propanol amount
and the pH value decreases with decreasing the 2-propanol
content. By the addition of the low content in the range from
10 to 30 vol.%, where the pH value of the reactant gel is rel-
atively acidic and also in the range of HAp precipitation, the
small number of monodispersed HAp nuclei may form and
grow homogeneously, since the pH range of the reactant gel
is not close to neutral and it is far from the isoelectric point of
HAp. On the other hand, in the case of 50 vol.% 2-propanol,

F treat-
m ol/L
o n-
t ect
r

pecific dielectric constant. The solubility of HAp whiske
elatively high in the presence of the additive with high s
ific dielectric constant.15 The specific dielectric constant
he gels including the additives is also controlled by the
ent of the additive.Fig. 4shows the changes in the whis
ength and aspect ratio of the products as a function
ropanol amount in the gel. The length and the aspect
ecrease with increasing the 2-propanol amount.

In the case of 2-propanol addition, the relatively mono
ersed whiskers could be obtained when the content wa
ig. 4. Whisker lengths and aspect ratios of products by hydrothermal
ent of the gels consisting of 0.125 mol/L of calcium nitrate and 0.025 m
f sodium tripolyphosphate at 140◦C for 24 h as function of different co

ent of 2-propanol. In the figure,� and� present whisker length and asp
atio, respectively.
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the final pH value is close to neutral and HAp nuclei are
suggested to be aggregated; the HAp may have a tendency
to grow irregularly, resulting in formation of various shaped
crystals.

4. Conclusion

The large-sized HAp whiskers could be successfully de-
rived from calcium tripolyphosphate gel using ethanol, 1-
propanol, 2-propanol and 2-methyl-1-propanol under the hy-
drothermal condition. These solvents could buffer the pH
value of the reactant gel during the hydrothermal treatment
and the pH values were held in the range from about 4 to
6. The sizes of HAp whiskers were 30–50�m in length and
these are several times larger than those of the whiskers pre-
pared via a conventional gel process using an alkali agent
as the pH adjustment. These HAp whiskers are believed to
be applied for the fabrication of a porous material with high
porosity suitable for the biomaterials.

Acknowledgement

The authors wish to acknowledge a grant from the
NITECH 21st Century COE Program “World Ceramics Cen-
t

R

al in

Xi,
.

3. Temenoff, J. S., Lu, L. and Mikos, A. G., Bone-tissue engineering
using synthetic biodegradable polymer scaffolds. InBone Eng., ed. J.
E. Davies. em squared Inc., Toronto, 2000, pp. 454–461.

4. Fujishiro, Y., Yabuki, H., Kawamura, K., Sato, T. and Okuwaki, A.,
Preparation of needle-like hydroxyapatite by homogeneous precipi-
tation under hydrothermal conditions.J. Chem. Technol. Biotechnol.,
1993,57, 349–353.

5. Yoshimura, M., Suda, H., Okamoto, K. and Ioku, K., Hydrother-
mal synthesis of biocompatible whiskers.J. Mater. Sci., 1994, 29,
3399–3402.

6. Suda, H., Asaoka, N. and Yoshimura, M., Preparation and charac-
terization of hydroxyapatite whiskers by hydrothermal method. In
Bioceramics, Vol 5, ed. T. Yamamuro, T. Kokubo and T. Nakamura.
Kobunshi Kankokai Inc., Kyoto, 1992, pp. 31–34.

7. Suchanek, W., Suda, H., Yashima, M., Kakihana, M. and Yoshimura,
M., Biocompatible whiskers with controlled morphology and sto-
ichimetry. J. Mater. Res., 1995,10, 521–529.

8. Aizawa, M., Kinoshita, M., Yamada, K., Itatani, K. and Kishioka,
A., Effects of additives on synthesis and morphology of carbonate-
containing hydroxyapatite prepared by homogeneous precipitation
method.Inorg. Mater., 1998,5, 387–397 (in Japanese).

9. Ioku, K., Yoshimura, M. and Somiya, S., Microstructure-designed hy-
droxyapatite ceramics from fine single crystals synthesized hydrother-
mally. In Bioceramics, Vol 1, ed. H. Oonishi, H. Aoki and K. Sawai.
Ishiyaku EuroAmerica Inc., Tokyo, Brentwood, 1989, pp. 62–67.

10. Yubao, L., Klein, C., Wijn, J. D., Wolke, J. and Groot, K. D., Mor-
phology and phase structure of nanograde boneapatite-like rodshaped
crystals. InBioceramics, Vol 6, ed. P. Ducheyne and D. Christiansen.
Butterworth-Heinemann, London, 1993, pp. 173–178.

11. Nagata, F., Yokogawa, Y., Toriyama, M., Kawamoto, Y., Suzuki, T.
and Nishizawa, K., Hydrothermal synthesis of hydroxyapatite crystals

1 s of
els as

1 s. US

1 aO–

1 enoo,
(in
er for Environmental Harmony”.

eferences

1. Baksh, D. and Davies, J. E., Design strategies for 3-dimension
vitro bone growth in tissue-engineering scaffolds. InBone Eng., ed.
J. E. Davies. em squared Inc., Toronto, 2000, pp. 488–495.

2. Hollinger, J. O., Winn, S. R., Hu, Y., Sipe, R., Buck, D. C. and
G., Assembling a bone-regeneration therapy. InBone Eng., ed. J. E
Davies. em squared Inc., Toronto, 2000, pp. 435–440.
in the presence of methanol.J. Ceram. Soc. Jpn., 1995,103, 70–73
(in Japanese).

2. Mizutani, Y., Uchida, S., Fujishiro, Y. and Sato, T., Synthesi
monodispersed hydroxyapatite using calcium polyphosphate g
precursors.Brit. Ceram. Trans., 1998,97, 105–111.

3. Brown, W. E. and Chow, L. C., Dental restorative cement paste
Patent 4 518 430 (1985).

4. Brown, P. W., Phase relationships in the ternary system C
P2O5–H2O at 25◦C. J. Am. Ceram. Soc., 1992,75, 17–22.

5. Asahara, T., Tokura, N., Okawara, M., Kumanotani, J. and S
M., ed.,Solvent Handbook. Kodansha, Tokyo, 1976, pp. 334–355
Japanese).


	Large-sized hydroxyapatite whiskers derived from calcium tripolyphosphate gel
	Introduction
	Experimental procedure
	Results and discussion
	Conclusion
	Acknowledgement
	References


