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Abstract Nanometer size biphasic calcium phosphate
(BCP) powders with various Ca/P molar ratios satisfied
with appropriate phase ratios of HA/S-TCP were prepared
by high temperature flame spray pyrolysis process. The
BCP powders had spherical shapes and narrow size dis-
tributions irrespective of the ratios of Ca/P. The mean size
of the BCP powders measured from the TEM image was
38 nm. The composition ratio of Ca/P was controlled from
1.500 to 1.723 in the spray solution, and required phase
ratios of HA/TCP are controlled systematically. The cal-
cium dissolution of the pellets obtained from the BCP
powders directly prepared by flame spray pyrolysis in
buffer solution increased with the decrease of Ca/P ratios
except with the Ca/P ratio of 1.713. The pellet surface with
Ca/P ratio of 1.500, which consisted of f-TCP, was eroded
dramatically for 7 days. On the other hand, the pellet sur-
face with Ca/P ratio of 1.667 was stable and did not dis-
integrate after immersion in Tris—HCI buffer solution based
on the SEM observation.

1 Introduction

Calcium phosphate based bioceramics have been widely
used for orthopedic applications due to their chemical
similarity to natural bone [1-5]. Among them, Biphasic
Calcium Phosphate (BCP) powders have recently attracted
for their ideal bone graft substitute. BCP is commonly
composed of hydroxyapatite (HA) and a more resorbable
material like tricalcium phosphate (o or f-TCP) or calcium
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carbonate in different proportions depending on the char-
acteristics required for the specific medical applications
[6-9]. In order to apply appropriate BCP to meet specific
biological needs, it is crucial to control the BCP with
various phase ratios of HA/TCP. Furthermore, recently
nano bioceramics have attracted for their effect of bioactive
properties [10-20]. Many studies have shown that bone-
forming cells for specific applications are interacting with
nanoscale surfaces of biomaterials which is critical to keep
the body from rejecting artificial parts [21, 22] and promote
the adhesion, proliferation and differentiation of osteo-
blasts [23, 24].

Currently, several synthetic routes have been utilized for
the preparation of BCP powders. Nilen et al. [25] synthe-
sized HA mechanically mixed with f-TCP, then calcinated
to form a suite of BCP materials with a wide range of HA/
p-TCP phase content ratios. Kannan et al. [26] prepared
HA and biphasic ceramics of two different HA and 5-TCP
proportions with substituted potassium through the aqueous
precipitation method. Lee et al. [27] synthesized HA and
BCP nano powders by the microwave assisted process.
Raynaud et al. [28] synthesized biphasic mixtures com-
posed of a HA and CaHPO, (Ca/P < 1.5) or Ca(OH), (Ca/
P > 1.667) using wet method. Yasuda et al. [29] synthe-
sized HA/a-TCP composites by colloidal process.

Nanometer size HA and TCP powders were also pre-
pared by gas phase reaction methods, such as spray pyro-
lysis and flame spray pyrolysis [30-32]. However, BCP
powders were not well studied in the gas phase reaction
methods.

In this study, BCP ceramics with various Ca/P molar
ratios satisfied with appropriate phase ratios of HA/TCP
were firstly prepared by flame spray pyrolysis applying
ultrasonic spray system. The prepared BCP ceramic powders
had spherical shape, nanometer size and non-aggregation
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characteristics. In the previous report, calcium phosphate
powders were also prepared by flame spray pyrolysis
applying nozzle spray system. The calcium phosphate
powders prepared by flame spray pyrolysis applying nozzle
spray system had hardly aggregated structure. The degra-
dability of the synthesized BCP was studied by dissolution of
calcium ion in Tris—HCI buffer solution.

2 Materials and method

Figure 1 shows the schematic diagram of the flame spray
pyrolysis apparatus. The system of flame spray pyrolysis
has an ultrasonic droplet generator, flame nozzle, quartz
reactor, powder collector and blower. Propane and oxygen
were used each as the fuel and oxidizer gases to create the
diffusion flame. The flame nozzle has five concentric pipes.
Droplets generated from the precursor solution are supplied
to the diffusion flame through the center pipe by oxygen
used as a carrier gas. The flow rates of fuel, oxidizer and
carrier gas were each 5, 40 and 10 I/min. The starting
materials in the synthesis of biphasic calcium phosphae
(BCP) powders were Ca(NOj3),-4H,0 and (NH4),HPO,.
The total concentration of Ca and P components was fixed
at 0.4 M. The mixing molar ratios of Ca(NOj3),-4H,0 to
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Fig. 1 The schematic diagram of the flame spray pyrolysis process
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(NH,4),HPO,4 was adjusted accordingly to the desired Ca/P
ratios from 1.500 to 1.723 in the mixed solvent. The
mixture of ethyl alcohol and distilled water was used as the
solvent. The volume ratio of ethyl alcohol to water was
60% to prepare the spray solution. The BCP powders with
various Ca/P molar ratios were pelletized at 320 MPa for
15 min into a 10 mm diameter and subsequently calcinated
at a temperature of 800°C for 2 h under air atmosphere and
cooled naturally to room temperature while furnace power
was off. The pellets were immersed in Tris—HCl buffer
solution. The 0.1 M Tris—HCI buffer solution was prepared
by dissolving analytical reagent grade Tris(hydroxymethyl)
aminomethane in distilled water and then was buffered at
pH 7.4 at 37°C with hydrochloric acid.

The crystal structures of the as-prepared and post-treated
BCP powders with various Ca/P molar ratios were inves-
tigated by X-ray diffraction (XRD, RIGAKU, D/MAX-RB)
with Cu Ko radiation (4 = 1.5418 x 10710 m). Fourier
transform infrared (FT-IR) transmittance spectra were
recorded between 400 to 2000 cm™'. The morphological
characteristics of the BCP powders with various Ca/P
molar ratios were investigated using scanning electron
microscopy (SEM, JEOL, JSM-6060) and high resolution
transmission electron microscope (TEM, FEI, TECHNAI
300 K). The compositions of the BCP powders with vari-
ous Ca/P molar ratios were analyzed by using energy dis-
persive X-ray (EDX). Calcium content in buffer solution
was analyzed by using inductively coupled plasma atomic
emission spectroscopy (ICP-AES, VARIAN, VISTA AX).

3 Results and discussion

Biphasic calcium phosphate (BCP) powders of various Ca/
P molar ratios were synthesized by flame spray pyrolysis
process. In the conventional spray process, one powder was
formed from one droplet by drying, decomposition and
crystallization process. However, nanometer size powders
could not be prepared by conventional spray pyrolysis
process because droplets generated by ultrasonic spray
generators had several microns size. Therefore, in this
study, high temperature diffusion flame was applied to the
preparation of nanometer size BCP powders. Evaporation
of the components composing the BCP powders entered by
droplets into the high temperature diffusion flame occurred.
Nano-sized BCP powders were formed from the evapo-
rated vapors by nucleation and growth processes. The
formation process of the nanometer size powders from the
evaporated vapors was well known as chemical vapor
deposition (CVD) process. Figure 2 shows the SEM ima-
ges of the calcium phosphate nanopowders with various
Ca/P molar ratios prepared by flame spray pyrolysis. In the
SEM images, all the prepared calcium phosphate powders
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Fig. 2 SEM images of the powders prepared from the spray solutions
with different Ca/P ratios

had nanometer size and regular morphology irrespective of
the Ca/P molar ratio. Figure 3 shows the TEM images of
the powders prepared from the spray solutions with Ca/P
molar ratio of 1.500 and 1.667. The prepared powders had

Ca/P = 1.667

Fig. 3 TEM images of the powders prepared from the spray solutions
with different Ca/P ratios

nanometer size, spherical shape and narrow size distribu-
tion. The mean size of the powders as shown in Fig. 3a, b
were 32 and 38 nm. The mean sizes and morphologies of
the powders observed from the TEM images were not
strongly affected by the Ca/P molar ratios.

The compositions of the nanometer size powders pre-
pared by flame spray pyrolysis from the spray solutions
with various Ca/P molar ratios were examined by EDX
spectra. The compositions measured by EDX are regarded
as approximate values because of the inherent measure-
ment error range in the EDX analysis. The theoretical and
determined Ca/P molar ratios were described in Fig. 4. The
good accordance between the Ca/P ratios in the spray
solution and obtained Ca/P molar ratios was observed in
Fig. 4. Consequently these data validate that flame spray
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Fig. 5 XRD patterns of the powders prepared from the spray
solutions with different Ca/P ratios

pyrolysis is an appropriate synthesis process of forming BCP
powders with controlled Ca/P ratios by simple method by
controlling the compositions of the spray solution.

The XRD patterns of the powders directly prepared by
flame spray pyrolysis were shown in Fig. 5. The powders
prepared from the spray solutions with Ca/P ratios larger
than 1.585 had pure phase HA crystal structure. The peaks
of f-TCP were shown in the powders prepared from the
spray solutions with Ca/P ratios of 1.543 and 1.500. On the
other hand, phase pure -TCP powders were not directly
prepared by flame spray pyrolysis. The powders prepared
by flame spray pyrolysis were post-treated at a temperature
of 800°C for 2 h under air atmosphere. The crystal
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Fig. 6 XRD patterns of the powders post-treated at a temperature of
800°C

structures of the powders changed after post-treatment as
shown in Figs. 5 and 6. The post-treated powders prepared
from the spray solution with Ca/P ratio of 1.667 had phase
pure HA crystal structure without impurity peaks. The
sample obtained from the spray solution with Ca/P ratio of
1.713 had main crystal structure of HA with small impurity
peak of CaO. The peaks of S-TCP observed from the
sample obtained from the spray solution with Ca/P ratio of
1.627, and the peak intensities of the J-TCP crystal
increased with decreasing the Ca/P ratio. The phase pure
B-TCP powders were obtained from the spray solution with
Ca/P ratio of 1.500. Phase pure -TCP powders were not
directly prepared by flame spray pyrolysis because of short
residence time of the powders inside the high temperature
diffusion flame. Therefore, the powders directly prepared
by flame spray pyrolysis from the spray solution with Ca/P
ratio of 1.500 had mixed crystal structures of HA and
B-TCP phases. HA and un-reacted P component reacted to
form the phase pure S-TCP powders during the post-
treatment process. The phase ratios were estimated from
the peak ratios of main peaks of XRD patterns. Table 1
shows the phase ratios of HA and -TCP depending on the
Ca/P ratios of the spray solution. At 1.5 Ca/P ratio,
monolithic f-TCP powder was obtained without any other
phases. However, the phase of S-TCP decreased with
increasing the Ca/P ratio. The pure HA powder was

Table 1 Phase ratios estimated from the peak ratios of main peaks of
XRD patterns

1.5 1.543 1.585 1.627 1.667
HA% 0 349 552 87.6 100
p-TCP% 100 65.1 44.8 12.4 0

CaO - - - - -
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Fig. 7 FT-IR spectra of the powders post-treated at a temperature of
800°C

obtained at 1.667 Ca/P ratio. However, the real phase ratios
of HA and f-TCP should be analyzed with Rietveld anal-
ysis as described in the previous paper [33].

Figure 7 shows the FT-IR spectra of the BCP powders
should be analyzed with various Ca/P ratios post-treated at
a temperature of 800°C. The powders displays vibrational
bands associated with two calcium phosphate phases
identified with XRD. In the FT-IR analysis, mainly the
peaks for [OH ] and [PO;" | units in HA and 8-TCP can be
identified [34, 35]. The IR bands observed at 1040 and
962 cm™' are characteristic of the phosphate stretching
vibration, and the bands observed at 601, 571 cm ! are due
to the phosphate bending vibration. And OH stretching is
observed at 630 cm~' The bands observed at 551 and
606 m ™" are derived from the phosphate bending vibration,
and the bands around 945-1025 cm ™' are characteristics of
the phosphate stretching vibration of fS-TCP. This data
demonstrates a gradual variation in the f-TCP/HA ratios
starting from S-TCP as a single phase and ending with a
HA one.

The degradability of the fabricated BCP bioceramics
was determined by dissolution characteristics of calcium
ion in Tris—HCI buffer solution. BCP pellets obtained from
the powers directly prepared by flame spray pyrolysis were
calcinated at 800°C for 2 h in air atmosphere and subse-
quently placed in polystyrene bottles containing Tris—HCI
buffer solution. The bottles with the pellets and Tris—HCl
were maintained at 37.0°C in a continuously shaken bath to
help maintain uniform ion concentrations. The pellets were
immersed for 1, 3, 7, 14, 21 h and 1, 3, 4, 5, 6, 7 days,
respectively. In Fig. 8, calcium dissolution in buffer solu-
tion increased with the decrease of Ca/P ratios except with
the Ca/P ratio of 1.713. It is owing to the increase of the
proportion of -TCP with high solubility in the biphasic
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Fig. 8 Calcium release from the pellets obtained from the powders
with different Ca/P ratios

materials. Therefore, the pellet with the Ca/P ratio of 1.667
containing single phase of HA shows minimum Ca’" ion
concentration in buffer solution due to its high stability in
buffer solution. However, in the case of Ca/P ratio of
1.731, the samples show the maximum Ca®* ion concen-
tration in the buffer solution at all immersion time. It is
because of CaO content of the powders as shown in Fig. 6.
CaO had the property of high solubility in the buffer
solution.

The morphologies of pellet surface after being immersed
for 7 days in the buffer solution were shown in Fig. 9.
After immersion, the pellets were recovered and subse-
quently dried at 30°C. Most of pellets, erosion of the sur-
faces increased step by step with the decrease of Ca/P
ratios. The pellet surface with Ca/P ratio of 1.500, which
consisted of pure [-TCP, was eroded dramatically for
7 days as shown in Fig. 9a. On the other hand, the pellet
surface with Ca/P ratio of 1.667 was stable and hardly
eroded after immersion based on the SEM observation.
These results of SEM images were well corresponded with
the fact that erosion of pellets increased step by step with
the increase of proportion of f-TCP with high resorption in
the biphasic materials.

4 Conclusions

BCP powders were directly prepared by flame spray pyro-
lysis process from the spray solutions with various Ca/P
ratios. Nanometer size BCP powders with spherical shape
and non-aggregation characteristics were prepared from the
evaporated vapors by nucleation and growth process. The
flame spray pyrolysis was an appropriate synthesis process
of forming BCP powders with controlled Ca/P ratios by
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Fig. 9 SEM images of the pellet surfaces obtained from the powders with different Ca/P ratios after 7 days of immersion in buffer solution
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