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Abstract

Calcium phosphate powders, B-TCP and biphasic HA/B-TCP, were synthesized by calcining the powders obtained from the co-
precipitation method using Ca(NO3),-4H,O and (NH4),HPO,. The effects of the initial Ca/P ratio and pH of the solution on the
phase evolution and in vitro dissolution behavior of the powders in a Ringer’s solution were investigated. The Ca/P ratio of the
resulting powders was strongly dependent on the pH of the solution and weakly dependent on the initial Ca/P ratio. Single phase
TCP powder was obtained at pH=7.4 and the initial Ca/P ratio had a little effect on the resulting Ca/P ratio. Biphasic composite
powders were prepared at pH =28.0 and the Ca/P ratio of resulting powder was controllable by adjusting the initial Ca/P ratio. TCP
powder showed the highest dissolution rate in the Ringer’s solution and biphasic composite powder exhibited an intermediate dis-

solution behavior between that of HA and TCP.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Calcium phosphate-based bioceramics have received
much attention as bone graft substitutes primarily
because of their excellent biocompatibility, bioactivity,
and osteoconduction characteristics.! > The most widely
used calcium phosphate-based bioceramics are hydroxy-
apatite [HA, Ca o(PO4)¢(OH),] and B-tricalcium phos-
phate [B-TCP, Ca3(POy),]. HA is stable in a body fluid,
while TCP is rather soluble.* The in vivo and in vitro
dissolution of calcium phosphate ceramics was found to
be dependent on the composition, crystallinity, and pH
of the solution.®'° However, many studies have indi-
cated that the dissolution of HA in the human body
after implantation is too low to achieve the optimal
results. On the other hand, the dissolution rate of B-
TCP ceramics is too fast for bone bonding. To achieve
an optimum resorbability of the material, studies have
mainly focused on the biphasic calcium phosphate
ceramics composed of HA and TCP.''"!¢ Several

* Corresponding author. Tel.: +82-2-880-6273; fax: + 82-2-883-
8197.
E-mail address: shhong@plaza.snu.ac.kr (S.-H. Hong).

results suggest that the resorbability of biphasic ceramics
is largely determined by the HA/TCP ratio. Therefore, it
is necessary to produce the biphasic ceramics with various
HA/TCP ratios in a simple and systematic way.

The synthesis of HA powder has been extensively
studied but that of a TCP or biphasic HA/TCP powder
is still under investigation. TCP powders were generally
prepared by solid-state reaction or thermal decomposi-
tion.!>!7-18 In thermal decomposition, amorphous calcium
phosphate (ACP) or calcium deficient HA, which is
obtained under neutral or acid conditions, was used for
the preparation. TCP is not formed in an aqueous system
at normal laboratory conditions, but it (precisely, whit-
lockite) can only be precipitated when some of the Ca?*
ions are substituted by Mg?* or Mn?" ions.!”

Biphasic HA/TCP composite powders are commonly
produced as by-products during the synthesis of pure
HA or pure TCP. However, recent demands for the
controlled bioactivity require the biphasic composite
powders with varying HA/TCP ratios. Biphasic pow-
ders can be prepared either by mechanical mixing of HA
and TCP powders or by calcining the calcium deficient
HA (Ca/P=1.5~1.67) above 700 °C.'°722 A calcium
deficient HA was synthesized by using wet chemical
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methods such as co-precipitation or hydrolysis of a
dicalcium phosphate dihydrate (DCPA).!”

In this study, TCP and biphasic HA/TCP composite
powders were synthesized using a co-precipitation
method. The purpose of this study is to determine the
influence of initial Ca/P ratio and pH on the phase
evolution, and to investigate the dissolution behavior of
TCP and biphasic HA/TCP powders in Ringer’s solution
compared to HA.

2. Experimental procedures

TCP and biphasic HA/TCP powders were synthesized
by calcining the powders obtained from the co-precipita-
tion method with Ca(NO3),-4H»>O and (NH4),HPO,. The
initial Ca/P ratio was varied from 0.67 to 1.55 and the
pH of the solution was maintained at 6.0, 7.4, and 8.0
during precipitation by adding either NH4OH or
HNOs;. After the precipitation, the solution was aged in
the water bath of 40 °C for 24 h. The precipitates were
filtered and then dried at 100 °C for 24 h.

The obtained powders were calcined at 800, 1000,
1150, and 1200 °C for 2 h. The Ca/P ratio of the dried
powder was measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Model ICPS-
7500, Shimadzu, Japan). No differences were observed
in the Ca/P values between the as-dried and calcined
powders. X-ray diffraction (XRD, Model MI18XHF-
SRA, MAC Science Co., Japan) and Fourier transform
infrared (FT-IR, Model DA-8, Bomem, Canada) spec-
troscopy were used for phase analysis and scanning
electron microscopy (SEM) was used to observe the
morphology. The specific surface area was measured by
Brunauer-Emmett-Teller (BET, Model ASAP2010,
Micromeritics Instrument Corp., Norcross, USA) method
and the phase transitions were determined by differential
thermal analysis and thermogravimetric analysis (DTA/
TG, Model 2000, Du Pont Instruments, USA).

The dissolution behavior of the powders was estimated
by immersing them in a Ringer’s solution (Hartmann
solution, Cheil Jedang, Korea) for up to 30 days. After
immersing for a pre-determined period of time, the
solution was separated by filtration and analyzed with
ICP-AES. The filtered precipitates were dried and ana-
lyzed by XRD and FT-IR. The ion concentrations of
Ringer’s solution used in this study was compared with
the human blood plasma in Table 1.4

3. Results and discussion

The effects of the initial Ca/P molar ratio and the pH
of the solution on the composition of the precipitates were
given in Fig. 1. The chemical analyses were performed on
the precipitates after drying at 100 °C for 24 h, and

Table 1
Ion concentration (mM/1) of human plasma* and Ringer’s solution

Na® K* Mg?* Ca?* ClI- HCO; HPOi~ SOF

Human 142 5 1.5 2.5 103 13.5 1 0.5
plasma
Ringer’s 132 54 - 2.4 113 28.7 - -
solution
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Fig. 1. The Ca/P molar ratio of the precipitates measured by ICP-
AES analysis as a function of initial Ca/P ratio and pH of the solution.

further heat treatment did not show any composition
change. When the pH of the solution was 6.0, the Ca/P
values were lower than 1.5 for the entire initial compo-
sitions. As the pH increased to 7.4, the obtained Ca/P
values were very close to 1.5 irrespective of the initial
compositions. At pH=28.0, the resultant Ca/P ratio
increased from 1.3 to 1.6 with increasing the initial Ca/P
ratio, but the dependence was non-linear. The unreacted
precursors are believed to be washed out during filtering
process. Although no systematic correlation could be
drawn from the chemical analysis results, the proper pH
values for single phase TCP and biphasic HA/TCP
powder syntheses are 7.4 and 8.0, respectively. The Ca/P
ratio of the precipitates obtained at pH =6.0 was varied
from 1.12 to 1.36 and was not the ranges for TCP or
biphasic HA/TCP formation. Indeed, XRD patterns
indicated that as-dried powder consisted of a dicalcium
phosphate anhydrate (CaHPO,, DCPA) and a poor
crystalline HA. When heated to 800 °C, DCPA and HA
transformed into B-Ca,P,O; and B-TCP. Thus, the
researches in this study were mainly focused on the
powders precipitated at pH="7.4 and 8.0.

The phase evolution of the TCP precursors pre-
cipitated at pH 7.4 was shown in Fig. 2. The effect of the
initial Ca/P ratio on the phase evolution was insignif-
icant and the XRD patterns were obtained from the
samples with the initial Ca/P ratio of 1.5. XRD pattern
revealed that as-dried powder was a poorly crystallized
HA [Fig. 2(A)]. The poorly crystallized HA is believed to
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Fig. 2. XRD patterns of the TCP precipitates obtained at pH =7.4;
(A) as-dried, (B) calcined at 800 °C, and (C) calcined at 1200 °C.

be a non-stoichiometric calcium deficient HA (Ca;o_,
(HPO4)(PO4)s—(OH)>_nH,0,  x=0~1, n=0~2),
which is supported by the Ca/P ratio of 1.5. The B-TCP
appeared in the sample calcined at 800 °C and kept
existing as the stable phase at higher temperatures
[Fig. 2(B)]. That is, single phase B-TCP was successfully
synthesized at temperatures between 800 and 1100 °C.
However, further heat treatment resulted in the B-o
transformation of TCP. Therefore, intense a-TCP peaks
were observed along with the weak B—TCP peaks in the
powder calcined at 1200 °C [Fig. 2(C)].

The corresponding FT-IR absorption spectra of the
TCP precursors were presented in Fig. 3. The char-
acteristic PO3~ and OH~ absorption bands of HA were
observed in the as-dried sample along with the addi-
tional broad bands at 1640 cm~! and 3430 cm~! from
the adsorbed H,O [Fig. 3(A)]. The weak absorption
peak at 880 cm~! was assigned to the P-O-H vibration
in the HPO3~ group,”® which exists in non-stoichio-
metric HA. The C-O vibration in CO3~ group can also
contribute to this absorption band. In the sample cal-
cined at 800 °C, the OH~ absorption band disappeared
and the spectrum obtained was characteristic of B-TCP
[Fig. 3(B)]. With increasing the calcination temperature,
the PO3~ vibration peaks at 603 and 568 cm~! gradually
merged. The FT-IR spectrum of the powders calcined at
1200 °C became similar to that of a-TCP, which con-
sistent with the previous XRD result [Fig. 3(C)]."”

Fig. 4 illustrates the results of thermal analysis for the
TCP precursors precipitated at pH =7.4. One exothermic
peak at 214 °C and two endothermic peaks at 790 and
1185 °C were observed in the DTA. TG showed that all
the volatiles were removed by 850 °C and the total
weight loss measured upon heating to 1000 °C was
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Fig. 3. FT-IR spectra of the TCP precipitates obtained at pH=7.4;
(A) as-dried, (B) calcined at 800 °C, and (C) calcined at 1200 °C.
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Fig. 4. Thermal analyses of the TCP precipitates obtained at pH =7.4.

5.7%. There was a sharp weight loss around 790 °C.
Based on the previous XRD and FT-IR results, the
endothermic peak at ~790 °C on the DTA curve, which
was accompanied by a 1% weight loss on the TG curve,
was attributed to the decomposition of nonstoichio-
metric HA to B-TCP and H,O. The endothermic peak
at 1185 °C can be assigned to the —o transformation of
TCP. From the phase diagram, B-TCP is stable up to
1125 °C, and above this and up to 1430 °C, o-TCP
becomes the stable phase.>* The determined transfor-
mation temperature in this study was higher than that
predicted from the phase diagram. However, it has been
reported that this transformation temperature varied
depending on the synthesis conditions and substitution
ions.!” In particular, Mg ions are known to strongly
influence the transformation temperature.!”
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Fig. 5. SEM micrographs of the TCP precipitates obtained at
pH=7.4; (A) as-dried, (B) calcined at 800 °C, and (C) calcined at
1000 °C.

The morphologies of the TCP powders precipitated at
pH=7.4 were shown in Fig. 5. The as-dried TCP pre-
cursors were almost spherical and highly agglomerated,
and the observed particle size was ~50 nm [Fig. 5(A)].
The specific surface area determined by BET was 85 m?/
g. The particle coarsening occurred significantly with
calcination. The particle size was ~300 nm at 800 °C
and increased up to ~1 um at 1000 °C. The necking
among the particles was apparent due to localized sin-
tering at 1000 °C.
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Fig. 6. XRD patterns of the biphasic precipitates obtained at
pH=28.0; (A) as-dried, (B) calcined at 800 °C, (C) calcined at 1000 °C,
and (D) calcined at 1150 °C.

According to the chemical analysis, the resulting Ca/P
ratio of the precursors precipitated at pH=28.0 varied
from 1.35 to 1.58 depending on the initial Ca/P ratio. In
order to synthesize the biphasic HA/TCP composite
powders, the Ca/P ratio should be larger than 1.5.
Therefore, the phase evolution was considered in the
sample with the starting Ca/P ratio of 1.55 (resulting
Ca/P ratio of 1.58). XRD showed that the as-dried pre-
cursor was the poorly crystallized HA similar to the case
at pH=7.4 [Fig. 6(A)]. When heated to 800 °C, B-TCP
was observed along with HA [Fig. 6(B)] and the FT-IR
spectrum showed an OH" absorption band, which was
different from the case at pH="7.4. The HA peaks were
not well resolved at this stage suggesting the poor crys-
tallinity. However, further heating increased the HA
peak intensities and HA peaks became well resolved
[Fig. 6(C)]. At 1150 °C, the peak intensities of B-TCP
and HA were comparable [Fig. 6(D)]. Considering the
Ca/P ratio of 1.58, B-TCP and HA phase concentration
in these sample was believed to be 1:1. One thing to note
is that the XRD intensities of B-TCP and HA peaks
changed with the calcination temperature although the
chemical compositions were constant. The transformation
mechanism from calcium deficient HA into biphasic HA/
TCP is not well understood although a solid-state ionic
diffusion mechanism has been proposed.?” In addition,
the precipitates obtained at pH = 8.0 with the initial Ca/P
ratio of < 1.0 (resulting Ca/P ratio of <1.5) were B-TCP
mixed with B-Ca,P,05 after calcining above 800 °C. The
precipitates with the starting Ca/P ratio of >1.3 was
composed of B-TCP and HA, and the amount of HA in
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the calcined powder increased with the initial Ca/P
ratio. Therefore, HA or TCP phase concentration in
biphasic composite powders was controlled by adjusting
the Ca/P ratio of the precursors.

The morphologies of the biphasic powders were shown
in Fig. 7. As-dried precursors were nearly spherical and
slightly smaller than TCP precursors. The specific sur-
face area determined by BET was 90 m?/g. After cal-
cining at 1000 °C, the particle size increased to ~0.5 um
but was smaller than TCP powders. From the mor-
phology, it was hard to distinguish between B-TCP and
HA powders.

The dissolution behavior of the synthesized powders
in the Ringer’s solution was shown in Fig. 8. The TCP
and biphasic HA/TCP powders correspond to those
described in Figs. 2 and 6, respectively and they were
calcined at 1150 °C to avoid the B-a transformation of
TCP. The HA powder was prepared by calcining the
precursors at 1250 °C, which were precipitated at
pH=11.0 and aged at 80 °C. When HA was immersed in
the solution, the Ca?>" concentration increased initially
but stabilized after 1 day. However, the overall amount
of HA dissolution was minimal. The dissolution of
PO3~ was even lower as shown in the figure [Fig. 8(B)].

Fig. 7. SEM micrographs of biphasic precipitates obtained at
pH=28.0; (A) as-dried and (B) calcined at 1000 °C.

The pH of the solution increased rapidly up to ~7.5and
remained constant thereafter. XRD patterns of the
immersed specimens revealed only HA phase. However,
the FT-IR spectrum of the HA powders after 30 day
immersion exhibited the carbonate bands at 1450 and
870 cm~! [Fig. 9], which are characteristic of carbonated
hydroxyapatite.?>%° It has been reported that in-vitro
dissolution of HA is affected by several factors such as
composition, crystallinity, and pH of the solution, and
that the COs-apatite was formed on the surface of HA
in the biological fluid.* Based on the previous reports,
the possible explanation to above experimental results is
that HA is dissolved initially releasing the Ca’* and
PO3~ ions into the solution. With increasing the ion
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Fig. 8. (A) Net Ca2* concentration, (B) net PO3~ concentration, and
(C) pH variation in the HA, TCP, and biphasic HA/TCP powder
immersed solutions.
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Fig. 9. FT-IR spectra of HA powders; (A) as-calcined and (B)
immersed for 30 days in Ringer’s solution.
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Fig. 10. XRD patterns of TCP powders; (A) as-calcined, (B) immersed
for 7 days, and (C) immersed for 30 days in Ringer’s solution.

concentrations, the solution becomes super-saturated
with those ions resulting in the re-precipitation as COs-
apatite.

As expected, the dissolution rate of TCP was greater
than that of HA. The concentrations of Ca2* and PO3~
increased continuously and the solution’s pH gradually
decreased over 30 days. Similar results of pH variations
have been reported previously.!! XRD analyses indicate
HA formation after immersion for more than 7 days
[Fig. 10]. The dissolved Ca>" and PO3~ ions are sup-
posed to be precipitated as HA phase on the surface of
TCP. However, OH~ and CO3~ absorption peaks were
not observed in the FT-IR spectra. Like the other
properties, the HA/TCP biphasic composite powder
exhibited an intermediate dissolution behavior between
that of HA and TCP powders. The concentrations of
Ca’>" and PO3~ increased continuously with increasing
immersion time, and the pH of the solution followed
HA trends initially and then TCP trends. The inter-
mediate dissolution behavior of biphasic composite
powder is consistent with the previous results!! but further

studies are required to quantify the dissolution rates
depending on the compositions by using the biphasic
powders of various Ca/P ratios.

4. Summary

Single-phase TCP and biphasic HA/TCP composite
powders have been synthesized by controlling the starting
Ca/P ratio of the precursors and the pH of the solution
in co-precipitation method. B-TCP powder was success-
fully prepared by calcining the precipitates above
800 °C, which were obtained at pH=7.4. Biphasic
composite powder was obtained from the poor crystal-
line HA precipitated at pH=8.0, and HA content of
biphasic powder could be controlled by adjusting the
initial Ca/P ratio. The dissolution rate of the calcium
phosphate powders was strongly dependent on the TCP
content and it was possible to control the bioresorb-
ability of the calcium phosphate powders by adjusting
the TCP concentration, i.e. the processing parameters in
the co-precipitation method.
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