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a b s t r a c t

�-tricalcium phosphate (�-TCP), biphasic �/�-tricalcium phosphate (�/�-TCP) with different two phase
ratio and �-tricalcium phosphate (�-TCP) powders were prepared by calcining an amorphous calcium
phosphate (ACP) precursor at a temperature ranging from 800 to 900 ◦C. The microstructural char-
acterization revealed that the particles in the monophasic and the biphasic TCP powders had about
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1 �m in size, and agglomerated by 500 nm ones. In comparison with monophasic TCP powders, the
dissolution–reprecipitation behaviors of the biphasic TCP powders in an acetate buffer solution with pH
5 were studied. The biphasic TCPs demonstrated a different behavior from the monophasic TCPs, includ-
ing changes in morphology and crystalline phase. The unique behavior can be tailored by controlling the
�-TCP content in the biphasic TCP powders.
eprecipitation

. Introduction

Tricalcium phosphate (Ca3(PO4)2, TCP) is reactive in a body fluid,
he reaction process and product can make significant contribu-
ions to bone repair and regeneration [1–6]. Consequently, TCP is
onsidered to be one of the most accepted biomaterials as synthetic
one graft substitutes and cements [7–14].

The role of TCP in biological systems depends mostly on its
issolution–reprecipitation behavior. However, TCP has two iso-
eric crystalline structures, �-TCP (high temperature phase) and
-TCP (low temperature phase). The reaction of �-TCP with solu-

ions is mainly a fast hydrolysis (dissolution–reprecipitation) as a
hase transformation from �-TCP to brushite or apatite depending
n pH value [6]. The reaction process can be used to strengthen
he integration of the implant with host tissue and develop suit-
ble microstructures to accommodate bone cells and tissues. The
eaction of �-TCP with solutions mainly involves a relatively slow
issolution. The reprecipitation occurrence depends on the sur-
ounding concentrations of Ca and phosphate ions, as well as pH
alue. The reaction process can be adopted to create osteoconduc-
ivity through releasing Ca and P ions in course of bone regeneration
7,8].
Recently, it has been found that biphasic Ca phosphate is a good
ay to make full use of the advantages from each monophasic
a phosphate for enhancing performances in applications [15–18].
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For example, the biphasic �-TCP/HA has demonstrated to have an
optimizing biodegradability and osteoconductivity [19,20], and the
biphasic �-TCP/amorphous-CPP (calcium polyphosphate) showed
significant improvement of degradation with the addition of CPP
[21]. Similarly, the biphasic �/�-TCP can be expected to promote
the bone formation through adjusting reaction kinetic and con-
trolled dissolution–reprecipitation behavior, which results in the
desired ion release, biodegradability and morphological evolution.
Although there were few reports on the cell culture on the bipha-
sic �/�-TCP materials [22], it is of great significance to understand
the relations of dissolution–reprecipitation behavior with the two-
phase ratio and microstructure of the biphasic TCP powders, which
might create favorable microstructure and crystalline phase for the
bone growth.

Dissolution–reprecipitation behaviors of Ca phosphates are usu-
ally evaluated by measuring the Ca and P ion concentrations with
soaking time [23–30]. The reaction behavior with soaking time can
be monitored by pH variation, which reveals the changes of the
ion concentrations in the solution [31]. Although the pH value in
a buffer solution can be maintained if the proton or hydroxyl con-
centration changes within a certain extent, the pH value is sensitive
to the presence of weak acidic anions from buffer reagent or mul-
tiacidic anions like phosphates. Several buffer solutions have been
used as soaking media to evaluate the dissolution behaviors of Ca
phosphates. Among them, acetate buffer solution shows almost no

influence on the initial Ca phosphate reprecipitation because of no
Ca and phosphate ions, and no strong ligands to coordinate Ca ions
in the solution. When the body suffers any kind of lesion or inflam-
matory process, the pH of the media in the affected area decreases

dx.doi.org/10.1016/j.jallcom.2011.03.158
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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formation to pure �-TCP occurs when the calcining temperature
reaches 900 ◦C. Obviously, the calcination temperature is a key fac-
tor determining the relative phase ratio in final powders. Here,
C. Zou et al. / Journal of Alloys an

o about 5.0 [32]. Hence, the dissolution experiment performed at
H 5.0 could simulate the situation, and simultaneously shorten
est periods due to an accelerating dissolution reaction.

For preparation of biphasic Ca phosphates, the simplest way
s to mechanically mix the two-phase powders [17,33], which

ight not give a desired distribution homogeneity. An incomplete
hase transformation has been adopted to prepare the biphasic �-
CP/HA through calcining Ca deficient apatite at 800–1100 ◦C [34].
imilarly, biphasic �/�-TCP is supposed to be easily obtained by
alcining �-TCP powders, since the phase transformation of �-TCP
o �-TCP occurs at 1120–1180 ◦C [35,36]. However, the high tem-
erature calcination leads to a large particle size, broad particle size
istribution, and hard agglomeration [37].

In this work, an amorphous Ca phosphate (ACP) precursor way
as adopted to synthesize fine monophasic TCP and biphasic TCP
owders. The dissolution–reprecipitation behavior of the TCP pow-
ers in acetate buffer solution with pH 5 was monitored through
H value variation in the soaking solution. The difference in the
ehavior from the monophasic TCP powders was discussed along
ith the characterizations of the soaked biphasic powders.

. Experimental details

.1. Materials

CaCl2 (99%), Na3PO4 (99%) and Poly(ethylene glycol) (PEG, MW = 10,000, 99%)
ere used as starting materials for the synthesis of ACP. Acetic acid (C2H4O2, 99.9%)

nd sodium acetate (C2H3NaO2, 98%) were used to prepare the acetate buffer solu-
ion. Ethylene dibromide (C2H4Br2, 95%) was used as a medium to evaluate the
ensity of TCP powders through a sedimentation test. All chemicals used in this
ork were purchased from Aladdin.

.2. Preparation of monophasic and biphasic TCP

CaCl2 and the PEG were dissolved in deionized water to form 0.100 M PEG–CaCl2
olution with a PEG:CaCl2 weight ratio of 4:1. 0.133 M Na3PO4 solution was added
ropwise into the PEG–CaCl2 solutions in a Ca/P molar ratio of 1.50, the precipitation
eaction occurred at pH 9 with ammonia and 5 ◦C in a water bath for 30 min. The
recipitates were filtrated and washed using 5 ◦C deionized water to remove Cl− and
a+ ions. Finally, the precipitate was freeze–dried for 48 h. The freeze–dried powders
ere used as precursor powders. The precursor powders could be transformed to
onophasic and biphasic TCPs by heat-treating at 800–900 ◦C range for 3 h without

as-protection.

.3. pH curve measurement during reaction in acetate buffer solution

An acetate buffer solution with pH 5.0 was prepared through mixing a 0.1 M
cetic acid solution and a 0.1 M sodium acetate solution in a volume ratio of 1:2.
or a pH variation curve measurement, the acetate buffer solution was put into a
acketed glass vessel inserted in a 37 ◦C water bath; when the buffer solution reached
7 ◦C, the TCP powder was put into the buffer solution in a ratio of 0.50 g/50 ml
ith a moderate magnetic stirring speed of 200 rpm; a pencil-size combination pH

lectrode (E-201-C, Leici shanghai) was used, the pH value data were acquired and
ecorded by a computer. The pH monitor was assembled in this lab and had a pH
ccuracy of ±0.02.

In order to simulate the influence of the phosphate concentration on pH value of
he buffer solution, a reference curve of the phosphate concentration in the acetate
uffer solution versus the pH value was intentionally made by adding a designed
mount of Na3PO4 into the acetate buffer solution with pH 5.

.4. Characterizations

The precursor powders, calcined powders and soaked powders were identified
y XRD (RIGAKU, D-MAX, RA, CuK� 2◦/min, 0.02 per step). In order to determine
he �-TCP content in biphasic TCP, a calibration was made for the relationship
etween the peak intensity in XRD pattern and the �-TCP content in the powders.
or the calibration samples, ACP derived �-TCP and �-TCP powders were mixed in
eight percentage [W�-TCP/(W�-TCP + W�-TCP)] of 25%, 50% and 75%, respectively. The

trongest diffraction lines (034) intensity at 30.7◦ (I�-TCP) for �-TCP (JCPSD Card No.
9-0359) and (0210) intensity at 31.0◦ (I�-TCP) for �-TCP (JCPSD Card No. 09-0169),
ere used as an index related to contents. A curve of I�-TCP/(I�-TCP + I�-TCP) against

�-TCP/(W�-TCP + W�-TCP) for the mixtures was established as shown in Fig. 1. The

-TCP content in the biphasic TCP obtained in this work was estimated from the
urve.

The ACP powders and biphasic powders were observed under Transmission
lectron Microscope (JEOL 1200) for a morphological observation. A selected area
Fig. 1. A relationship of the XRD peak intensity proportion [I�-TCP/(I�-TCP + I�-TCP)]
with the phase weight proportion [W�-TCP/(W�-TCP + W�-TCP)].

electron diffraction (SAED) was done to determine the phases of biphasic agglom-
erated particles. Morphological variations of the powders after soaking in acetate
buffer solution were observed under Field Emission Scanning Electron Microscope
SEM (FEI SIRION). A sedimentation test in C2H4Br2 (2.96 g cm−3) was designed to
evaluate the distribution homogeneity of the two-phase particles in the biphasic
TCP powders [38], based on the difference in density between �-TCP (2.86 g cm−3)
and �-TCP (3.07 g cm−3). The monophasic and biphasic powders were ultrasonically
dispersed in C2H4Br2 at 25 ◦C for 10 min. The float and sedimentation status of the
powders were photographed after the powders settled down over 24 h.

3. Results

3.1. Characterizations of the powders

The XRD patterns (Fig. 2) show the phase evolution during cal-
cination. The as-freeze–dried precipitates are amorphous. After
an 800 ◦C calcination, the powder crystallizes into pure �-TCP.
With increasing the calcination temperature to 830 ◦C and 850 ◦C,
biphasic �/�-TCP powders are formed. Based on the calibration
curve (Fig. 1), 830 ◦C and 850 ◦C calcined powders are estimated to
contain 60 wt% and 40 wt% �-TCP, respectively. A complete trans-
Fig. 2. XRD patterns of the freeze–dried precipitates and the calcined powders.
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Fig. 5. The sedimentation test results of the monophasic and biphasic TCPs.
Fig. 3. TEM micrograph of freeze–dried precipitates.

TCP60 and BTCP40 are used to represent the powders calcined
t 830 ◦C and 850 ◦C, respectively.

The ACP precursor powders have a particle size of 40 nm (Fig. 3).
rimary particles in the calcined powders still kept a spherical
hape and have a size of about 500 nm, and the agglomerated parti-
le size is about 1 �m, as shown in Fig. 4. The SAED patterns (Fig. 4)
how that there exist two phases of �-TCP and �-TCP in one bipha-
ic agglomerated particle. The sedimentation test (Fig. 5) shows
hat �-TCP and BTCP60 powders completely float in C2H4Br2, while
TCP40 and �-TCP powders completely sedimentate in C2H4Br2.

.2. Behaviors of the TCP powders in acetate buffer solution

When the TCP powders are soaked in the acetate buffer solution
ith an initial pH 5, the pH value of the solution changes as the

CP powders react with the solution. The pH variation curves for
ifferent TCP powders are recorded as shown in Figs. 6 and 7.

These curves demonstrate that the pH value variation behavior
epends on the �-TCP content in the TCP powders. The monopha-
ic �-TCP powder shows to have one jump in pH from 5.0 to 5.32
fter about 0.13 h soaking, then pH is kept unchanged (Fig. 6d),

hile the biphasic TCPs and monophasic �-TCP have two jumps in
H, pH in the first increase stage rises from 5.0 to 5.54 (0.12 h) for
onophasic �-TCP, 5.51 (0.13 h) for BTCP60, and 5.50 (0.15 h) for

TCP40 (Fig. 6a–c). In the second increase stage, pH rises further

Fig. 4. TEM micrograph and SAED
Fig. 6. pH curves of the monophasic and biphasic TCPs with soaking time during
0.6 h: (a) �-TCP, (b) BTCP60, (c) BTCP40, (d) �-TCP.
to 6.08(0.48 h) for monophasic �-TCP, 5.80(0.46 h) for BTCP60 and
5.73(0.43 h) for BTCP40 (Fig. 6a–c). The height of both the first and
second jumps rises with increasing the �-TCP content in the TCP
powders.

pattern of BTCP40 particle.
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ig. 7. pH curves of the monophasic and biphasic TCPs with soaking time during
2 h: (a) �-TCP, (b) BTCP60, (c) BTCP40, (d) �-TCP.

If the te is defined as the time for which the pH value begins
o remain unchanged, monophasic TCPs have a small value of te,
-TCP is 0.13 h (just after the first jump), �-TCP is 1.5 h. However,
iphasic TCPs have a large value of te, te is 6.6 h for BTCP40, and 9.5 h
or BTCP60, respectively. The large te results in the formation of a
eak shoulder (Fig. 7b and c) compared with �-TCP curve (Fig. 7a).
t is noteworthy that the shoulder area in BTCT40 is larger than that
n BTCP60.

After the powders are soaked in the acetate buffer solution,
he XRD patterns of the resulting powders show a change in the

Fig. 8. XRD patterns of the TCPs after 0.5 h and 12 h soa
pounds 509 (2011) 6852–6858 6855

crystalline phase (Fig. 8). For 0.5 h soaked TCPs: (i) the monopha-
sic �-TCP powder is partially transformed to CaHPO4·2H2O, (ii)
all �-TCP in both biphasic TCPs is transformed to CaHPO4·2H2O,
(iii) no change takes place in the monophasic �-TCP powder. For
12 h soaked TCPs, after it is completely transformed into brushite,
the monophasic �-TCP powder is converted to apatite. However,
if brushite in the 0.5 h soaked BTCP60 powders is changed to
apatite, it remains unchanged in the 0.5 h soaked BTCP40 powders.
Notice that the monophasic �-TCP powders begin to transform to
CaHPO4·2H2O.

The SEM micrographs of 12 h soaked TCPs demonstrate that:
spherical shape of the particles changes to a cluster of petal-like
crystallites for monophasic �-TCP powders (Fig. 9a); spherical par-
ticles are homogeneously distributed within clusters of petal-like
crystallites for BTCP60 powders (Fig. 9b); petal-like crystallites
are homogeneously distributed in spherical particles for BTCP40
powders (Fig. 9c); the particle shape has almost no change for
monophasic �-TCP powders except that the connection between
particles, which becomes thicker (Fig. 9d).

4. Discussion

4.1. Characteristics of the biphasic TCP

ACP consists of Ca9(PO4)6 units close to those found in the
apatite and TCP. The units are agglomerated into larger particles
with water or polymeric molecules playing the role of a binder or
stabilizer [39,40]. When the ACP is calcined with removal of the
binders or stabilizers, the units tend to rearrange into an order
structure through crystallization. The firstly crystallized phase from
ACP at 800 ◦C is metastable �-TCP rather than stable �-TCP (Fig. 2),
it is thought, for �-TCP, to form faster from the ACP than �-TCP
[37]. An elevated calcination temperature will result in favorable
kinetic conditions. Thus, the transformation of �-TCP to a more
thermodynamically stable �-TCP is enhanced. Hence, the trans-
formation degree of �-TCP to �-TCP increases with temperature
under a fixed calcination time (3 h). The XRD data are consistent
with this tendency (Fig. 2). As shown by the XRD data, the powder
calcined at 830 ◦C and 850 ◦C is biphasic, and has 60 wt% and 40 wt%
�-TCP, respectively, and is completely converted in �-TCP when it
is calcined at 900 ◦C.

After calcination, the calcined powders still have a reason-
ably small primary and agglomerated particle size (Fig. 4). This

is attributed to the ACP precursor particles with a much smaller
particle size (40 nm) (Fig. 3) and the relatively low calcination
temperature (800–900 ◦C). The SAED pattern (Fig. 4) proves that
�-TCP and �-TCP primary particles coexist in the one biphasic

ked: (a) �-TCP, (b) BTCP60, (c) BTCP40, (d) �-TCP.
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4.2.3. The decrease stage and the plateau stage
Ca and phosphate ion concentrations in solutions are impos-

sible to increase unlimitedly because Ca phosphates have a very
Fig. 9. SEM micrographs of the 12 h soaked TCP p

CP agglomerated particle. And either a complete float or com-
lete sedimentation of the biphasic powders in C2H4Br2 (Fig. 5)
trongly evidences that the two-phase particles are homogenously
istributed in each agglomerated particle. The coexistence and
omogenous distribution may result from the ACP precursor with
he homogeneous size distributions of the primary and agglomer-
ted particles.

Hence, the ACP derived biphasic TCP powders have small pri-
ary and agglomerated particle sizes. �-TCP and �-TCP primary

articles not only coexist, but also are homogeneously distributed
n each biphasic TCP agglomerated particle.

.2. Dissolution–reprecipitation behavior of the biphasic TCP in
cetate buffer solution

When the TCP powders are soaked in an acetate buffer solution
ith pH 5, the powders react with the solution as

a3(PO4)2 → 3Ca2+ + 2PO4
3− (1)

The appearance of phosphate ions changes the equilibrium
etween the acetic acid and acetate in the buffer solution. As a
esult, the pH value is raised with increasing the phosphate concen-
ration as shown by Fig. 10. The pH variation curves (Figs. 6 and 7)
f the TCP powders demonstrate to have two increase stages, one
ecrease stage and one plateau stage.

.2.1. The first increase stage
For the first pH increase stage occurring at around 0.14 h as

hown in Fig. 6, the pH value goes up to 5.32–5.54 depending on
-TCP content in the TCP powders. According to Fig. 10, as the pH
alue in the acetate buffer solution reaches 5.32 or 5.54, 0.85 mM
PO4] or 4.36 mM [PO4] should be present in the solution. These
mounts are estimated to correspond to the dissolution of 1.32 or
.76 wt%, respectively of the TCP powders, or of about 11 or 58 Å,
espectively thickness surface layer of the 500 nm particles. Hence,

t is suggested that the first pH increase stage may result from the
issolution of the TCP particle surface layer where the TCP has high
issolution ability because the atom arrangement structure is more
isordered than that in the inner. The TCP powders with more �-
rs: (a) �-TCP, (b) BTCP60, (c) BTCP40, (d) �-TCP.

TCP lead to a higher pH value, which could be attributed to the
higher reactivity of �-TCP.

4.2.2. The second increase stage
When the dissolution of the TCP particle surface layer is com-

pleted, the inner TCP begins to react with the solution. Thus, the
reaction (1) occurs more easily for �-TCP than �-TCP [7,10], caus-
ing a further increase in [PO4], which is responsible for the second
pH increase stage (Fig. 7). A higher content of �-TCP in the TCP pow-
ders leads to a much larger dissolved amount, resulting in a higher
height of the second pH increase stage. No occurrence of the second
increase stage in �-TCP powders indicates that the dissolution of
�-TCP is too moderate to induce an obvious change in the pH value.
Fig. 10. A reference curve of phosphate concentration versus pH value in the acetate
buffer solution with initial pH 5.
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mall solubility [37]. As a result, a reprecipitation takes place. Based
n the initial acetate buffer solution with pH 5 and without any
a2+ and PO4

3− ions, the reprecipitation process during the initial
oaking period (0.5 h) could be described as follows:

The phosphate ions from TCP dissolution are hydrolyzed in the
cetate buffer solution:

+ + PO4
3− → HPO4

2− (2)

+ + HPO4
2− → H2PO4

− (3)

+ + H2PO4
− → H3PO4 (4)

Then, Ca ions react with hydrogen phosphate to form
aHPO4·2H2O (brushite) (Fig. 8):

a2+ + HPO4
2− + 2H2O → CaHPO4·2H2O (5)

Since the Ca/P ratio in dissolved ions from TCP is 1.5 and the
a/P ratio in reprecipitated product is 1, the reprecipitation causes
o exhaust more phosphate ions compared with Ca ions. As a result,
he pH value decreases with proceeding of reaction (5). A fast dis-
olution of �-TCP leads to an extensive supersaturation, causing a
igh height of the second pH increase stage. Once crystalline nuclei

orm, the reprecipitation is accelerated under the extensive super-
aturation, which causes the second pH increase stage to decrease
apidly.

Based on reaction (5), the amount of the reprecipitated product
s closely related to the dissolution ability of the powders. This is
uite in good agreement with the results of Fig. 8 in which the
RD intensity of brushite increases with �-TCP content in the TCP
owders. The dissolution amount of �-TCP is too small to produce
RD detectable reprecipitation, and to have the second increase
tage (Fig. 7d).

.2.4. The differences in biphasic TCP
Monophasic �-TCP and �-TCP powders both have small te val-

es. It is attributed to �-TCP with a fast dissolution–reprecipitation
rocess, and �-TCP with no second pH increase stage due to a very
low dissolution–reprecipitation process, while the biphasic TCP
owders have large te values, 6.6 and 9.5 h for BTCP60 and BTCP40,
espectively. It is obvious that the dissolution–reprecipitation
ehavior of the biphasic TCP is not a simple combination of individ-
al monophasic �-TCP and �-TCP contributions. Also this indicates
hat the mutual influence on the behavior from the two phases in
he powders occurs.

As mentioned above, the �-TCP primary particles are sur-
ounded by �-TCP primary particles in an agglomerated biphasic
CP particle. Thus, the hydrolysis (dissolution–reprecipitation) of
-TCP in the solution should be affected by neighboring �-TCP
articles and surrounding extent, i.e. steric hindrance. The steric
indrance could be evidenced by their morphological changes
Fig. 9). The 12 h soaked biphasic TCP with more �-TCP (BTCP60)
hows a small amount of spherical particles (undissolved �-TCP)
istributed homogeneously within clusters of petal-like crystallites
hydrolyzed �-TCP) (Fig. 9b); Similarly, the 12 h soaked bipha-
ic TCP with less �-TCP (BTCP40) is a small amount of petal-like
rystallites distributed homogeneously within spherical particles
Fig. 9c). The integration of petal-like crystallites with spherical par-
icles in the soaked biphasic powders undoubtedly results from the
omogeneous distribution of �-TCP and �-TCP primary particles in
ach agglomerated particle.
Based on the above morphologic changes, the BTCP40 should
ave a more intensively steric hindrance for the �-TCP hydrolysis
han the BTCP60. As a result, the BTCP40 has a relatively longer te

han BTCP60 in pH curve (Fig. 7).

[
[
[
[

pounds 509 (2011) 6852–6858 6857

Hence, the present biphasic TCP powders demonstrate to be
capable of tailoring TCP properties including the dissolution ability
and morphological change through adjusting the two-phase ratio.

4.2.5. The changes in the precipitate after 12 h soaking
Reactions (1) and (5) proceed for a relatively long time, Ca ion

concentration is increased. This makes the precipitated product
have a higher Ca/P ratio than CaHPO4·2H2O. Fig. 8a shows that
the 12 h soaked �-TCP powders are totally transformed to apatite,
the precipitate phase transformation reaction can be schematically
written as:

6{CaHPO4·2H2O} + (4−x)Ca2+

+ (8−2x)OH− → Ca10−x(HPO4)x(PO4)6−x(OH)2−x (0 < x < 1)

+ (18−x)H2O (6)

The transformation also depends on the dissolution amount,
the biphasic TCP powder with a high �-TCP content (BTCP60) can
demonstrate a partial transformation (Fig. 8b), while that with a
low �-TCP content (BTCP40) has no transformation (Fig. 8c). For
�-TCP powders, reaction (1) prolongs for a long time to reach a
critical concentration of Ca and phosphate ions, brushite precipitate
eventually appears in the soaked powders (Fig. 8d).

5. Conclusions

The ACP derived biphasic TCP powders have a unique
microstructural character of the coexistence and homogeneous dis-
tribution of 500 nm �-TCP and �-TCP primary particles in each
1 �m agglomerated particle. The assembly of nano-sized particles
with different phases into one small agglomeration could be an
effective microstructural organization way to modulate material
properties for creating desired performances. The strong depen-
dence of the dissolution–reprecipitation behavior of the biphasic
TCPs on �-TCP/�-TCP ratio is attributed to the �-TCP hydrolysis,
which is significantly retarded by the presence of �-TCP due to
steric hindrance. Hence, the biphasic TCP powders could play an
important role in the TCP related biomaterials for bone repair and
reconstruction.
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