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The growing necessity of biomaterials has increased the interest in calcium phosphates,
particularly apatites. Small differences in stoichiometry, crystallinity, morphology, etc. could
contribute to the different clinical behaviors observed, so perfect control of the synthesis
parameters and their influence in the characteristics of the samples is a must. In the present
work, a crystallization set able to produce massive and reproducible quantities of different
calcium phosphates is presented. Apatites with different stoichiometries and morphologies
are prepared, and the effects of varying synthesis conditions are analyzed. Temperatures in
the range 25-37 °C are necessary to obtain apatites with crystal sizes in the range of adult
human bone. Longer reaction times produce increased Ca/P ratios. Aging of the precipitated
powder can lead to the incorporation of minor quantities of carbonate. It is possible to force
the incorporation of carbonate ions into the apatitic structure without introducing monovalent
cations.

Introduction

There is an escalating interest in calcium phosphates,
particularly apatites, which seems to be driven mainly
by the requirements for the development, understand-
ing, and manufacture of biomaterials.1

Traditional clinical applications of calcium phosphates
have mainly focused on highly crystalline ceramics.
More recently cement-type reactions have been devel-
oped to produce low crystalline apatite products. An
interesting possibility is the manufacture of poorly
crystalline, low particle size apatite powders that are
subsequently processed in association with matrices to
keep their characteristics and potential.2 The latter
possibilities result in crystal sizes of the products in the
range of human tissues3 (1300 × 300 Å for adult enamel,
200 × 40 Å for dentin, and 250 × 30 Å for bone).
Therefore, properties such as bioactivity, dissolution
range, resorption, etc. will be close to those of natural
bones.

In recent years, the rising interest in synthetic
calcium phosphates has produced a huge amount of
literature detailing new routes or modifications of old
methods to produce calcium phosphates.1,3-11 Hydroxy-

apatites (Ca10-x(HPO4)x(PO4)6-x(OH)2-x; 0 e x e 2)
continue to be the most important among calcium
phosphates studied. Whereas previous emphasis has
been restricted to controlling the stoichiometry of the
products, the aim now is to controlling the morphology
as well, as dictated by specific applications.1

Among the available methods, those based on pre-
cipitation from aqueous solutions are the most suited
for preparation of the appreciable quantities of apatites
necessary for processing both, into ceramic bodies and
in association with different matrixes.

The difficulty with most of the conventional precipita-
tion methods used is the synthesis of well-defined and
reproducible orthophosphates.6,7 Problems can arise
because the factors governing the precipitation, pH,
temperature, Ca/P ratio of reagents, etc. are not usually
precisely controlled and can lead to slightly different
products in stoichiometry, crystallinity, morphology, etc.
that could contributed to the different “in vivo/in vitro”
behavior described.2,12-15

The aim of the current work is the development of a
methodology able to produce massive and reproducible
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quantities of apatite that can be appropriate for any
specific application or processing requirements by con-
trolling composition, impurities, morphology, and crystal
and particle size.

For quantitative reactions in solution, the reactants
must be salts of calcium and phosphates with ions that
are unlikely to be incorporated into the apatite lattice.
Since it has been claimed that NO3

- and NH4
+ are not

incorporated into crystalline apatites, or in the case of
NH4

+ present a very limited incorporation,4 the chosen
reaction for the present work was6,7,16

In the present study, apatites with different stoichiom-
etry and morphology have been prepared and the effects
of varying synthesis conditions on stoichiometry, crys-
tallinity, and morphology of the powder are analyzed.
The effects of varying concentration of the reagents, the
temperature of the reaction, reaction time, initial pH,
aging time, and the atmosphere within the reaction
vessel were studied.

Experimental Section

Apatite Precipitation. Apatites with different stoichiom-
etries and morphologies have been prepared following eq 1. A
crystallization set depicted in Figure 1 has been employed, and
the effects of varying synthesis conditions on stoichiometry and
morphology of the powder are reported. Reactants shown in
eq 1 were dropped simultaneously at a flow rate of 22 mL/
min. The obtained powders were washed several times with
distilled water and dried at 104 °C. The effects of varying
concentration of the reagents (0.001-1 M), the temperature
of the reaction (25-90 °C), reaction time (0-24 h), initial pH
(7-12), aging time (0-30 days), and the atmosphere within
the reaction vessel (N2, air, CO2) were studied.

Apatite Characterization. The precipitated hydroxyapa-
tite powders were chemically and physically characterized
using atomic absorption spectroscopy, UV-vis spectroscopy,
CHN analysis, thermogravimetric analysis, FTIR spectroscopy,
X-ray diffraction, scanning and transmission electron micros-
copy (SEM and TEM respectively), electron diffraction (ED),
specific surface area analysis (A), and X-ray fluorescence.
Atomic absorption for Ca was performed on a Perkin-Elmer
2280 using acetylene flame and LaO2 for background correc-
tion. Phosphorus was analyzed in a Beckman DU-7 using the
molybdenovanadate method. Both measurements were done
in the same solution, and Ca/P ratio was calculated from them.
The carbonate ions content of the samples was measured by
elemental analysis C, H, N in a Perkin-Elmer 2400 CHN
analyzer. The detection limit is 0.1%. Thermogravimetric
analyses were performed in a Seiko TG/DTA 320 thermobal-
ance. FTIR spectra were recorded in a Nicolet Magna-IR
spectrometer from 500 to 4000 cm-1 using the KBr technique
and operating in the transmittance mode. X-ray diffraction was
performed with a Phillips X’Pert diffractometer using Cu KR
radiation at 50 mA, 40 kV. Scans were performed in step mode
between 2θ values of 4° and 120° with a step size of 0.2°and
10 s per step. Crystal size has been determined by using
Scherrer equation17 and Rietveld analyses were performed
with the Philips PC-Riet software.18-22 Morphology of par-
ticles was studied by SEM in a JEOL 6400 equipped with a
Pentafet super ATW system analyzer which allows sample
composition to be studied by energy dispersive spectroscopy
(EDS). Crystal size and shape was studied by TEM in a JEOL
2000FX microscope where ED patterns were also recorded.
Specific surface area was calculated using the BET method23

from a N2 adsorption isotherm obtained in a Micromeritics
ASAP2010 porosimeter operating between 10 and 127 KPa.
Pore volume was calculated from the desorption branch of the
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Figure 1. Crystallization set.

10Ca(NO3)2‚4H2O + 6(NH4)2HPO4 + 8NH4OH f

Ca10(PO4)6(OH)2 + 20NH4NO3 + 6H2O (1)
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pores emptied in the step. X-ray fluorescence was performed
with a Bruker AXS equipment.

Results and Discussion

Hydroxyapatite is, thermodynamically, the most stable
calcium phosphate at the assayed conditions.25 Each of
the products obtained were immediately identified as
apatitic products by means of their XRD patterns,
independently of other analysis such as the Ca/P ratio
or carbonate content. Whatever this means, the direct
precipitation of OHAp or the formation of an amorphous
phase which immediately is transformed into an apatitic
product has not been investigated. But it is worth
mentioning that it was not possible to obtain an
amorphous phase which is predicted to be the first
product formed in conditions of high supersaturation
such as the used ones.26-30

Influence of Concentration of the Reactants.
Chemical analysis, XRD patterns, and IR spectra of
samples obtained at different concentrations (rest of
conditions identical) show no differences within experi-
mental error. Figure 2 gives an example of XRD pat-
terns of products obtained at different temperatures.
Since the aim of the current work is to study the
influence of the reaction parameters on the character-
istics of the precipitated powder in those reactions which
allow appropriate quantities to be obtained to process
ceramic bodies or composites that can be useful as
biomaterials, and upon checking that concentration does
not have a dramatic influence on the characteristic of
the product, the study of the influence of the other
parameters mentioned will be studied in the higher
concentration assayed.

Influence of the Temperature of Reaction. Figure
2 shows the XRD pattern of samples synthesized at
different temperatures. It is clearly observed that the
higher the temperature, the lower the maximum width,
indicating that a bigger coherent diffraction domain is
obtained at higher temperatures. When this domain is
calculated by using the Scherrer equation, values from
100 Å at 25 °C to 200 Å at 90 °C are obtained from the
300 peak and from 200 Å at 25 °C to 800 Å at 90 °C
when the 002 peak is considered. The increase in the
value calculated from 002 peak was greater than that
calculated from the 300 peak reflecting a higher acicu-
late shape of the crystals obtained at higher tempera-
tures. It is noticeable that the crystal sizes of the
samples synthesized at 25 °C are in the range of human
bone or dentin while crystal sizes of the sample syn-
thesized at 90 °C are in the range of dental enamel.3

Figure 3 indicates that the specific surface area
decreases as the temperature of reaction is increased.
Since specific surface area is related to particle size, it
is possible to amend that this parameter has not only
influence on the crystal size and shape but also on
particle size.

Influence of Reaction Time. Figure 4 shows that
longer reaction times yield apatites with higher Ca/P
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cerámicas de fosfato de calcio con interés clı́nico. Tesis Doctoral,
Universidad Complutense de Madrid 1999.

(26) Lazic, S. J. Cryst. Growth 1995, 147, 147.
(27) Abbona, F.; Lundager-Madsen, H. E.; Boistelle, R. J. Cryst.

Growth 1986, 74, 581.
(28) Tung, M. S.; Brown, W. E. Calcif. Tissue Int. 1983, 35, 783.
(29) Betts, F.; Blumenthal, N.; Posner, A. S. J. Cryst. Growth 1981,

53, 63.
(30) Nancollas, G. H.; Tomazic, B. J. Phys. Chem. 1974, 78, 2218.

Figure 2. XRD patterns of apatites synthesized at different
temperatures. Other conditions are identical.

Figure 3. Specific surface area for apatites obtained at
different temperatures.
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ratios, resulting in a decrease of the calcium deficiency
of the sample. When the reactions are carried out at 90
°C, 2 h are necessary to obtain a product with a Ca/P
ratio of 1.67, i.e., OHAp, while shorter times and/or
lower temperatures yield calcium deficient apatite, i.e.,
Ca10-x(HPO4)x(PO4)6-x(OH)2-x; 0 e x e 2 (Ca/P < 1.67).

Figure 5 depicts the crystal size evolution. Crystal size
is higher as a result of higher times of reaction. Again
a higher increase of the value calculated from 002 peak
than of the value calculated from 300 peak is observed.
The evolution of crystal shape and size can be observed
in the micrograph shown on Figure 6. Crystals of
average size 220 Å were obtained at 25 °C and at the
so-called time of reaction zero, and crystals around 900
Å are observed at 90 °C and 24 h of reaction. ED
patterns reflect the differences in crystal sizes. While
ED pattern of powders obtained at short times of
reaction are characteristic of polycrystalline materials,
ED patterns of the product with longest time of reaction
and temperature indicate a well crystallized material.
Both patterns are compatible with the OHAp structure.

Table 1 shows specific surface areas of hydroxyapa-
tites synthesised at different reaction times at 25 and

90 °C. An increase of particle size can be deduced for
the highest reaction time at both 25 and 90 °C. Table 1
also shows the values obtained for pore volume and pore
diameter. The volume occupied by pores remains in the
same range, indicating no dependence on reaction time
or temperature. The diameter of the pores is higher for
samples with lower surface area, indicating that at
higher temperatures bigger particles with bigger pores
are obtained. So an increase in the reaction time will
affect not only stoichiometry, but also crystal size and
shape and particle size.

Impurity levels of different apatites were analyzed by
X-ray fluorescence to check the adequacy of these
powders to manufacturing biomedical devices. Obtained
values were as follows As < 1 ppm, Cd < 2 ppm, Hg <
1 ppm, Pb < 10 ppm, and total heavy metals 29 ppm
and are acceptable for the production of surgical devices
according to ASTM F1185-88 standard.

Influence of pH of Solution. All of the former
reactions were studied at pH 10. Owing to recrystalli-
zation of (NH4)2HPO4 it was impossible to conduct
experiments at pH > 10. Experiments developed at an
initial pH 7 or 8 result in final pH lower than 4. As a
consequence, the obtained powder was not identified as
apatite but as dicalcium phosphate, either brushite,
monetite, or a mixture of both phases depending on
other parameters such as temperature. Thus, a modi-
fication in the procedure had to be done in order to study
the influence of pH. A diammonium/monoammonium
phosphate buffer of pH 7.4 was prepared keeping the
Ca/P ratio of reagents. Table 2 shows the Ca/P ratio of
the apatite product obtained at different reaction times.
(The Ca/P ratio was analyzed by different techniques,

Figure 4. Evolution of Ca/P ratio with reaction time for
apatites synthesized at 25 °C and 90 °C.

Figure 5. Evolution of crystal size obtained from the Scherrer
equation from the peaks [300] and [002] for apatites obtained
at (a) 90 °C and (b) 25 °C.

Table 1. Specific Surface Area, Pore Volume, and Pore
Diameter (Obtained from the BJH Method)

Ts
a (°C) tr

b (h) A (m2/g) VBJH (cm3/g) Dpore (nm)

25 0 93.4 0.35 11.1
0.5 99.9 0.41 13.3
1 100.5 0.42 13.2
2 100.2 0.40 12.1
3 89.8 0.39 13.6
4 95.9 0.38 12.6
6 88.5 0.33 11.6
7 96.5 0.31 9.5

24 78.4 0.32 9.4

90 0 66.6 0.34 17.9
0.5 56.0 0.40 25.7
1 59.6 0.35 21.1
2 55.0 0.28 21.4
3 59.7 0.38 23.1
4 53.0 0.35 22.2
5 56.0 0.40 25.7
6 51 0.36 24.4
7 56.6 0.40 25.3

24 42.1 0.28 24.3
a Temperature of synthesis. b Reaction time.

Table 2. Ca/P Ratio Calculated from the Rietveld Method
and Chemical Analysis and Crystal Size Calculated from

the Sherrer Equation

pH tr
a (h) Ca/P (Rietveld) Ca/P (AA/UV) [002] (Å)

7.4 1 1.51 1.50 (5) 290
7 1.63 1.60 (5) 490

10 1 1.56 1.56 (5) 327
7 1.65 1.64 (6) 512

a Reaction time.
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chemical analysis, and a multiphase Rietveld refine-
ment described elsewhere to ensure the reliability of the
results.31) An increase in the Ca/P ratio is observed with
the time of reaction regardless of the pH studied. In
addition, when the same reaction times are compared,
it is possible to notice a lower value of Ca/P ratio for
the lower pH assayed. The crystal size is also lower at
a lower pH as seen in Table 2.

Aging Time. Extensive aging at room temperature
of samples synthesized at short reaction times leads to
an increase on their Ca/P ratios after 11 days, Figure
7. After 15 days, the Ca/P ratio is higher than 1.67. Also
a decrease of surface area can be observed over a time
period of 11 days (period in which Ca/P ratio remains
below 1.67), followed by a subsequent increase, Figure
8. Two types of phenomena can be considered for
explanation. The first one is a rearrangement of grains
due to the solubility differences between differently
sized grains, resulting in bigger grains growing at the
expense of smaller ones and the second one is the
solubility of the material. The first effect should pre-
dominate during the first 11 days and the second one
at latter times. The coincidence of the beginning of the
increase of the surface area value with a significant
increase of the Ca/P ratio can be correlated with the
uptake of carbonate from the medium. It is well-known

that a higher carbonate content promotes an increase
in solubility.3,4,32-34 So the preeminence of the solubility
can lead to a decrease in particle size reflected in the
higher surface area. The IR spectra of the products
obtained after 15 days of aging show bands that can be
attributed to CO3

2- groups confirming that some car-
bonate has entered the structure.32,35-38 The location of
CO3

2- groups on the phosphate site explains values of
Ca/P ratio higher than 1.67.

Influence of the Atmosphere. Figure 9 depicts the
IR spectra of samples synthesized in the same condi-
tions but under different atmospheres. A NO3

- band and
CO3

2- bands can be observed in samples obtained in N2
and CO2 atmosphere, respectively. Carbonate band
positions indicate that these groups are mainly located
in phosphate positions. X-ray analysis shows a decrease
in the crystallinity of the materials when the sample
has been synthesized in CO2 as a consequence of the
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Figure 6. TEM micrographs and ED patterns (inset) of samples obtained at (a) Ts ) 25 °C, tr ) 0 h; (b) Ts ) 90 °C, tr ) 0 h; (c)
Ts ) 90 °C, tr ) 24 h.

Figure 7. Ca/P ratio of apatites as a function of aging time. Figure 8. Specific surface area of apatites as a function of
aging time.
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incorporation of these groups. X-ray fluorescence shows
no presence of impurity ions such as Na+ or K+. It is
possible to conclude that a CO2 atmosphere leads to the
formation of carbonate apatite in which for every
negative charge lost when a CO3

2- replaced a PO4
3-,

another negative charge is lost by the loss of an OH-

ion; the loss of these two negative charges is then
compensated by the loss of two positive charges through
the formation of a calcium site vacancy and so on
without the introduction of impurity ions, i.e., Na+, K+.
The percentage of carbonate measured by elemental
analysis was 4.7%. On the other hand, when a N2
atmosphere is used, some nitrate is detected in the IR
spectrum and the presence of nitrogen is then confirmed
by elemental analysis (C ) 0.06; N ) 1.01). The nitrate
comes probably from the calcium nitrate reagent used

in the synthesis reaction and not completely eliminated
in the washing step, as happened in the others atmo-
spheres assayed. Therefore, this kind of atmosphere,
frequently used for the synthesis of OHAp, can avoid
the minor uptake of CO3

2- but can introduce a different
contamination which convenience should be evaluated
in each particular synthesis.

Concluding Remarks

A crystallization set able to produce massive and
reproducible quantities of different calcium phosphates
has been installed. The synthesized apatites fulfill the
normative ASTM F1185-88 that enables these powders
to be used for the development of surgical implants.

The main results of the studied variations in the
reaction conditions are, higher concentrations of re-
agents produce higher amounts of products with minor
differences in their characteristics, allowing the produc-
tion of homogeneous sets of materials. Temperatures in
the range 25-37 °C are necessary to obtain apatites
with crystal size in the range of adult human bone or
dentin while 90 °C are necessary to obtain apatites with
crystal sizes in the range of enamel. Higher reaction
times lead to apatites with higher Ca/P ratios. Aging of
the precipitates can lead to the incorporation of minor
quantities of carbonate. Atmosphere of N2 or CO2 can
force the incorporation of impurity ions into the apatitic
structure.

It is possible to control stoichiometry, crystallinity,
and morphology of calcium phosphate apatites as a
function of reaction conditions.
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Figure 9. IR spectra of apatites synthesised under different
atmospheres.
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