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The synthesis of hydroxyapatite is described starting from calcium carbonate and monoammoniumpho-
sphate in stoichiometric amounts. The novel aspect concerns the reaction conditions which are simple
mixing in water at ambient pressure and 60 °C. The calcium carbonate solid phase slowly evolves CO2 gas and
buffers the solution at a pH value of 8.05 where hydroxyapatite precipitates. The main advantages of this
reaction pathway are the absence of nitrate salts, the availability of the starting materials and the purity of
the final product.

1. Introduction

Hydroxyapatite (HA) synthesis is usually a laborious endeavor. HA
is used in the manufacture of biomaterials and also for environmental
applications [1]. One of the first methods reported involved hydro-
thermal conversion of coral. The most standard procedure is that
described in Inorganic Synthesis and known as the double decom-
position procedure because calcium nitrate dissolves and reacts with
ammonium phosphate to yield the calcium phosphate and ammo-
nium nitrate [2]. This requires a meticulous washing step to remove
the ammoniumnitrate by-product and long filtration times because of
the gel-like nature of the precipitate which is accentuated at the basic
pH values used. Ammonium nitrate remnants are usually eliminated
by sublimation during subsequent thermal treatment.

A simple approach is to neutralize a lime solution with phosphoric
acid in proper amounts. However lime is not very soluble inwater and
large volumes are required to precipitate HA from solution. If a
suspension of calcium hydroxide is reacted with phosphoric acid, the
calcium phosphate precipitate covers the lime particles, slows the
reaction or eventually leads to the formation of HA contaminatedwith
unreacted lime and with brushite, CaHPO4.

Other methods have been reported which all suffer from either
long reaction times or the use of unusual precursors [3–11]. The
biomimetic synthesis is interesting but yields are low [12]. The various
known methods have been reviewed [13–17]. The more recent and
unusual methods describe the use of magnetic fields or microwave

heating [18,19], ultrasonic precipitation [20] or template synthesis
[21].

When pure stoichiometric HA is sought, heating or long matura-
tion times are required to transform the initial tricalcium phosphate
(TCP) precipitate into the thermodynamic HA product [22]. X-ray
diffraction analysis of the calcined product will tell how much TCP is
found in the HA [23]. The slow step may be described as reaction (1):
the consumption of lime can be followed by the so-called pH drop
method and illustrates the formation of HA [24].

3½Ca3ðPO4Þ2$ þ CaðOHÞ2→Ca10ðPO4Þ6ðOHÞ2: ð1Þ

Once the product is sintered, it is practically impossible to separate
the TCP from the HA. This may be a handicap if stoichiometric HA is
required for medical grade plasma sprayed coatings. Only the most
dense and pure crystallites resist thermal decomposition during
spraying. It is therefore of interest to have a reproducible method of
stoichiometric HA synthesis based on readily available starting
materials of adequate purity.

We now report the convenient one step synthesis of HA starting
from calcium carbonate and monoammoniumphosphate at ambient
pressure.

2. Experimental

Calcium carbonate was a reagent grade powder from Aldrich and
used as received. Ammonium phosphate crystals were from Hydro
Azote Spécialités (Belgium) and had 61% P205. 50 ml of a suspension
containing 20.31 g of calcium carbonate were was introduced into a
250 ml beaker containing 13.89 g of ammonium phosphate dissolved
in 50ml of distilledwater. The suspensionwas stirred at a temperature
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of 60 °C under air atmosphere. Immediately, the evolution of CO2 gas
could be observed. The reaction was continued for 72 h.

The white solids collected by filtration were oven dried to yield a
fine powder. The product was rinsed with distilled water to dissolve
any unreacted phosphate. The final yield was near 90% based on the
ammonium phosphate used.

Infrared spectra were recorded in KBr pellets with an ATI Mattson
Genesis Series FTIR spectrometer and X-ray powder diffraction pat-
terns were recorded using CuKα radiation and a Philips XPert
spectrometer. A Philips XL30 ESEM FEG was used for microscopic
observations. The specific surface area (SSA) wasmeasured by the BET
method (5 points) using nitrogen adsorption at 77 K with a
Micromeritics Vacrep 061. Prior to analysis, samples were degassed
under reduced pressure (0.05–0.1 mbar).

3. Results and discussion

Calcium carbonate has a low hardness value of 3 Mohs and is easily
ground to a fine powder which yields homogeneous water suspen-
sions under adequate stirring. When any amount of ammonium
dihydrogen phosphate is introduced into the suspension, it dissolves
readily and the pH gradually increases from the starting value of pH
4.8 to the final value of pH 8.5. This pH value corresponds to the
formation of an ammonium carbonate buffer. Accordingly CO2 gas is
evolved, and indeed bubbles were observed which escaped at an
accelerated pace when the suspension was heated. Progressively, the
viscosity of the suspension increased, the solid carbonate was
consumed, and a calcium phosphate gel resulted. The reaction could
be described by the overall reaction (2). Little by-products are formed.
CO2 evolves.

10CaCO3 þ 6NH4ðH2PO4Þ þ 2H20→Ca10ðPO4Þ6ðOHÞ2
þ 3ðNH4Þ2CO3 þ 7H2CO3: ð2Þ

Fig. 1 illustrates the formation of the amorphous calcium
phosphate precipitate on the surface of calcium carbonate crystallites.

Besides the observation of the formation of a coating on the surface
of the starting material, many small particulates were found detached
into the suspension, as confirmed by laser diffusion analysis. The
calcium carbonate had an average particle diameter of 45 μm while

Fig. 1. SEM image of the product formed during the course of the transformation of calcium carbonate to calcium phosphate. Reaction product after 30 min (a and b), after 2 h (c
and d).

Fig. 2. IR spectra of starting product CaCO3 (a), reaction product after 30 min (b), after
2 h (c) and after 72 h (c).



the final suspension showed smaller particles with an average diame-
ter of 9 μm.

The evolution of the transformation could be followed by infrared
spectroscopy of the solid phase, as illustrated in Fig. 2.

Clearly, the carbonate band at 1400 cm−1 was progressively
replaced by a phosphate band at 1050 cm−1. If the reaction mixture
was filtered before completion of the reaction, then unreacted soluble
phosphate was removed and excess calcium carbonate remained as an
impurity in the solid phase. Following the first hours of reaction a gel
was formed, and several OH stretching bands appeared in the IR
spectrum around 3500 cm−1. After a 72 hours reaction period, very
little calcium carbonates remained.

X-ray diffraction studies confirmed the formation of an amorphous
calcium phosphate precursor, as evidenced by a low intensity and
broad line-width peak observed at 2.8 Å, next to a calcium carbonate
diffraction peak at 3 Å, which progressively decreased in intensity as
the reaction moved forward. If the intermediate product was calcined,
it showed diffraction patterns of both HA and lime (strong peak at
2.4 Å), while the water washed solids only showed HA diffractions
following the dissolution of lime.

The measured specific surface areas of the reaction products
increased as the gel phase formed, and leveled at a value near 130 m2/
g, as illustrated in Fig. 3. Aging the solids in a sealed tube caused the
specific surface area of the final product to slowly decrease by nearly
20% over a one year period. Such results are in agreement with
previous investigations on high specific surface area HA [25].

To explain why HA formed during the low temperature and
ambient pressure reaction described herein, one must recall the fol-
lowing facts: Calcium carbonate is unstable under acidic pH condi-
tions, but reaction with phosphoric acid produces poorly soluble
monetite coatings which block further reaction. Furthermore, HA is
formed at basic pH values, where calcium carbonate is stable and no
reaction is expected unless the system is heated under pressure like
in the hydrothermal process [26]. We hypothesize that at ambient
pressure, hydrogenophosphate groups first adsorbed on the carbonate
surface, and thenwere deprotonated to form calcium orthophosphate,
releasing the carbonate anions into the solution. The ammonium
carbonate buffer then formed which stabilized the pH to a value
where HA was the most stable calcium phosphate phase. Gentle
heating of the solution accelerated the CO2 degassing and pushed
reaction 2 towards the formation of HA and consumption of car-
bonate. The reaction proceeded at an appreciable rate with vigorous
stirring. Monoammonium phosphate could be replaced by mono-
sodium or potassium phosphate as well.

Previous work centered on the isolation of carbonated HA has
centered on the use of soluble carbonates to modify the synthetic
conditions resulting in carbonate substituted HA. However, this type
of HA lost carbonates when calcined at high temperatures [5].

In related work, it was proposed that phosphate effectively
adsorbed onto the surface of the calcium carbonate species [27].

Calcite has been used to remove phosphate from aqueous solutions
effectively [28]. P. Piantone et al. [29] have examined the reaction of
phosphate with various mineral species and described the usual
sequence of events when calcium ions react in solution with
phosphate: the first mineral species to precipitate is CaHPO4·2H2O
(brushite) followed by Ca3(PO4)2 (whitlockite), Ca4H(PO4)3·5H2O
(octacalcium phosphate) and finally Ca5(PO4)3OH (hydroxylapatite).
The theoretical phase diagram describing the stable minerals in pH vs.
total CO3 coordinates showed that when the CO2 gas partial pressure
was near atmospheric pressure there was a narrow pH range between
6 and 9.5 where calcite could be converted to apatite [29]. Coverage of
calcite crystals with carbonated apatite has been reported in Na-K
phosphate solution of pH 7.4 [30].

4. Conclusion

Interest in this new synthetic pathway stems from the absence of
nitrate by-products. Tedious washing procedures are not required to
eliminate nitrate salts. There is no need for calcinations of the end
product if large surface areas are needed. The solid suspension
conditions yields an easily filtered suspension, contrary to the other
synthesis methods known. The reaction andmaturation times depend
on the reaction temperature, but this can be done at ambient pressure
in open vessels. An added advantage is that the starting materials
calcium carbonate and ammonium phosphate can be found in very
pure form and thus the resulting HA is of high quality.
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Fig. 3. Specific surface area of the dried reaction products as a function of reaction time.


