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The precipitation kinetics of calcium phosphates, namely, hydroxyapatite (HAP), dicalcium phosphate dihydrate (DCPD),
dicalcium phosphate anhydrous (DCPA), and monocalcium phosphate monohydrate (MCPM), were studied at 30°C by mixing
calcium hydroxide, water, and phosphoric acid. The studied mixture was selected according to the stability domain of different
calcium phosphates by referring to the phase diagram of the ternary system of H;PO,-Ca(OH),-H,O at 30°C. The precipitation
reaction has been monitored by following the changes in the conductivity, pH, and calcium concentration. The solid phases

formed at different stages of this precipitation were characterized by X-ray diffraction.

1. Introduction

Calcium phosphates have been extensively studied by many
researchers and for diverse interests because of their fun-
damental and applied importance, where they are involved
in different domains: chemistry, biology, agronomy, food
processing, etc. However, the precipitation of the calcium
phosphates is very complex, and the compounds of calcium
phosphate formed depend significantly on the operating
conditions [1]. The precipitation of calcium phosphates was
studied by several authors under different conditions [2-6].
In a previous work, the isotherm of the quasi-ternary system
Ca(OH),-H;PO4-H,O has been established at 30°C [7].
Crystallization fields of CaHPO,.2H,0, CaHPO,, and
Ca(H,PO,),. H,O have been established. The domains of the
coexistence of solid-liquid (Ca,o(PO4)s(OH),-liquid, CaH-
PO,. 2H,0-liquid, CaHPO,-liquid, and Ca(H,PO,),. H,O-
liquid) as well as of two solids-liquid (Ca,;o(PO,4)s(OH), plus
CaHPO,. 2H,0-liquid and CaHPO, plus Ca(H,PO,),. H,O-
liquid) are also defined.

Ferreira et al. [5] studied the precipitation of dicalcium
phosphate dihydrate in a closed system at 25°C by mixing a

calcium hydroxide suspension and a phosphoric acid so-
lution in equimolar amounts. The concentration of calcium
hydroxide and phosphoric acid, before mixing, varies from
50 to 300 mmol/dm’. This study demonstrated that the
process of precipitation of brushite may be divided into five
stages. The first phase precipitated is hydroxyapatite
(Ca;o(PO,)6OH),, while the steady phase is brushite
(DCPD). Chaair et al. [8] found that, during the precipi-
tation of hydroxyapatite (Ca/P=1.667), several steps are
observed, particularly during the first two hours of pre-
cipitation. The results obtained during the first minutes of
the precipitation show that an amorphous solid is formed
and converted into an apatite phase. Ca/P increases during
the time until it stabilizes at a value of 1.667, corresponding
to stoichiometric hydroxyapatite. Jourani and Bounahmidi
[9] studied the spontaneous precipitation of calcium
phosphate in the conditions of purification of cane juice.
They showed that the precipitation takes place in two steps.
The first step is very fast and corresponds to the formation of
amorphous calcium phosphate and dicalcium phosphate
dihydrate, while the second step takes place with the
transformation of the first-formed precipitates to
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TaBLE 1: pH precipitation range of some calcium phosphates [11-14].
Abbreviation Chemical formula Ca/P Preparation conditions
Precipitates pH
MCPM Ca(H,PO,),. H,0 0.5 0-2
DCPD CaHPO,. 2H,0 1 2-6
HAP Calo(PO4)6(OH)2 1.67 9.5-12
Ca0O
100

80
Ca(OH), .

60 —

g%

Sy: Cayy(PO,)s(OH),
S,: CaHPO,, 2H,0
S CaHPO,

S, Ca(H,PO,),, H,O
Liq: liquid

S, + S5+ Liq

\J

T — T
60 H;PO, g0 100

g%

F1GURE 1: Solubility diagram of the Ca(OH),-H;PO,4-H,O quasi-ternary system at 30°C [7]. ME, EF, and FJ are the solubility branches of
solids 82, S3, and S4. M1-M5 represent the composition of experimental mixtures according to Table 2.

hydroxyapatite. On the contrary, Rabadjieva et al. [10]
showed that the preparation of calcium phosphates, which
precipitate, strongly depends on pH of the medium. Table 1
shows these different calcium phosphates with their stabi-
lization pH ranges [11-14].

Another work [15] was devoted to the preparation of the
synthetic powder of hydroxyapatite by the reaction between
Ca(OH), and H;PO, following the wet precipitation tech-
nique and considering several parameters, namely, the re-
action temperature (30°C, 50°C, and 85°C), the acid addition
rate (slow and fast acid addition rates), and the heat
treatment temperature (950°C and 1250°C). This study
showed that the properties of the final product can be shaped
depending on the influence of process parameters.

In more recent work [16], Rabadjieva et al. showed that
the coprecipitation of dicalcium phosphate dihydrate
(DCPD) and hydroxyapatite (HA) occurs at pH 4, while at
pH > 4, the stable phase is DCPD. This work also showed
that the conversion of dicalcium phosphate to hydroxyap-
atite strongly depends on the residence time of the pre-
cipitate in the stock solution.

TaBLE 2: Compositions of studied mixtures.

Composition of the initial mixture (g%)

Quasi-ternary system Ternary system

Mixture H,PO,-Ca(OH),-H,O Ca0-P,0:-H,0
Ca(OH)Z H3PO4 Hzo CaO P205 Hzo
M, 7.50 500 8750 568  3.62  90.70
M, 10.00 1020  79.80 7.57 7.38  85.05
M, 7.50 10.00 8250 568 7.4 87.08
M, 10.00 3000 60.00 757 2172 7071
M 10.00 60.00  30.00 7.57 4344 48.99

In this context and following the work carried out in
our laboratory, in which the isotherm of the ternary system
Ca(OH),-H;3P0O4-H,0 at 30°C [7] has been performed, the
aim of this study is to conduct a kinetic study in the same
system and follow the stages of the precipitation before
obtaining the stable phase expected by the phase equilib-
rium diagram. This will allow us to bring out the inter-
mediate phases and to understand better the formation of
the most stable phase according to the operating
conditions.
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FIGURE 2: (a) Evolution of the conductivity, pH, and Ca®" concentration for mixture M1. (b) Evolution of the conductivity, pH, and Ca%*

concentration relative to mixture M1 during the first 100 minutes.

2. Materials and Methods

The experimental setup used in this study consists of a
jacketed reactor with the magnetic stirrer, a thermostatic
bath for temperature control, and a conductimeter and a pH
meter for conductivity and pH measurements, respectively.
The precipitation reaction of calcium phosphate was carried
out by mixing of well-defined quantities of calcium hy-
droxide, phosphoric acid, and distilled water. The experi-
ments were performed at 30°C. According to the ternary
diagram of H;PO,-Ca(OH),-H,O and to the stability do-
main of HAP, DCPD and HAP, DCPD, DCPA, and MCPM,
respectively (see Figure 1), the compositions of studied
mixtures M1, M2, M3, M4, and M5 of a total mass of 50 g
(Table 2) have been selected.

In order to study the kinetics of this precipitation,
calcium hydroxide was rapidly added to the phosphoric acid
solution. pH and conductivity of the mixture were moni-
tored during that time. The variation of calcium concen-
tration as a function of time has been determined by taking
the samples and measuring their calcium concentration after
their filtration in vacuum by complexometry using EDTA.
The formed solids were removed at different time intervals,
dried, and identified by X-ray diffraction.

3. Results and Discussion

3.1. Hydroxyapatite Stability Domain (Mixture MI). The
evolution of pH, conductivity, and Ca®* concentration, as a
function of time, related to mixture M1 (Table 2), is shown in
Figure 2(a). In order to better visualize the evolution of the
precipitation during the first instants, Figure 2(b) shows the
evolution of conductivity, pH, and Ca*'concentration
during the first 100 minutes.

As can be seen in Figure 2(b), the Ca** concentration
and pH increase during the first eight minutes further to the
dissolution of lime. However, the solution conductivity
decreases revealing the precipitation of calcium phosphate.

Then, this conductivity increases until a certain value and
decreases slightly and then increases before declining
marginally. In this time interval, the calcium concentration
follows the same variations as the conductivity, but pH
remains practically constant.

Solid samples were characterized by X-ray diffraction at
5, 10, 20, 40, and 2160 min (36 h) (see Figure 3). The X-ray
diffraction diagram of solids taken at 5 (Figure 3(a)), 10
(Figure 3(b)), and 20 min (Figure 3(c)) shows the existence
of DCPD, HAP, and Ca(OH),. The X-ray diffraction dia-
gram of the solid removed at 40 min (Figure 3(d)) shows the
presence of DCPD and HAP. However, we find that the solid
formed at 2160 min is HAP (Figure 3(e)).

Based on these data, we can conclude that the first
precipitation step is the formation of DCPD and the nu-
cleation of HAP with the presence of Ca(OH),, which is not
yet dissociated.

Indeed, in the first 8 minutes, pH of the medium is in the
range 3-6, which corresponds to the stability domain of
DCPD [11-14]. On the contrary, according to Rabadjieva
et al. [16], the coprecipitation of DCPD and HAP occurs at
pH 4. The increase in conductivity between 8 and 15 min is
explained by the continuous dissolution of calcium hy-
droxide and by the dissolution of brushite because pH ex-
ceeds the range of stability of DCPD (pH > 7). This results in
an increase in the calcium concentration, and therefore, the
formation of HAP is continued. That is why we see a de-
crease in conductivity and calcium concentration between
15 and 25min. Then, DCPD is transformed as one goes
along into HAP [16]. The presence of calcium carbonate with
HAP is probably due to contamination by atmospheric CO,
during separation.

3.2. Stability Domain of DCPD and HAP (Mixture M2).
Figure 4 represents the evolution of pH, conductivity, and
concentration of Ca** versus time, relative to mixture M2.
The conductivity relative to mixture M2 (see Figure 4),
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FIGURE 3: X-ray diagrams of the solid phase taken from mixture M1 as a function of time: (a) at 5min, (b) at 10 min, (c) at 20 min, (d) at

40 min, and (e) at 2160 min.
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FIGURE 4: Evolution of the conductivity, pH, and Ca®" concen-
tration for mixture M2.

corresponding to the domain of stability of DCPD and HAP
(see Figure 1), decreases brutally between 0 and 60 minutes,
then it increases rapidly and decreases around 100 minutes,
and then it stabilizes. pH increases rapidly from the first
moments until a maximum, then decreases between 100 and
300 minutes, and then, it decreases slowly. The calcium
concentration evolves in parallel to the evolution of pH.

To explain these variations, the samples have been taken
at 5, 100, and 1200 minutes and filtered. The solid phases
were analyzed by X-ray diffraction.

In Figure 5(a), the diagram of the X-rays of the solid
taken at 5 min is shown. This diagram shows the existence of
DCPD and Ca(OH),.

The X-ray diagram of the solid taken at 100 min
(Figure 5(b)) shows the existence of DCPD with a low
proportion of HAP.

The X-ray diagram of the solid taken at 1200 min
(Figure 5(c)) shows the presence of a mixture of DCPD and
HAP.

During the first step (0-60min), DCPD is formed
according to the following equation [5]. This explains the
decrease in conductivity.

Ca(OH),+H,;PO, — CaHPO,.2H,0 (1)

This is quite normal because pH of the medium is between
5 and 6 for this step, which corresponds to the range stability
of DCPD (2 < pH < 6). However, in this step, we do not have
the formation of HAP because pH is higher than 4 [16].

At the start of the second step (after 60 min), pH is higher
than 9, which corresponds to the domain of the formation of
HAP (Figure 5(b)), and since DCPD is unstable at this pH, it
has dissociated. This explains the increase in conductivity
and the concentration of Ca** and the decrease in pH. Then,
HAP continues to form to obtain, at the end, a mixture of
DCPD and HAP for pH between 7 and 8 (Figure 5(c)).

3.3. Stability Domain of DCPD (Mixture M3). The curves of
pH, conductivity, and Ca®" concentration as a function of
time, related to mixture M3, are shown in Figure 6. This

figure shows a decrease of the conductivity followed by an
increase, and the latter begins again to decrease until the
equilibrium; for pH, it is shown to increase until a maximum
value and then decreases slowly, and it sudden drops before
reaching the equilibrium. The Ca** concentration evolves in
parallel to the evolution of pH.

To explain these steps, samples at 5, 15, 200, and 630 min
have been taken and filtered, and the solids have been an-
alyzed by X-ray diffraction. The corresponding diagrams are
given in Figure 7.

The X-ray diagrams of the solids taken at 5 and 15 min
(Figures 7(a) and 7(b)) show the existence of a mixture of
DCPD, HAP, and Ca(OH),. However, the X-ray diagram of
the solid taken at 200 min (Figure 7(c)) and that of the solid
taken at 630 min (Figure 7(d)) show the existence of DCPD
alone.

It is noted that DCPD and HAP are formed during Step
1, where pH of the medium is between 3 and 5 [11-14, 16],
with the existence of Ca(OH), which has not yet completely
dissociated. This explains the decrease in conductivity
during this step. However, the increase in pH and calcium
concentration is due to the dissolution of calcium hy-
droxide, which causes the dissolution of part of DCPD
which is unstable at this pH. This explains the increase in
conductivity at the end of this step. Then, the formation of
DCPD is continued in the second step, which decreases the
conductivity, pH, and calcium concentration, and conse-
quently leads to the transformation of the HAP formed into
DCPD.

3.4. Stability Domain of DCPA (Mixture M4). The variation
of pH, conductivity, and Ca®* concentration as a function
of time, relative to mixture M4, is shown in Figure 8. As
can be seen in this figure, the conductivity decreases from
its initial value and reaches a plateau from 500 min. pH
decreases rapidly from the first instants and remains
constant at the value of 2.5; this is the pH value where
DCPA is more stable. The concentration of Ca** increases
until it reaches a maximum value and then it slowly
decreases. This shows that this precipitation takes place in
a single step. The X-ray diagram (Figure 9) shows the
formation of DCPA without the existence of another
phase.

3.5. Stability Domain of MCPM (Mixture M5). The evolution
of pH, conductivity, and Ca**concentration as a function of
time relative to mixture M5, is shown in Figure 10. Analysis
of these curves indicates that pH and conductivity decrease
rapidly during the first few minutes. Then, the conductivity
decreases very slightly, while pH remains constant (pH <2 is
the stability range of MCPM). The Ca** concentration in-
creases rapidly following the dissolution of Ca(OH),, until it
reaches a maximum value around 30 minutes, and then it
slowly decreases. This confirms that this precipitation takes
place in a single step.

In order to identify the solid phase which appears,
several samples have been taken at various moments and
filtered. The solid phases were analyzed by X-ray diffraction.
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FIGURE 10: Variation of the conductivity, pH, and Ca®* concen-
tration of mixture M5 as a function of time.

The X-ray diagrams of the solid samples taken at various
moments show that the formed phase corresponds to
MCPM. A typical example of these diagrams is shown in
Figure 11.
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FiGure 11: X-ray diffraction diagram of the solid phase formed
during the precipitation of MCPM (M5).

TaBLE 3: pH ranges of precipitated calcium phosphates.

Abbreviation =~ Chemical formula Ca/P  Preparation conditions
Precipitates pH

MCPM Ca(H,PO,),. H,O 05 0-1

DCPA CaHPO, 1 5-6

DCPD CaHPO,. 2H,0 1 ~2.4

HAP Ca o(PO)s(OH), 1.67 <12

HAP + DCPD — — 7-8

4. Conclusion

In this paper, the stages of the precipitation of calcium
phosphates were kinetically investigated for various mix-
tures by referring to the solid-liquid phase diagram of the
ternary system of H;PO,4-Ca(OH),-H,O at 30°C [7]. The
results show that, in the hydroxyapatite field, the precipi-
tation takes place in two steps: the first consists of the
formation of DCPD and HAP, while the second consists of
the transformation of DCPD into HAP. In the DCPD and
HAP domain, DCPD is formed in the first stage, and in the
second stage, HAP is formed at the expense of part of DCPD;
then, we find at the end of the precipitation a mixture of
DCPD and HAP. The results also show that the precipitation
of brushite passed by two stages: the first is characterized by
the formation of hydroxyapatite and DCPD, whereas in the
second, HAP is transformed into DCPD. The precipitation
of dicalcium phosphate anhydrous (DCPA) and that of
monocalcium phosphate monohydrate (MCPM) pass by a
single stage.

We can conclude that the most thermodynamically
stable phase does not necessarily appear first and that the
studied calcium phosphates are formed at well-determined
pH, as shown in Table 3.
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