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ABSTRACT

Phosphates were largely used to soften process or drinking waters. We have investigated the
precipitation of Ca2+ and Mg2+ ions by monosodium phosphate dehydrate. Magnesium
phosphate starts precipitating at pH0= 8.6. The obtained solids have been identified by
chemistry analyses, FTIR spectroscopy, X-ray diffraction, thermo gravimetric analysis and
differential thermal analysis. The solid phases obtained vary with pH0. It shows that DCPD
(dicalcium phosphate dehydrate, CaHPO4·2H2O) precipitated within pH0 5 to 6.6, the TCP
(tricalcic phosphate) and other apatite appear below pH0= 7. The DCPD (dicalcium
phosphate dihydrate, CaHPO4·2H2O,) precipitated was a pure product that can be used in
nanotechnology and biomedical technology. We are presently testing these solids for natural
waters defluoridation.

Keywords: Softening; Synthetic hard waters; Settling time; Calcium; Magnesium; Phosphates;
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1. Introduction

Hard water generates scaling in water distribution
circuits, and it leads to the development of renal
calculi and the calcification of the cardiovascular sys-
tem. Phosphates were largely used to soften processed
or drinking waters. Required French Standard with
regard to phosphates for drinking waters after
treatment is 5mg/L P2O5 [1]. No indicative value is
recommended by World Health Organisation [2].
Various methods of calcium phosphates precipitation
from aqueous solutions were studied [3–5].

Investigations of the precipitation phenomenon in
calcium phosphate solutions and the interactions
between precipitated solid phases are importantly
applied in industries for water treatment and biologi-
cal mineralization [6,7]. The precipitation and dissolu-
tion of phosphates in aqueous systems, an important
chemical process, occurs in industrial processes, in the
mineralization of bone and in many other geochemical
fields. Hydroxyapatite (Ca5(PO4)3OH, HAP) and
others biological apatites are the most important
calcium phosphates precipitated. Elucidations of the
mechanism of precipitation and the nature of the
precipitated phases have considerable importance.
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The precipitation of HAP and other calcium phos-
phates were studied with seeded crystal growth meth-
ods using a variety of calcium phosphates as seed [8].
In solution, initially supersatured with respect to
dicalcium phosphate dihydrate (CaHPO4·2H2O,
DCPD) and octacalcium phosphate (Ca8H(PO4)6·5H2O,
OCP), crystal growth on HAP seeds occurs with the
formation of precursor phases, usually OCP [9]. A
number of calcium phosphate phases such as amor-
phous calcium phosphate (ACP), dicalcium phosphate
dihydrate (CaHPO4·2H2O, DCPD) and octacalcium
phosphate [Ca8H (PO4)6·5H2O, OCP] were proposed
as precursors to obtained the most stable thermo
dynamical phase or HAP (Ca5(PO4)3OH, HAP), under
physiological conditions [10]. In neutral and acidic
solutions, DCPD was found to be the first crystalline
phase to precipitate with the additional possibility of
the formation of an unstable amorphous phase as a
precursor [11,12]. Although the formation of DCPD at
physiological pH 7.4 is expected to precede that of
OCP [13], it is therefore of interest to study the devel-
opment of more basic calcium phosphate phases in
the DCPD suspensions. The transformation phase
from DCPD to OCP and subsequently to more basic
phases was previously investigated using a potentio-
static method at pH values maintained by automated
addition of base [14,15]. Thus, it has been shown that
the nature of the calcium phosphate phase formed
during precipitation from aqueous solutions is mark-
edly dependent on the calcium and phosphate concen-
trations, pH and the nature and extent of the surface
phases on which precipitation occurs [16,17]. In light
of that, the nature of the precipitating phase depends
not only on the pH but also on the supersaturation,
and so, it is important to study the kinetics transfor-
mation phase at constant solution composition.
Calcium phosphates are used as biomaterial for hard
tissues repair. Cracks responsible of teeth enamel pain
can be filled ten times more rapidly with calcium
phosphates nanoparticles (apatite). Calcium phosphate
simulates the tooth natural matter and fills enamel
cracks. The composite rematerialized layer acts as a
natural one. For these new properties obtainable at
nanoscale, calcium phosphate nanoparticles have been
prepared. Calcium phosphate nanoparticles were
obtained by HAP target by laser ablation technique in
water and in ambient conditions, also by Pulsed laser
ablation technique of synthetic hydroxyapatite target
with a pulsed CO2 laser. The technique of laser
ablation of solids in liquids has been used to obtain
colloidal nanoparticles from biological hydroxyl apa-
tite using pulsed as well as a continuous wave laser
[18,19]. Phosphates of magnesium frequently obtained
are trimagnesium hydrated phosphates, very difficult

to obtain because of their thermal instability, recently
obtained from bobierrite Mg3(PO4)2·8H2O [16,17].
Mg3(PO4)2·22H2O prepared at pH 9. Struvite Mg(NH4)
(PO4)·6H2O and Whitlockite Ca18(Mg2)H2(PO4)14 [20].
Struvite precipitates were obtained at pH ranging
between 7 and 11 in which phosphorus, magnesium
and the ammonia were found at ambient temperature.
In our experimental conditions, we cannot obtain
struvite as we did not have ammonia in our solution.

The paper investigated precipitated calcium and
magnesium phosphates during synthetic hard waters
softening by monosodium phosphate at pH values
varying from 5.8 to 8.6, and the influence of initial Ca,
Mg and PO4 concentrations. The purpose was to
determine the effects of these factors (pH, concentra-
tions) on crystal growth and morphology of precipi-
tated calcium and magnesium phosphates, but also
their effects on solids co-existence and transformation
into other types of calcium and magnesium
phosphates. Synthetic solutions obtained by dissolu-
tion of magnesium and calcium chlorides in distilled
water were studied.

2. Experimental setup and procedures

2.1. Ca2+ synthesized water

Synthesized water was prepared by dissolving
3.225 g of CaCl2.H2O in a litre of distilled water. The
solution obtained is 1 g/L of Ca2+ ions.

2.2. Mg2+ synthesized water

Synthesized water was prepared by dissolving
4.18 g of MgCl2.6H2O in a litre of distilled water and
the solution obtained is 0.5 g/L of Mg2+ ions.

2.3. Precipitation reagent

Precipitation reagent was prepared by dissolving
12 g of NaH2PO4·2H2O in a litre of distilled water, the
solution obtained was 0.0769mol/L of H2PO4– ions. In
100ml of synthesized water contained in a tricol
balloon were added variable volumes of precipitation
reagent. The calcium phosphate precipitation was con-
trolled by pH adjustment with 1M NaOH solution
using a pH-meter Tacussel giving an accuracy of 0.01
unit of pH. The medium agitation was carried out
using a magnetic stick at an ambient temperature
between 22 and 25˚C. The precipitated solution was
poured in a 250ml bottle and kept for 1, 3 or 7 days,
then filtered. The precipitated solid was dried
between 60 and 70˚C for 24 h.
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The solid phases obtained at different pH0 were
characterized, by powder X-ray diffraction and phase
identification was made using an ASTM card [21],
and chemical analysis (The Ca was analysed by EDTA
titration, Mg was analysed using atomic absorption
spectrophotometer (AAS) Perkin Elmer, P was ana-
lysed by vanadomolybdo phosphoric acid colorimetric
method). To determine the dehydration temperature
and the amount of water in the precipitated solids
occurring both as surface physisorbed water and
water coordinated to the solid phases, a thermo
gravimetric analysis (TGA) was meticulously done at
different temperatures, and using an analytical
balance, we measured the weight loss of the material.
To determine the allotropic phase transformation of
precipitated solids, differential thermal analysis (DTA)
was undertaken at different temperature. This study
is only centred on solids precipitated with the
addition of 2 g of phosphate, filtered after one day
and then characterized.

3. Results and discussion

3.1. Experimental results

We investigated the effect of initial pH on the
nature of solid precipitated calcium phosphate phases.

3.1.1. Calculation of Ca/P ratio by chemical analysis of
precipitated solids

Considering the evolution of the precipitated sol-
ids according to the pH value, we made eight compar-
ison tests with pH0= 5.8, 6.2, 6.6, 7, 7.4, 7.8, 8.2, and
8.6. Table 1 gives the chemical analysis of the precipi-
tated solids.

Precipitated solids Ca/P ratio values for pH0= 5.8,
6.2 and 6.6 are close to 1. Ca/P ratio values for
pH0= 7, 7.4, 7.8, 8.2 and 8.6 are on average 1.44.

3.1.2. Infra-red spectrometry

Considering the evolution of the precipitated
solids according to the pH value, eight additional
comparison tests were made with pH0= 5.8, 6.2, 6.6, 7,
7.4, 7.8, 8.2 and 8.6. The infra-red spectra of the
precipitated solids at different pH0 values are
represented in Fig. 1.

Two kinds of spectra forms were observed:
The first form The second form

(a) pH0= 5.8 (d) pH0= 7.0

(b) pH0= 6.2 (e) pH0 = 7.4

(c) pH0 = 6.6 (f) pH0 = 7.8, 8.2, 8.6

3.1.3. X-ray diffraction

Considering the evolution of the precipitatwed
solids according to the pH value, we made eight
comparison tests with pH0= 5.8, 6.2, 6.6, 7, 7.4, 7.8, 8.2
and 8.6. The X-ray diffraction diagrams of the
precipitated solids at different pH0 values are repre-
sented in Figs. 2 and 3.

3.1.4. TGA and DTA

Considering the evolution of the precipitated sol-
ids according to the pH value, we made eight compar-
ison tests with pH0= 5.8, 6.2, 6.6, 7, 7.4, 7.8, 8.2, and
8.6. The TGA and DTA of the precipitated solids at
pH0= 6.2, 7.8 are represented in Figs. 4 and 5. The
samples were heated to 600˚C under air flow.

Table 1
Calculation of the molar Ca/P ratio of the precipitated
solids according to the pH0

pH0 % Ca (g/g) % P (g/g) Ca (mol) P (mol) Ca/P

5.8 19.73 16.86 0.49 0.54 0.91

6.2 19.62 16.49 0.49 0.53 0.92

6.6 19.53 16.75 0.49 0.54 0.91

7 30.24 16.95 0.76 0.54 1.41

7.4 29.96 16.36 0.749 0.52 1.44

7.8 29.92 16.12 0.748 0.52 1.44

8.2 29.86 16.01 0.72 0.51 1.46

8.6 29.90 16.10 0.747 0.52 1.44 Fig. 1. Infra-red spectra of the precipitated solids at
different pH0.
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3.1.5. Solubility product

Considering the evolution of the precipitated
solids according to the pH value, we made 11

comparison tests with pH0= 4.45, 5.0, 5.4, 5.8, 6.2,
6.6, 7, 7.4, 7.8, 8.2, and 8.6. Table 2 gives the solu-
bility products (Ks) of the precipitated solids from
pH0= 4.45 to 6.6. Table 3 gives the solubility prod-
ucts of the precipitated solids from pH0= 7 to 8.6.
The pH obtained after one day of settling was noted
pHf.

Solubility product of precipitated solids with
pH0= 4.45, 5, 5.4, 5.8, 6.2, 6.6 and taken at pHf

4.45, 4.6, 4.7, 4.94, 5.66, and 6.09 was calculated in
accordance with Ca2+ and P2O5 concentrations
(Table 2).

In this range of pH, the precipitated solid formula
was supposed to be CaHPO4 � 2H2O. Solutions equa-
ted with the precipitated product as shown by the fol-
lowing formula:

Ks ¼ ½Ca2þ�½HPO2�
4 �

where [Ca2+] was directly determined from the solution
and ½HPO2�

4 � determined by the following procedure:

Fig. 5. Curves of TGA and DTA of the precipitated solid at
pH0= 7.8.

Fig. 4. Curves of TGA and DTA of the precipitated solid at
pH0= 6.2.

Fig. 2. Diagram of X-ray diffraction of the precipitated
solid at pH0= 6.2.

Fig. 3. Diagram of X-ray diffraction of the precipitated solid at pH0= 7.8.
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H3PO4�H2PO
�
4 þHþ K1 pK1 ¼ 2:1

H2PO
�
4 �H2PO

2�
4 þHþ K2 pK2 ¼ 7:2

K2 ¼ ½HPO2�
4 �½Hþ�

½H2PO
�
4 �

The phosphate evolution was followed by
analysing the P2O5. P2O5 measured concentration gave
us ½HxPO

3�x
4 �total according to:

½HxPO
3�x
4 �total ¼ 2½P2O5�

On the other hand we have:

½H2PO
�
4 � þ ½HPO2�

4 � ¼ ½HxPO
3�x
4 �total

According to the equilibrium we have:

½H2PO
�
4 � ¼

½HPO2�
4 �½Hþ�
K2

therefore
½HPO2�

4 �½Hþ�
K2

+ ½HPO2�
4 � ¼ ½HxPO

3�x
4 �total:

As [H+] was determined from the pHf, we
obtained ½HPO2�

4 �.

As we were interested by the equilibrium given by
K2, as in studied pH0, only H2PO

�
4 et HPO2�

4 sub-
sisted according to the phosphated species repetition

diagram. It was the same for the ½PO3�
4 � calculations

given by the K3 equilibrium, where only ½HPO2�
4 � and

½PO3�
4 � subsisted in the pH0 considered for the second

solid precipitation.
Solubility product of precipitated solids in pH0

going from 7 to 8.6 was calculated in the same
conditions as those of precipitated solids in pH0 going
from 4.45 to 6.6. Table 3 gives the solubility products
of precipitated solids. As the precipitated solid for-
mula was supposed to be Ca9(PO4)6-x(HPO4)x(OH)x
we can realize that the solubility product is equal to:

Ks ¼ ½Ca2þ�9½PO3�
4 �5:6½HPO2�

4 �0:4½OH��0:4

For x = 0.4 (this value was obtained with TGA and
DTA).

With [OH�] calculated from the pHf and the
Ke = [OH�][H+] and ½PO3�

4 � in the following proce-
dure:

H2PO
2�
4 �PO3�

4 þHþ K3 pK3 ¼ 12:4

With

K3 ¼ ½PO3�
4 �½Hþ�

½HPO2�
4 �

The concentration of ½HxPO
3�x
4 �total was deducted

from that of P2O5 measured, on the other hand:

½HPO2�
4 � þ ½PO3�

4 � ¼ ½HxPO
3�x
4 �total

According to the equilibrium we have:

½HPO2�
4 � ¼ ½PO3�

4 �½Hþ�
K3

therefore
PO3�

4½ � Hþ½ �
K3

þ PO3�
4

� � ¼ HxPO
3�x
4

� �
total

As [H+] was determined from the pHf we obtained

½PO3�
4 �.
The exponents for Ks in Table 3 are correct, and

were calculated according to:

Ks ¼ ½Ca2þ�9½PO3�
4 �5:6½HPO2�

4 �0:4½OH��0:4

as the precipitated solid formula was supposed to
be Ca9(PO4)6-x(HPO4)x(OH)x or in Table 2, they
were calculated according to: Ks ¼ ½Ca2þ�½HPO2�

4 � as
the precipitated solid formula was supposed to be
CaHPO4·2H2O.

The values of the solubility products of precipi-
tated solids obtained in Table 2 are in conformity of

Table 2
Solubility products of the precipitated calcium phosphate
solids from pH0 4.45 to 6.6

pH0 pHf [Ca2+] (mol/L) [HPO2�
4 ] (mol/L) Ks

4.45 4.45 0.0235 1.94� 10�5 No solid

5 4.6 0.0205 2.68� 10�5 5.49� 10�7

5.4 4.7 0.0205 3.21� 10�5 6.58� 10�7

5.8 4.94 0.017 4.58� 10�5 7.78� 10�7

6.2 5.66 0.011 8.17� 10�5 8.98� 10�7

6.6 6.09 0.007 13.49� 10�5 9.44� 10�7

Table 3
Solubility products of the precipitated calcium phosphate
solids from pH0 7 to 8.6

pH0 pHf [Ca2+]
(mol/L)

[HPO2�
4 ]

(mol/L)
Ks

7 5.6 0.0065 5.10� 10�10 8.18� 10�77

7.4 5.65 0.006 4.70� 10�10 2.44� 10�77

7.8 5.93 0.006 3.10� 10�10 2.01� 10�78

8.2 6.04 0.0045 4.12� 10�10 8.36� 10�79

8.6 6.04 0.0045 5.14� 10�10 3.12� 10�78
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those obtained by Nancollas and Wefel [17], the solu-
bility product of CaHPO4·2H2O at 5˚C is of about 2.1
± 0.09� 10�7mole2 L�2. The values of the solubility
products of precipitated solids obtained in Table 3 are
in conformity of those obtained by Sarubina [22] and
Gregory [23], and of about 10�78mole2 L�2 for the
lacunar apatite [22,23]. We can realize that all of these
values are close to those obtained by Nancollas [16],
Sarubina [22] and Gregory [23].

It is evident that there are considerable dispropor-
tions between Ks for pH0= 6.6 and 7.0, because at
pH0= 6.6 the precipitated solid is CaHPO4 � 2H2O and
at pH0= 7.0 the precipitated solid is Ca9(PO4)5.6
(HPO4)0.4(OH)0.4.

Molle [24] defined precipitation as the accumula-
tion of a substance developing a new solid tridimen-
sional phase. According to him, the distribution of
phosphated forms and therefore their precipitation is
governed by the pH. Consequently, the solubility of
the precipitate will be strongly controlled by the pH.

According to the equilibrium:

K2 ¼ ½HPO2�
4 �½Hþ�

½H2PO
�
4 �

we have: ½H2PO
�
4 � ¼ ½HPO2�

4 �½Hþ�
K2

Tables 2 and 3 give the ½HPO2�
4 � at pH0= 6.6 and

7.0. At pH0= 6.6 ½H2PO
�
4 � = 173.77.10�5mol/L and at

pH0= 7.0 [H2PO4
�] = 199.05.10�10mol/L.

3.2. Magnesium precipitation—experimental results

3.2.1. Calculation of Mg/P ratio by chemical analysis of
precipitated solids

Under our experimental conditions, magnesium
starts precipitation at pH0= 8.6. A 100ml batch of
500mg/L Mg2+ solution was treated with variable
amounts of added phosphate. The treated solution
was kept for 1 or 3 days settling.

Table 4 gives the chemical analysis of the precipi-
tated solids obtained when 12.8� 10�3, 15.4� 10�3,
17.8� 10�3 and 19.9� 10�3mol/L of phosphate are
added.

3.2.2. Infra-red spectrometry

The infra-red spectrum of the precipitated solids at
pH0= 8.6 is represented in Fig. 6.

3.2.3. X-ray diffraction

The X-ray diffraction of the precipitated solids at
pH0= 8.6 is represented on Fig. 7.

3.2.4. TGA and DTA

The TGA and DTA of the precipitated solids at
pH0= 8.6 is represented in Fig. 8. The samples were
heated up to 600˚C under air flow.

3.3. Discussions

3.3.1. Calcium phosphates precipitation

3.3.1.1. Chemical analysis of precipitated solids—calculation
of Ca/P ratio. For the chemical analysis of the solids,
the Ca/P ratio values for pH0= 5.8, 6.2 and 6.6 are close
to 1 which is the characteristic ratio value of CaHPO4.

Table 4
Calculation of the molar Mg/P ratio of the precipitated solid at pH0 8.6

[H2PO
�
4 ]0added (mol/L) % Mg2+ (mg/mg) % P2O5 (mg/mg) Mg2+ (mol) P2O5 (mol) Mg/P (molar ratio)

12.8� 10�3 10.5 7 4.32� 10�4 0.49� 10�4 4.4

15.4� 10�3 10.5 7 4.32� 10�4 0.49� 10�4 4.4

17.8� 10�3 14.45 17 5.94� 10�4 1.19� 10�4 2.5

19.9� 10�3 7.49 1.7 3.08� 10�4 0.12� 10�4 12.8

Fig. 6. Infra-red spectrum of the precipitated magnesium
phosphate solid at pH0= 8.6.
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xH2O. In a comparative study of phosphate removal
technologies using adsorption and fluidized bed crys-
tallization process, Shun-Hsing and Yao-Hui obtained
CaHPO4.2H2O in the pH range 5.3–5.9 [25]. Fig. 9
represents the distribution diagram of phosphate
species vs. pH [26], where pH0 values HPO4

2� was the
predominant specie.

Ca/P at pH0= 7, 7.4, 7.8, 8.2 value ratio and 8.6
are on average of 1.44, below Ca/P value ratio of
hydroxyapatite Ca10·(PO4)6(OH)2 which is 1.67.
However, these values were in conformity with
some lacunar hydroxyapatites with a Ca/P ratio
lower than 1.67 of formula Ca10-x(HPO4)x(PO4)6-
x(OH)2�x (without taking into account molecular
water) [27]. Indeed, according to [28–30] lacunar
compound would derive from the hydroxyapatite by

the “substitution” of Ca2+ ions by the same num-
ber of H+ ions and the elimination of OH� ions to
respect the electro neutrality, X varying from 0 to 2.
For X= 2 is the octacalcic phosphate which presents
a different crystallographic form with regard to
hydroxyapatite [31–33]. According to Montel [34]
amorphous Ca9(PO4)6 forms first, then hydrolysis of

½PO3�
4 � ions occurs inside crystallites by forming

HPO2�
4 ions in equal quantities. The HPO2�

4 ions

substitute ½PO3�
4 � ions and OH� ions which occupy

the lacunar tricalcic calcium phosphate anion sites
following the equation:

PO3
4 þH2O ! HPO2�

4 þOH�

So that it corresponds to tricalcic calcium phosphate a
series of solids represented by the formula:

Ca9ðPO4Þ6�xðHPO4ÞxðOHÞx 0 � x � 1

For X= 1 it becomes Ca9 (PO4)5(HPO4)(OH) with
Ca/P ratio of 9/6 which is the apatitic calcium
phosphate.

3.3.1.2. Infra-red spectrometry. About the infra-red
spectra of solid types: (a), (b) and (c), corresponding
to the Ca/P ratio close to 1, absorption peaks appear
at 3,540 and 3,488 cm�1 characteristics of valence
vibrations of free H2O (VH20), at 3,290 and 3,161 cm�1

characteristics of valence vibrations of associated H20
(VH20) at 1,649 cm�1 characteristic of valence vibra-
tions of H20 of constitution (VH20), at 1,220 and
790 cm�1 characteristics of bond elongation vibrations

Fig. 7. Diagram of X-rays diffraction of the precipitated
magnesium phosphate solid at pH0= 8.6.

Fig. 8. Curves of TGA and DTA of the precipitated
magnesium phosphate solid at pH0= 8.6.

Fig. 9. Distribution diagram of phosphate species vs. pH
[21].

4740 A.S. Manzola et al. / Desalination and Water Treatment 52 (2014) 4734–4744



dP-O-H at 1,135, 1,059 and 985 cm�1 characteristics of
valence vibrations VPO at 873 cm�1 characteristics of
valence vibrations VP-OH and at 525 cm�1 characteris-
tics of valence vibrations VO-P-O. Fig. 10 shows the
comparison between the infra-red spectrum of solid
type (a) and the infra-red spectrum of CaHPO4·2H2O
obtained by Legeros [35], Casciani and Condrate [36].
We can observe that the spectrum of solid type (a) is
perfectly identical to infra-red spectrum of CaH-
PO4·2H2O with of those obtained by Legeros [35],
Casciani and Condrate [36] and the characteristic
bands are in conformity with those obtained by
Casciani and Condrate [36].

About the infra-red spectra of solid types: (d),
(e) and (f), corresponding to the Ca/P ratio close to
1,44, absorption peaks appear at 3,561 cm�1 charac-
teristics of valence vibrations of V�

OH, at 3,473 cm�1

characteristic of valence vibrations VH-O-H of free
H2O, at 2,367 cm�1 characteristic of valence vibra-

tions VO-H of HPO2�
4 groups, at 1,647 cm�1 charac-

teristic of valence vibrations VH-O-H, at 1,112, 1,033
and 960 cm�1 characteristic of valence vibrations

VPO
3�
4 , at 873 cm�1 characteristic of valence vibra-

tions VP-OH, at 602 and 562 cm�1 characteristics of

elongation vibrations d3�PO4
. Fig. 11 shows the com-

parison between the infra-red spectrums of solid
type (d) and the infra-red spectrum of “OH-Apa-
tite”, obtained by Legeros [35], Casciani and Con-
drate [36]. This spectrum is characteristic of
hydroxyl apatite phosphate and it is identical to that
obtained by Legeros [35], Casciani and Condrate
[36].

The characteristic bands are in conformity of those
obtained by Jaeger [27] of the followed precipitated
solids:

N˚ 1 de Ca/P
atom

1.33 Ca8(HPO4)2(PO4)4

N˚ 2 de Ca/P
atom

1.375 Ca8.25(HPO4)1.75(PO4)4.25(OH)0,25

N˚ 3 de Ca/P
atom

1.42 Ca8.5(HPO4)1.5(PO4)4.5(OH)0.5

N˚ 4 de Ca/P
atom

1.44 Ca8.65(HPO4)1.,35(PO4)4.65(OH)0.65

N˚ 5 de Ca/P
atom

1.51 Ca9.1(HPO4)0.9(PO4)5.1(OH)1.1

and for the apatitic tricalcic phosphate Ca9(HPO4)
(PO4)5(OH) with Ca/P ratio 1.5.

3.3.1.3. X-ray diffraction. The X-ray diffraction dia-
grams of the precipitated solids at pH0= 5.8, 6.2 and
6.6 (Fig. 2 pH0= 6.2) present lines which we could
index using ASTM card [21] of CaHPO4·2H2O. The
precipitates obtained at pH0= 7, 7.4 and 7.8 (Fig. 3 pH
7.8) is a crystallized product, although not visible on
the diagram. Indeed, according to [22], if the drying
of the product was carried out at 70˚C, it crystallizes
apatite, although the diagram is diffuse. Table 5 com-

Fig. 11. The infra-red spectrum of solid type (d) and the
infra-red spectrum of “OH-Apatite” obtained by Legeros
[35].

Fig. 10. The infra-red spectrum of solid type (a) and the
infra-red spectrum of CaHPO4·2H2O obtained by Legeros
[35].

Table 5
Crystallographic characteristics precipitated CaHPO4·2H2O
compared to those of CaHPO4.2H2O of ASTM [21]
literature index card

Precipitated product Litterature

Dhkl(A˚) 7.56 7.56 4.24 3.05 7.57

I/I1 100 100 100 75 100

DHKL: Inter planer spacing between (hkl) Miller planes; I = trans-

mitted light intensity; Io = incident light intensity; I/I1: relative

intensity.
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pares DHKL of the precipitated product pH 6.2 with
those of CaHPO4·2H2O of the literature [21]. It was
noted that those data are in conformity with ASTM
[21] literature index card.

3.3.1.4. TGA and DTA. For the precipitated solid at
pH0= 6.2 (Table 6), we observed three endothermic
peaks. The first one at around 89˚C corresponds to
superficial water evaporation. The second peak begin-
ning at 216 is characteristics of constitution water
elimination. The last peak corresponds to the CaH-
PO4·2H2O decomposition at 424˚C [37].

For the precipitated solid at pH0= 7.8 (Table 7), we
observed two peaks, one endothermic and the other
exothermic. The first one at around 180˚C corresponds
to superficial water evaporation. The second peak
exothermic at 354˚C is due the phenomenon of crystal-
lization [37]. Theoretical calculation of the percentage
of CaHPO4·xH2O water liberated (Table 6).

Calculation:
The theoretical calculation of the percentage of

CaHPO4·xH2O water gives:

DM=M ¼ 18x=ð136þ 18xÞ � 100

For x = 2:

DM=M ¼ 20:93%

where M is the CaHPO4·xH2O molar mass, and DM
the number of the mol of H2O liberated. The value
observed on graphic (Fig. 4) is about 20.46%, so very
close of the theoretical value of 20.93, confirming that
the precipitated solid is CaHPO4·2H2O. The loss of
mass of about 2.51% centred on 424˚C is localized in a
temperature where this reaction is possible.

2CaHPO4 $ Ca2P2O7 þH2O

Theoretical calculation of the percentage of
CaHPO4·xH2O water liberated (Table 7).

The proposed formula after IR spectra, RX
difractogram and chemical analysis was of the type of
Ca9 (PO4)6�x (HPO4)x(OH)x with 06 x6 1.

The theoretical calculation of the percentage of
water of Ca9· (PO4)6�x (HPO4)x(OH)x gives:

DM=M ¼ 18x=ð930þ 18xÞ
where M is the Ca9 (PO4)6�x(HPO4)x(OH)x molar

mass and DM the mol number of H2O liberated. The
results are given in Table 8.

The experimental value of DM=M is 0.79%,
corresponding to x = 0.4, where the theoretical value is

Table 6
Thermal analysis (TGA/DTA) of CaHPO4·2H2O

Nature of the peak Temperature (˚C) Loss of the mass DM/M (%) Observations

Endothermic 89 3.40 Liberation of H2O (humidity)

Endothermic 216 20.46 Liberation of H2O (dehydration)

Endothermic 424 2.51 Decomposition of CaHPO4·2H2O

Table 7
Thermal analyse (TGA/DTA) of Ca9 (PO4)5.6(HPO4)0.4(OH)0.4

Nature of the peak Temperature (˚C) Loss of the mass DM/M (%) Observations

Endothermic 108 6.09 Liberation of H2O (humidity)

Exothermic 354 0.78 Liberation of OH group

Table 8
Percentage of mass loss for x variant from 0 to 1

x DM/M

0 0

0.1 0.19

0.2 0.38

0.3 0.57

0.4 0.77

0.5 0.96

0.6 1.14

0.7 1.34

0.8 1.52

0.9 1.71

1.0 1.89
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0.77%. Consequently, the precipitated solid at
pH0= 7.8 is Ca9 (PO4)5.6(HPO4)0.4(OH)0.4.

3.3.2. Magnesium phosphates precipitation

3.3.2.1. Calculation of Mg/P ratio of precipitated solids by
Chemical analysis. After magnesium phosphate pre-
cipitation, the treated solution was kept for a day
before settling. Table 4 gives the chemical analysis of
the precipitated solids. The minimal concentration of
Mg2+ is reached for ½H2PO

�
4 �0 = 12.8.10�3mol/L and for

oneday settling time. This minimum was
1.20.10�4mol/L= 2.916mg/L.

Table 4 shows that the addition of 12.8.10�3mol/L
and 15.4.10�3mol/L of ½H2PO

�
4 �0 produced the same

Mg/P relation, therefore the same product. The
precipitated solid is not controllable beyond the
15.4.10�3mol/L concentration. Here, one can conclude
that the product was without doubt magnesium
phosphate.

3.3.2.2. Infra-red Spectrometry. The infra-red spec-
trum of the precipitated solids at pH0= 8.6 is repre-
sented in Fig. 6. The infra-red spectra of solid shows
absorption peak at 3,404 cm�1 characteristic of valence
vibrations of free H2O VH2O, at 2,364 cm

�1 characteris-
tic of valence vibrations VO-H of HPO2�

4 groups, at
1,645 cm�1 characteristic of valence vibrations of H2O
of constitution VH2O, at 1,068 cm�1 characteristic of

valence vibrations VPO
3�
4 , at 680 and 580 cm�1 charac-

teristic of elongation vibrations d3�PO4
.

We can here conclude that our composite contains
groups of HPO2�

4 and PO3�
4 .

3.3.2.3. X-ray diffraction. The X-ray diffraction of
the precipitated solids at pH0= 8.6 is represented in
Fig. 7. The results of X-ray diffraction of precipitated
products show amorphous products.

3.3.2.4. TGA and DTA. For the TGA of the
precipitated solid at pH0= 8.6 (Fig. 8), a loss of mass
which is fast, from 60 to 262˚C, centred on 153˚C is
observed. It is an endothermic reaction, probably a

dehydration of hydrated precipitated magnesium
phosphate. About 20.46% loss of mass are observed
(Table 9).

4. Conclusion

The paper was centred on calcium phosphates
precipitation through synthetic hard water softening
by monosodium phosphate. The effect of the initial
pH, Ca, Mg and PO4 concentrations in calcium phos-
phates precipitation was reported. We can conclude
from the experimental results that:

(1) The variation of pH0 due to the addition of NaOH
solution allowed the precipitation of CaHPO4.2H2O
from pH0 5 to 6.6 and lacunar apatite Ca9 (PO4)6� x

(HPO4)x(OH)x from pH0 7 to 8.6.
(2) The amorphous acid phosphates of magnesium are

obtained at pH0= 8.6.
(3) The precipitated calcium phosphates are of high

purity.

This addition of calcium salts can be used to
remove phosphate from wastewater, where phospho-
rus will be recovered as calcium phosphates and
used as soluble fertilizer in agriculture. Moreover,
pure precipitated calcium phosphates can be used in
nanotechnology where they undergo laser ablation
to obtain nanoparticles that could be used in bio-
medical technology to fill cracks responsible of tooth
enamel pain. The use of calcium phosphate nano-
particles in tooth enamel accelerates recovery ten
times more rapidly than the use of calcium phos-
phates monoparticles (apatite). The nanoparticles
simulate the tooth natural matter and the composite
remineralized layer conveniently acts as a natural
one.
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