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Abstract — Milk and dairy products contain large amounts of calcium phosphate salts that can
precipitate. The chemical composition and the crystalline structure of the calcium phosphate
precipitates that are formed in dairy industry depend on the physico-chemical conditions,
particularly, pH and mineral composition. The objective of this study was to determine, using
mineral solutions, the effects of pH and of the concentrations of calcium and phosphate on the
quantity and crystalline structure of calcium phosphate precipitates. Experiments were carried out at
20 °C with 20.00 mmol-L ™" phosphate and three Ca/P molar ratios (1.00, 1.50 and 2.00). The initial
pH (5.50, 6.70, 7.50, 8.50 and 9.50) were drifting or kept constant during a reaction time of 3 h.
After filtration of the suspensions, the mineral compositions of filtrates were quantified. The
lyophilized precipitates were characterized using X-ray diffraction, infrared spectroscopy and
scanning electron microscopy techniques. At drifting pH (final pH values were between 4.6 and 6.0),
the mineral analyses showed that the Ca/P ratio did not influence the amounts of precipitated calcium
and phosphate. The analyses of precipitates revealed the formation of brushite as the main crystalline
phase. At constant pH, the mineral analyses showed that the Ca/P ratio strongly influenced the
precipitation efficiency of calcium phosphate. The analyses of precipitates revealed the formation of
poorly crystallized calcium-deficient apatites. A decrease of crystallinity with an increase in initial
pH was observed. In conclusion, pH can be a key factor to control the quantity and crystalline
structure of calcium phosphates obtained by precipitation. This factor should be considered for the
recovery of calcium phosphates from dairy co-products. pH is also important in the fouling
phenomena of membranes and heat exchangers caused by calcium phosphate precipitation.
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Résumé — Effets du pH et du ratio molaire Ca/P sur la quantité et la structure cristalline des
phosphates de calcium obtenus a partir de solutions aqueuses. Le lait et les produits laitiers sont
riches en sels de phosphate de calcium qui peuvent précipiter. La composition chimique et la structure
cristalline de ces précipités formés en industrie laitiére dépendent des conditions physicochimiques
de formation, notamment le pH et la composition minérale. L’objectif de ce travail était de déterminer,
en utilisant des solutions minérales, les roles du pH et des concentrations du calcium et du phosphate
sur la nature et la quantité des précipités de phosphate de calmum Les expériences ont été réalisées a
20 °C, avec une concentration en phosphate de 20.00 mmol-L " et trois rapports molaires Ca/P (1,00,
1,50 et 2,00). Les pH initiaux (5,50, 6,70, 7,50, 8,50 et 9,50) étaient dérivants ou maintenus constants
pendant un temps de réaction de 3 heures. Aprés filtration des suspensions, les compositions miné-
rales des filtrats ont été analysées. Les prempltes lyophilisés ont été caractérisés par diffraction des
rayons X, spectroscople infrarouge et microscopie électronique a balayage. A pH dérivant (pH final
des suspensions compris entre 4,6 et 6,0), I’analyse minérale a montré que le rapport Ca/P n’influ-
encait pas les quantités de phosphate et de calcium précipitées. Les analyses des précipités ont montré
la formation de brushite comme principale phase cristalline. A pH constant, 1’analyse minérale a
montré que le rapport Ca/P avait une forte influence sur le taux de précipitation du phosphate de
calcium. Les analyses des précipités ont mis en évidence la formation d’apatites déficientes en
calcium mal cristallisées. Une diminution de la cristallinité avec 1’augmentation du pH initial a été
observée. En conclusion, le pH peut étre considéré comme un facteur essentiel pour contrdler la
quantité et la structure cristalline des phosphates de calcium obtenus par précipitation. Ce facteur est a
considérer dans la récupération des phosphates de calcium des co-produits laitiers. Le pH est
également important dans les phénoménes d’encrassement des membranes et des échangeurs
thermiques suite a la précipitation du phosphate de calcium.
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1. INTRODUCTION

The precipitation of calcium phosphate
has been the subject of intensive research
in different areas such as medicine (forma-
tion of kidney stones, (de)calcification of
bone and tooth enamel and elaboration
of materials for biomedical applications)
[20, 23, 30] and environment (phosphorus
removal from wastewater) [12, 32-34]. A
number of studies reported in the literature
showed that the formation of calcium phos-
phate is a complex phenomenon leading to
the formation of different phases: brushite

or dicalcium phosphate dehydrate (DCPD),
octacalcium phosphate (OCP), hydroxyapa-
tite (HAP) or -calcium-deficient apatite
(CDA) depending on the experimental con-
ditions [5, 9, 11, 14, 17, 18]. The main con-
ditions influencing the precipitation of
calcium phosphate are temperature, phos-
phate and calcium concentrations, ionic
strength, pH, the presence of other ions and
the duration of precipitation [15, 16, 19].
The characteristics of calcium phosphate
phases formed in different physico-chemical
conditions and their chemical reactions are
summarized in Table L.



Table I. Characteristics of calcium phosphate phases. K, solubility product constant.

Solid phase Chemical reaction in aqueous solutions Ca/P —Log K, Formation conditions References
pH/temperature (°C)

Brushite or DCPD Ca®" + HPO,>™ + 2H,0 = CaHPO,-2H,0 (aq) 1 6.68 4-6/25; 4-6/37; 4/60 [11, 14, 17]

OCP 8Ca?" + 2HPO,> + 4P0O,> + 5H,0 = 1.33 46.9 6.5/37; 5/60; 4/80 [14]
Cag(HPO4),(PO4)4-SH0 (aq)

HAP 10Ca®>" + 6PO4> + 20H = 1.67 57.74 7-9/60; 6-9/30 [14, 18]
Ca;o(PO4)s(OH), (aq)

CDA (10-x)Ca*" + xHPO,>~ + (6-x)PO,>” + 2—x)OH = 0<x<2) - 7.5-9/37 [14]

(10-x/6)Ca;g-(HPO4)(PO4)s-(OH),« (aq)
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In dairy science and technology, this phe-
nomenon is less studied. However, some
studies have been conducted on the precipita-
tion of calcium phosphate in the dairy condi-
tions using model or real systems. Thus,
Van Kemenade and De Bruyn [35] addressed
the kinetic study of calcium phosphate pre-
cipitation from supersaturated solutions with
respect to some milk conditions. They inves-
tigated the formation and growth of crystal-
lized phases (DCPD, OCP and HAP) and
amorphous calcium phosphate (ACP) in dif-
ferent conditions of pH, temperature and
supersaturation. Combining the growth
curves and the relaxation time analysis, they
described the kinetics of precipitating sys-
tems and confirmed the validity of the
Ostwald rule of stages [35]. In a similar con-
text, Schmidt and Both [27] showed that
DCPD is the first precipitating phase
obtained when they mixed calcium and phos-
phate at 25 and 50 °C in the pH range
5.3-6.8 at an ionic strength of about 0.1.
More recently, studies investigating the cal-
cium phosphate precipitation, using model
fluids (simulated milk ultrafiltrate solutions
without proteins) were conducted [1, 25,
29]. These studies aimed to best understand
the fouling of milk heat exchangers caused
by calcium phosphate deposition at tempera-
ture 50-70 °C. Spanos et al. [29] observed a
deposit formation of ACP at 60 and 70 °C in
the pH range of 6-6.4. In similar con-
ditions of temperature (55-75 °C) and pH
(5.7-7.0), Andristos et al. [ 1] showed the pre-
cipitation of ACP followed by the formation
of low crystallized prisms of HAP. The crys-
tallinity was improved with the solution age-
ing. Using a real system (sweet whey
permeate), Pouliot et al. [22] investigated
the induction of ACP precipitation using a
simple alkalinization or an alkalinization-
seeding combination. The second technique
induced an extensive crystallization of cal-
cium phosphate. Saulnier et al. [26] showed
the presence of brushite in various industrial
wheys using X-ray diffraction (XRD) tech-
nique. Formation of calcium phosphate in

relation with the mechanisms of membrane
fouling was also studied. Thus, Rice et al.
[24] observed that calcium phosphate was
the predominant foulant leading to flux
decline in nanofiltration of dairy ultrafiltration
permeate, but the nature of the calcium phos-
phate was not determined. Labbe et al. [13]
and Gesan et al. [7] indicated the presence
of calcium phosphate at the membrane sur-
face during crossflow microfiltration of pre-
heated whey or during whey ultrafiltration.

In spite of these different studies, there is
an imperative need of additional information
about the effects of the controlling and influ-
encing factors on the precipitation of cal-
cium phosphates. For these reasons, in this
study, we investigated the effects of Ca/P
molar ratio and the pH values, left to drift
or maintained constant, on the characteristics
of calcium phosphate precipitates. Because
of the richness of milk in various minerals,
proteins and other organic components,
which can interact among themselves, the
understanding of this phenomenon is diffi-
cult. Hence, to facilitate the interpretation
of the results, the precipitation of calcium
phosphate was studied using simple solu-
tions under controlled conditions. The quan-
titative study was carried out by monitoring
the pH of precipitation and by determining
the calcium and phosphate contents in pre-
cipitates. The structure of precipitates was
evaluated using XRD, Fourier transform
infrared spectroscopy (FTIR) and scanning
electron microscopy (SEM) techniques. This
research is of particular interest for the
understanding of calcium phosphate forma-
tion under controlled physico-chemical con-
ditions and for the recovery of calcium
phosphates in dairy industry.

2. MATERIALS AND METHODS
2.1. Chemicals and reagents

Stock solutions of 1 mol'L™' calcium
chloride (CaCl,-2H,0) (Sigma, Tokyo,
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Japan) and 0.5 mol-'L ™" sodium hydrogeno-
phosphate at different pH values (5.50,
6.70, 7.50, 8.50 and 9.50) were prepared.
These five phosphate solutions were made
by neutralization of ortho-phosphoric acid
solutions (Fluka BioChemika, Buchs,
Switzerland) with 1 mol-L ™' NaOH solution
(VWR, Fontenay-sous-Bois, France) until
the desired pH wvalues were reached.
Milli-Q water was used in the different
experiments.

2.2. Calcium phosphate precipitation

The precipitation experiments were
performed by mixing the stock solutions of
calcium chloride and sodium hydrogeno-
phosphate. The initial solutions had a
20.00 mmol-L™"  phosphate concentration
and 1.00, 1.50 and 2.00 Ca/P molar ratios.
The initial pH (5.50, 6.70, 7.50, 8.50 and
9.50 + 0.03) were drifting or maintained con-
stant by the addition of NaOH 2 mol-L™
using a pH-stat system (Metrohm, 702 SM
Titrino model, Herisau, Switzerland). The
precipitation experiments were conducted for
3 h by adding the relevant calcium concentra-
tions diluted in 40-200 mL phosphate solu-
tions contained in a jacketed glass cell of
240 mL final volume. The temperature was
regulated by a water jacket and a thermostatic
bath maintained at 20 + 0.5 °C. Precipitation
experiments were carried out under continu-
ous stirring with a propeller stirrer operating
at 400 rpm. Analysis of variance (ANOVA)
was used to establish the statistical signifi-
cance of the effects of initial pH and initial
Ca/P molar ratio on the extents of pH drifting.

2.3. Solution filtration
and precipitate lyophilization

The suspensions were filtered (Whatman
42 filter papers) without washing to avoid
possible dissolution of part of the solid.
The precipitates were lyophilized (RP2V,
SGD Sérail, Argenteuil, France) and stored

in sealed containers at room temperature
before analyses.

2.4. Chemical and physical
characterizations of precipitates

2.4.1. Calcium and phosphate
contents

The calcium and phosphate contents were
determined in the total sample and in the fil-
trates using atomic absorption spectrometry
(Varian 220FS spectrometer, Les Ulis,
France) and using ion chromatography
(Dionex DX 500, Dionex, Voisin-le-
Bretonneux, France) [6], respectively. The
experimental errors were £ 5%. Insoluble
calcium and phosphate concentrations were
obtained by subtracting soluble concentra-
tions that remained in filtrates from initial
(total) calcium and phosphate concentra-
tions, respectively.

2.4.2. Characterization of precipitates

The precipitates were analysed using
XRD and FTIR techniques. The XRD pat-
terns were recorded using a Philips PW
1830 X-ray generator equipped with a PW
1050 (8/28) goniometer and a PW 1711 Xe
detector. The data were acquired using Ni-
filtered copper Ko radiation in a step-by-step
mode with initial 20 = 3°, final 26 = 60°,
step 20 = 0.02° and time per step = 1.2 s.
The FTIR spectra were obtained on a
Nicolet Magnat II 550 FTIR spectrometer
(400-4000 cm ' spectral range with 4 cm "
resolution and 32 cumulated scans), using
the KBr pellet technique (1 mg of powder
in 300 mg of KBr).

The morphology of the precipitates was
observed using SEM technique (LEO 1450
VP, Carl Zeiss SMT, Oberkochen,
Germany). Secondary electron images of
samples were performed at an accelerated
voltage of 5 kV. Before observation, samples
were covered with a thin layer of gold-palla-
dium deposited by sputtering evaporation.
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3. RESULTS AND DISCUSSION

3.1. Effects of initial conditions on
the pH decrease during calcium
phosphate precipitation

The spontaneous precipitation of calcium
phosphate from supersaturated solutions was
accompanied by pH decrease. Figure 1
shows representative curves of pH evolution
of the suspensions after mixing calcium and
phosphate solutions. After calcium addition,
the pH decreased quickly during the first few
minutes, followed by an irregular and slow
decrease during the next hour and finally
became stable after 2 h.

The precipitation of calcium phosphate
from supersaturated solutions is a complex
phenomenon since several intermediate
solid phases can precede the formation of
the most thermodynamically stable phase
[3]. For example, the formation of brushite
from aqueous solutions occurred in five
stages as described by Ferreira et al. [5].
In their model, the authors explained the
decrease of pH observed in the beginning
of the process by the HAP crystal growth
preceding the appearance of the first nuclei
of brushite. Andristos et al. [1] showed the
precipitation of ACP followed by the forma-
tion of low crystallized prisms of HAP in
the simulated milk ultrafiltrate solutions.
The formation/dissolution of such interme-
diate phases may explain the irregularities
in the pH changes observed in Figure 1.

To quantify the extent of pH decrease
depending on the initial conditions, we cal-
culated ApH corresponding to the absolute
values of the difference between initial pH
and terminal pH after 3 h. Figure 2 shows
the relationship between ApH and the initial
pH value for each mixture. ANOVA
showed significant statistical effects of ini-
tial pH and Ca/P molar ratio on the ApH
values (P < 0.001). In all samples, for the
same initial pH, ApH increased with the
initial Ca/P molar ratio and for the same

initial Ca/P molar ratio, ApH increased with
initial pH.

During the process of precipitation and
crystal growth, the pH affects both the solu-
tion and the mineral surface [21]. In solu-
tion, the reduction of pH (ranged from
9.50 to 5.50 in the experiments) decreases
the saturation state by shifting the equilib-
rium of phosphate species from PO,> to
HPO,* to H,PO, (equations (1) and
(2)). The extent of pH decrease was higher
at initial pH values of 7.50, 8.50 and 9.50.
In this pH range, the predominant form of
phosphate was HPO,4” . In the presence of
sufficient concentration of calcium, and
due to the relatively high affinity of
HPO,” to calcium (equation (3)), these
ions interact to form a CaHPO, complex.
When the precipitation of calcium phos-
phate occurred, the removal of HPO,> ions
from the HZPO4_/HPO42_/PO43_ system
shifts the equilibrium with the release of
protons leading to the decrease of pH (equa-
tion (2)). At the mineral surface, the pH can
shift the surface charge of the solid by
changing the distribution of protons and
hydroxyl groups hydrating the interface
[10]. Equilibria in solution and at the inter-
face (during the crystal growth) can explain
the changes in pH during the precipitation
of calcium phosphate from supersaturated
solutions [5, 21].

PO,/ +H' <= HPO,* pK = 12.39 (1)[28]
HPO,”” + H" <= H,PO,” pK = 7.05 (2) [28]

Ca’" + HPO,>” <= CalPO, () K. =642 M
(3) [28]

3.2. Effects of initial conditions
on the quantity of precipitates

Formation of precipitates was observed
in all mixtures (at drifting or constant pH)
except in those at 5.50 initial pH. Consider-
ing the used concentrations of calcium and
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Figure 1. Representative recordings of the evolution of pH for 3 h after calcium addition to
20.00 mmol-L ™" phosphate at 6.70 constant (o) or drifting initial pH with 1.00 (¢), 1.50 () or 2.00
(A) initial Ca/P molar ratios. Measurements were carried out under continuous stirring using the

pH-stat device.

ApH values

5.5 6.7

7.5 8.5 9.5

Initial pH values of phosphate solutions

Figure 2. Relationship between ApH (the absolute value of the difference between initial and
terminal pH) and the initial pH at 1.00 (0), 1.50 (g) or 2.00 (1) Ca/P initial molar ratios.

phosphate, the temperature (20 °C) and the
reaction time (3 h) in the experiments, the
solubility isotherms of different calcium
phosphates showed that the supersaturation

(with respect to brushite) was not reached
at pH 5.50 [36]. This explains the absence
of precipitate at pH 5.50 and the
low quantity of precipitate at pH 6.70
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Figure 3. Amounts of precipitated calcium (black) and phosphate (white) obtained with 1.00 (0),
1.50 (o) or 2.00 (A) Ca/P molar ratios at drifting (A and B) or constant (C and D) initial pH values.

in comparison with those obtained at 7.50,
8.50 and 9.50 initial pH (Fig. 3).

Figures 3A and 3B show the amounts of
precipitated calcium and phosphate at
drifting pH (initial values were 6.70, 7.50,
8.50 and 9.50). Amounts of precipitated
calcium and phosphate increased from
about 7+ 1.5 mmolL™" to about 16 +
1 mmol-L™" between 6.70 and 7.50 initial
pH and tend to stabilize between 7.50 and
9.50 initial pH. This trend was observed
whatever the initial Ca/P molar ratio was.
These results indicated that the quantities of
precipitated calcium phosphate obtained at
drifting pH are mainly influenced by the pH
ofprecipitation. After areaction time of about
1 h, the final pH of the solutions became sta-
ble with values ranged from 4.48 to 5.96
(Tab. II). At these pH values, the supersatura-
tion state of calcium phosphates is reduced.

This can explain the low precipitation effi-
ciency of phosphate which was about
60-85% for experiments at 7.50, 8.50 and
9.50 initial pH and only about 21-35% at
6.70 initial pH (Tab. II).

Figures 3C and 3D show the amounts of
precipitated calcium and phosphate at con-
stant pH. The amounts of precipitated cal-
cium and phosphate at constant pH were
mainly modulated by the Ca/P molar ratio
in the precipitates estimated to about 1.48.
Indeed, precipitated calcium and phosphate
amounts (on average 29 and 19.5 mmol-L ",
respectively) were similar in case of 1.50 and
2.00 initial Ca/P ratios but are much lower
in case of 1.00 initial Ca/P molar ratio
(on average 19.5 mmol'L™' calcium and
14 mmol'L™" phosphate). Considering the
rates of calcium and phosphate precipitation
expressed in percentage of the total
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Table II. Characteristics of the suspensions and precipitates of calcium phosphates obtained at
drifting pH (* traces of OCP). Precipitate analyses performed using XRD and FTIR.

Initial Terminal conditions Precipitate

conditions characterization

pH Ca/P pH ApH Precipitated Precipitated Ca/P  XRD FTIR
calcium phosphate

mmol'L™" % total mmol'L™" % total

6.70 1.00 484 186 5.60 28.00 5.33 26.65 1.05 Brushite Brushite
6.70 1.50 4.61 2.09 790 26.33 7.07 3535 1.12 Brushite Brushite
6.70 2.00 448 222 717 17.93 4.28 21.40 1.67 Brushite Brushite
7.50 1.00 5.75 1.75 17.40 87.00 13.63 68.15 1.28 Brushite Brushite
7.50 1.50 536 2.14 14.96 49.87 14.99 7495 1.00 Brushite Brushite
7.50 2.00 5.13 237 1491 37.28 15.26 76.30 0.98 Brushite Brushite
850 1.00 583 2.67 15.20 76.00 11.87 59.35 1.28 Brushite Brushite
850 1.50 5.6 290 17.53 58.43 17.03 85.15 1.03 Brushite Brushite
850 2.00 537 3.13 15.15 37.88 17.06 85.30 0.89 Brushite Brushite
9.50 1.00 596 3.54 16.40 82.00 12.93 64.65 127 Brushitt OCP" Brushite
9.50 1.50 55 4.00 16.73 55.77 14.82 74.10 1.13 Brushitt OCP" Brushite
9.50 2.00 54 410 1524 38.10 16.97 84.85 0.90 Brushite OCP” Brushite

Table III. Characteristics of the suspensions and precipitates of calcium phosphates obtained at
constant pH. Precipitate analyses performed using XRD and FTIR. CDA. (Crystalline * ** *%%*
amorphous).

Initial Terminal conditions Precipitate
conditions characterization
pH Ca/P pH Precipitated Precipitated Ca/P XRD FTIR
calcium phosphate
mmol-L™! % total ~ mmol-L™" % total

6.70  1.00 6.70 19.18 95.90 11.93 59.65 1.61 CDA* CDA
6.70  1.50 6.70 27.81 92.70 18.43 92.15 1.51 CDA* CDA
6.70  2.00 6.70 29.96 74.90 19.78 98.90 1.51 CDA* CDA
7.50  1.00 7.50 19.76 98.80 13.89 69.45 1.42 CDA* CDA
7.50  1.50 7.50 28.60 95.33 19.68 98.40 1.45 CDA* CDA
7.50  2.00 7.50 29.20 73.00 19.95 99.75 1.46 CDA* CDA
8.50  1.00 8.50 19.94 99.70 13.69 68.45 1.46 CDA** CDA
850 1.50 8.50 28.50 95.00 19.64 98.20 1.45 CDA** CDA
8.50  2.00 8.50 28.54 71.35 19.95 99.75 1.43 CDA** CDA
9.50  1.00 9.50 19.92 99.96 13.47 67.35 1.48 CDA***  CDA
9.50  1.50 9.50 29.22 97.40 19.85 99.25 1.47 CDA***  CDA
9.50  2.00 9.50 28.96 72.40 19.99 99.95 1.45 CDA***  CDA

(Tab. III), the initial Ca/P ratio of 1.50 gave  was the limiting factor and when initial
the highest precipitation efficiency. When Ca/P was 2.00, phosphate concentration
initial Ca/P was 1.00, calcium concentration  was the limiting one. Whatever be the initial
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Ca/P molar ratio, the phosphate precipitation
efficiency is higher at constant pH than at
drifting pH.

Finally, the Ca/P molar ratios in the pre-
cipitates obtained at different initial condi-
tions are shown in Tables II and III. The
final Ca/P ratio can give some indication on
the precipitating phase but cannot provide
the exact crystalline structure of the precipi-
tates particularly when several solid phases
or ACP are formed. The Ca/P molar ratios
in the precipitates at drifting pH were on
average equal to 1.00 (Tab. II), close to that
of brushite. These results agree with those
of Schmidt and Both [27] obtained at 25 °C
and at pH values < 6.84. The Ca/P ratios in
the precipitates at constant pH were about
1.48 (Tab. III), close to that of tricalcium
phosphate (1.50) or non-stoichiometric apa-
tites. As the presence of tricalcium phosphate
was unlikely in our experiment conditions
because its formation requires very high tem-
perature (8001200 °C), the precipitating
solid should be an apatitic type [3, 4, 14].

3.3. Identification of the solid phases
in precipitates

Three complementary techniques were
used for precipitate characterization. The
XRD analysis gives information on the
crystal structure and atomic arrangements
of materials, whereas the FTIR technique
provides information on the chemical com-
position and vibrational modes enabling
detection of both crystalline and amorphous
phases. Observations with SEM technique
show the morphology (size, shape and crys-
tallinity) of particles.

These techniques are used for the charac-
terization of the final solid. The crystalliza-
tion of calcium phosphates from aqueous
solutions requires a sufficient supersatura-
tion and involves many steps, namely
nucleation, crystal growth and aggregation
[8]. The precipitation process is a complex
phenomenon since different phases can be
obtained, depending on the experimental

conditions [1, 5]. Johnsson and Nancollas
[11] reported that precipitation reactions at
sufficiently high supersaturation and pH
result in the initial formation of ACP, which
is a highly unstable phase. The primary
nuclei of ACP hydrolyze almost instanta-
neously to more stable phases. The reaction
time (or ageing) is an important factor influ-
encing the crystallinity of the precipitating
phase. In this study, the precipitates charac-
terized as described hereafter were obtained
exactly after 3 h of precipitation at drifting
or constant pH. The different phases of cal-
cium phosphate that will be addressed here-
after are summarized in Table 1.

3.3.1. XRD technique

Figure 4A shows XRD patterns of cal-
cium phosphate precipitates obtained at
drifting pH (initial pH of 6.70, 7.50, 8.50
and 9.50) with 1.50 initial Ca/P molar ratio.
All precipitates obtained at drifting pH with
1.00, 1.50 or 2.00 initial Ca/P molar ratios
(results not shown) had very similar XRD
pattern profiles. The high-intensity peaks
(at 20 angles of 11.66, 20.96, 29.33, 30.56
and 34.19°) correspond to the characteristic
pattern of brushite, CaHPO,-2H,O (ICDD
file 00-009-0077). These results confirm
the formation of brushite as the main crystal-
line structure in the precipitates at drifting
pH. Indeed, terminal pH values of the sus-
pensions were ranged 4.48-5.96 (Tab. II)
promoting the formation of brushite [5,
16]. These results agree with those obtained
by Schmidt and Both [27] in a model system
and also with those of Calco [2] and Saulnier
et al. [26]. These authors reported the pres-
ence of brushite in industrial wheys with
pH values that ranged from 4.60 to 6.20.
We note that samples obtained at drifting
8.50 and 9.50 initial pH (Fig. 4A) have
XRD patterns less resolved indicating a pos-
sible presence of other phases in addition to
brushite. Indeed, the low-intensity peak at
around 20 angles = 4.73° in sample at 9.50
drifting pH indicated the possible presence
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Figure 4. XRD patterns of calcium phosphate precipitates obtained at different drifting (A) or
constant (B) initial pH values (6.70, 7.50, 8.50 and 9.50) from solutions at 20.00 mmol-L™"
phosphate concentration and 1.50 Ca/P molar ratio. The spectra are compared to diffraction patterns
of HAP and brushite simulated from their respective crystal structures (ICSD files codes 22060 and
16132, respectively). Asterisk denotes possible traces of OCP.

of OCP. Schmidt and Both [27] reported the  In comparison to standard pattern of brush-
crystallization of OCP and DCPD in solu- ite, variation in the peak intensity ratio
tion at acidic pH (5.3—6.84), but the forma-  between the two peaks at 20 angles of
tion of OCP occurred mainly at 50 °C.  11.66 and 20.96° was observed (Fig. 4A)
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Figure 5. The FTIR spectra of calcium phosphate precipitates obtained at drifting (A) or constant
(B) initial pH values (6.70, 7.50, 8.50 and 9.50) from solutions at 20.00 mmol-L™! initial phosphate
concentration and 1.50 Ca/P molar ratio. They are compared to standard spectra of brushite, CDA
and OCP.

suggesting preferential orientation of crystal- Figure 4B shows XRD patterns of stan-
lites. Yet, when preparing samples for XRD  dard HAP and calcium phosphate precipi-
analyses, powders were finely crushed in an  tates obtained at constant pH (6.70, 7.50,
agate mortar using a pestle in order to avoid,  8.50 and 9.50) with 1.50 initial Ca/P molar
as much as possible, the preferential orienta-  ratio. These results were similar to those
tion of crystallites. of precipitates obtained with 1.00 and
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Figure 6. Representative SEM images of calcium phosphate precipitates obtained from solutions at
20.00 mmol-L™" phosphate and 1.50 Ca/P molar ratio at drifting (A) or constant (B) 6.70 initial pH.

2.00 initial Ca/P ratios (results not shown).
In comparison with XRD patterns of precip-
itates obtained at drifting pH (Fig. 4A), crys-
talline brushite was not found. Raw recorded
patterns showed an increase in noisy signal
as the pH values increased indicating a low
crystallinity in these samples. Nevertheless,
at least three diffraction maxima (at 20
angles of 25.91, 31.76 and 49.49°) with
strong intensity were observed. They were
coincident with some of the most important
maxima of HAP. These results suggest the
formation of CDA as the main low crystal-

lized phase in precipitates obtained at neutral
or moderately alkaline solutions (Tab. III
and Fig. 4B). All these results confirm the
dominant effect of pH factor on the crystal-
lization of calcium phosphates in aqueous
solutions with different chemical composi-
tion. Considering the solubility products of
calcium phosphate phases, the supersatura-
tion required for their precipitation is in the
order HAP > OCP > DCPD [31]. In spite
of this fact, DCPD nucleates more easily
than OCP and HAP at low pH, while OCP
nucleates more easily than HAP at mean
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to high pH. Our results are in agreement
with these observations. Thus, at 20 °C,
the formation of brushite is promoted at
acidic pH and that of CDA at higher pH.

3.3.2. FTIR technique

Figure 5 shows FTIR spectra of calcium
phosphate precipitates obtained at drifting
(A) and constant (B) initial pH (6.70,
7.50, 8.50 and 9.50) from solutions with
1.50 initial Ca/P molar ratio. The FTIR
spectra of all precipitates had very similar
profiles whatever be the initial Ca/P molar
ratio (results not shown).

At drifting pH (Fig. 5A), all bands were
assigned to phosphate groups that are char-
acteristic of brushite. However, the low res-
olution of some bands (400-1200 cm ™) at
9.50 drifting pH indicates a low crystallinity
or a possible presence of another calcium
phosphate phase.

At constant pH (Fig. 5B), FTIR spectra
show broadly similar profiles with low res-
olution. In order to identify the samples,
spectra were compared to characteristic fin-
gerprints of OCP and CDA. The absence of
bands located around 1076 cm ™' corre-
sponding to P-O antisymmetric stretching
(Y3 PO,*" and HPO,*) characteristic of
OCP confirms that CDA was the main
phase formed at constant pH values. On
the other hand, the bands between 565
and 610 cm ™' become less resolved at high
initial pH values (8.50 and 9.50). This indi-
cated a very low crystallinity of the precip-
itating solid which can involve amorphous
forms of calcium phosphates whose precip-
itation is favoured at alkaline pH. It is
reported that the conversion of ACP to more
crystallized calcium phosphates may occur
after several weeks [3, 14].

3.3.3. SEM technique

Observations by SEM technique
(Figs. 6A and 6B) showed the morphology

and crystallinity state of the precipitates. At
drifting pH, SEM technique revealed the for-
mation of typical plate-like brushite crystals
(Fig. 6A). In precipitates obtained at con-
stant pH, Figure 6B shows that the formed
phase has a very low crystallinity state that
eventually would convert into a more crys-
tallized apatite phase over a period of time.
These observations confirmed the results
obtained with XRD and FTIR techniques.

4. CONCLUSION

In this study, we investigated the effects
of drifting or constant initial pH and the ini-
tial Ca/P molar ratio on the precipitation of
calcium phosphate from aqueous solution.
Our results showed that, at drifting initial
pH, the Ca/P molar ratio did not influence
the amounts of precipitated calcium and
phosphate. The precipitation efficiency of
calcium phosphate increased when pH was
kept constant in comparison with precipita-
tion at drifting pH. Considering the initial
Ca/P molar ratio, we can conclude that
1.50 gave the highest precipitation effi-
ciency, whereas when initial Ca/P was
1.00, calcium concentration was the limiting
factor and when initial Ca/P was 2.00, phos-
phate concentration was the limiting one.
The XRD, FTIR and SEM analyses showed
that pH was the main factor influencing the
crystalline structure of calcium phosphate
precipitates. When initial pH was left to
drift after calcium addition, brushite was
found in all precipitates as the main crystal-
line phase. When initial pH was maintained
constant, no brushite was found in precipi-
tates but the presence of low crystallized
CDA was determined. CDA crystallinity
decreased with increasing initial pH. This
research is of particular interest for the
understanding of calcium phosphate forma-
tion (quantity and crystalline structure)
under controlled physico-chemical condi-
tions. The pH should be considered for the
recovery of calcium phosphates from dairy
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co-products. This factor is also important in
the fouling phenomena of membranes and
heat exchangers caused by calcium phos-
phate precipitation.
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