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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−1 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.
milk / dairy product / calcium phosphate / precipitation / brushite
摘要 – pH 和 Ca/P 摩尔比对磷酸钙的产量和晶体结构的影响○ 乳和乳制品中含有丰富的、可
沉淀的磷酸钙○ 从乳制品中获得磷酸钙沉淀的化学组成和晶体结构完全决定于发生反应的物
理和化学条件，特别是 pH 和矿物元素的组成○ 通过调整 pH、钙浓度和磷酸盐浓度，研究
这些因素对生成磷酸钙沉淀的产量和晶体结构的影响○ 在 20 °C 下，20.00 mmol·L1 的磷酸
盐和 3 组不同 Ca/P 摩尔比的溶液 ( 1.00、1.50、2.00 ) 发生反应，初始 pH ( 5.50、6.70、
*Corresponding author (通讯作者): frederic.gaucheron@rennes.inra.fr
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7.50、8.50、9.50 ) 是变化或者保持不变，整个反应时间为 3 小时○ 悬浮液过滤，准确称量沉
淀物○ 冻干的沉淀物经 X-射线衍射、红外光谱和扫描电镜技术表征○ 在变化的 pH 下( 最终
的 pH 是在 4.6 和 6.0 )， 根据对矿物元素的分析表明 Ca/P 摩尔对磷酸钙的沉淀量没有影
响; 而对沉淀物的分析则显示在主要的晶相中存在透钙磷石 ( CaHPO4·2H2O2 )○ 在保持恒
定 pH 条件下，矿物元素的分析结果表明 Ca/P 摩尔比对磷酸钙的沉淀效率有显著的影响，而
对磷酸钙的沉淀物分析则显示由于形成聊不完全的磷灰石使得钙盐晶体非常差○ 随着初始
pH 的增加结晶度降低○ 因此，对沉淀法生产磷酸钙沉淀而言，pH 是控制产量和晶体结构的
主要因素○ 这种方法可以用来从乳品工业的共产物中回收磷酸钙○ 同时由于 pH 变化导致的
磷酸钙沉淀也是造成膜和热交换器堵塞得重要原因○
乳 / 乳制品 / 磷酸钙 / 沉淀 / 透钙磷石
Résumé – Effets du pH et du ratio molaire Ca/P sur la quantité et la structure cristalline des
phosphates de calcium obtenus à 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 laitière 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 rôles du pH et des concentrations du calcium et du phosphate
sur la nature et la quantité des précipités de phosphate de calcium. Les expériences ont été réalisées à
20 °C, avec une concentration en phosphate de 20.00 mmol·L−1 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. Après ﬁltration des suspensions, les compositions minérales des ﬁltrats ont été analysées. Les précipités lyophilisés ont été caractérisés par diffraction des
rayons X, spectroscopie infrarouge et microscopie électronique à balayage. À pH dérivant (pH ﬁnal
des suspensions compris entre 4,6 et 6,0), l’analyse minérale a montré que le rapport Ca/P n’inﬂuençait pas les quantités de phosphate et de calcium précipitées. Les analyses des précipités ont montré
la formation de brushite comme principale phase cristalline. À pH constant, l’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 l’augmentation du pH initial a été
observée. En conclusion, le pH peut être considéré comme un facteur essentiel pour contrôler la
quantité et la structure cristalline des phosphates de calcium obtenus par précipitation. Ce facteur est à
considérer dans la récupération des phosphates de calcium des co-produits laitiers. Le pH est
également important dans les phénomènes d’encrassement des membranes et des échangeurs
thermiques suite à la précipitation du phosphate de calcium.
lait / produits laitiers / phosphate de calcium / précipitation / brushite

1. INTRODUCTION
The precipitation of calcium phosphate
has been the subject of intensive research
in different areas such as medicine (formation 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 phosphate is a complex phenomenon leading to
the formation of different phases: brushite

or dicalcium phosphate dehydrate (DCPD),
octacalcium phosphate (OCP), hydroxyapatite (HAP) or calcium-deﬁcient apatite
(CDA) depending on the experimental conditions [5, 9, 11, 14, 17, 18]. The main conditions inﬂuencing the precipitation of
calcium phosphate are temperature, phosphate 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 I.

Solid phase
Brushite or DCPD
OCP
HAP
CDA

Chemical reaction in aqueous solutions

Ca/P

−Log Ksp

Formation conditions
pH/temperature (°C)

References

Ca2+ + HPO42− + 2H2O = CaHPO4·2H2O (aq)
8Ca2+ + 2HPO42− + 4PO43− + 5H2O =
Ca8(HPO4)2(PO4)4·5H2O (aq)
10Ca2+ + 6PO43− + 2OH− =
Ca10(PO4)6(OH)2 (aq)
(10−x)Ca2+ + xHPO42− + (6−x)PO43− + (2−x)OH− =
(10−x/6)Ca10−x(HPO4)x(PO4)6−x(OH)2−x (aq)

1
1.33

6.68
46.9

4–6/25; 4–6/37; 4/60
6.5/37; 5/60; 4/80

[11, 14, 17]
[14]

1.67

57.74

7–9/60; 6–9/80

[14, 18]

(0 < x ≤ 2)

–

7.5–9/37

[14]
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Table I. Characteristics of calcium phosphate phases. Ksp, solubility product constant.
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In dairy science and technology, this phenomenon is less studied. However, some
studies have been conducted on the precipitation of calcium phosphate in the dairy conditions using model or real systems. Thus,
Van Kemenade and De Bruyn [35] addressed
the kinetic study of calcium phosphate precipitation from supersaturated solutions with
respect to some milk conditions. They investigated the formation and growth of crystallized phases (DCPD, OCP and HAP) and
amorphous calcium phosphate (ACP) in different conditions of pH, temperature and
supersaturation. Combining the growth
curves and the relaxation time analysis, they
described the kinetics of precipitating systems and conﬁrmed the validity of the
Ostwald rule of stages [35]. In a similar context, Schmidt and Both [27] showed that
DCPD is the ﬁrst precipitating phase
obtained when they mixed calcium and phosphate 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 calcium 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 temperature 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 conditions of temperature (55–75 °C) and pH
(5.7–7.0), Andristos et al. [1] showed the precipitation of ACP followed by the formation
of low crystallized prisms of HAP. The crystallinity was improved with the solution ageing. Using a real system (sweet whey
permeate), Pouliot et al. [22] investigated
the induction of ACP precipitation using a
simple alkalinization or an alkalinizationseeding combination. The second technique
induced an extensive crystallization of calcium phosphate. Saulnier et al. [26] showed
the presence of brushite in various industrial
wheys using X-ray diffraction (XRD) technique. 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 phosphate was not determined. Labbe et al. [13]
and Gesan et al. [7] indicated the presence
of calcium phosphate at the membrane surface during crossﬂow microﬁltration of preheated 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 inﬂuencing factors on the precipitation of calcium 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 difﬁcult. Hence, to facilitate the interpretation
of the results, the precipitation of calcium
phosphate was studied using simple solutions under controlled conditions. The quantitative study was carried out by monitoring
the pH of precipitation and by determining
the calcium and phosphate contents in precipitates. 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 formation under controlled physico-chemical conditions 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−1 calcium
chloride (CaCl2·2H2O) (Sigma, Tokyo,
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Japan) and 0.5 mol·L−1 sodium hydrogenophosphate 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−1 NaOH solution
(VWR, Fontenay-sous-Bois, France) until
the desired pH values 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 hydrogenophosphate. The initial solutions had a
20.00 mmol·L−1 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 constant by the addition of NaOH 2 mol·L−1
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 concentrations diluted in 40–200 mL phosphate solutions 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 continuous stirring with a propeller stirrer operating
at 400 rpm. Analysis of variance (ANOVA)
was used to establish the statistical signiﬁcance 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
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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 ﬁltrates using atomic absorption spectrometry
(Varian 220FS spectrometer, Les Ulis,
France) and using ion chromatography
(Dionex DX 500, Dionex, Voisin-leBretonneux, France) [6], respectively. The
experimental errors were ± 5%. Insoluble
calcium and phosphate concentrations were
obtained by subtracting soluble concentrations that remained in ﬁltrates from initial
(total) calcium and phosphate concentrations, respectively.
2.4.2. Characterization of precipitates
The precipitates were analysed using
XRD and FTIR techniques. The XRD patterns were recorded using a Philips PW
1830 X-ray generator equipped with a PW
1050 (θ/2θ) goniometer and a PW 1711 Xe
detector. The data were acquired using Niﬁltered copper Kα radiation in a step-by-step
mode with initial 2θ = 3°, ﬁnal 2θ = 60°,
step 2θ = 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−1 spectral range with 4 cm−1
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-palladium 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 formation of low crystallized prisms of HAP in
the simulated milk ultraﬁltrate solutions.
The formation/dissolution of such intermediate 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 calculated ΔpH corresponding to the absolute
values of the difference between initial pH
and terminal pH after 3 h. Figure 2 shows
the relationship between ΔpH and the initial
pH value for each mixture. ANOVA
showed signiﬁcant statistical effects of initial pH and Ca/P molar ratio on the ΔpH
values (P < 0.001). In all samples, for the
same initial pH, ΔpH increased with the
initial Ca/P molar ratio and for the same

initial Ca/P molar ratio, ΔpH increased with
initial pH.
During the process of precipitation and
crystal growth, the pH affects both the solution and the mineral surface [21]. In solution, the reduction of pH (ranged from
9.50 to 5.50 in the experiments) decreases
the saturation state by shifting the equilibrium of phosphate species from PO43− to
HPO42− to H2PO4− (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 HPO42−. In the presence of
sufﬁcient concentration of calcium, and
due to the relatively high afﬁnity of
HPO42− to calcium (equation (3)), these
ions interact to form a CaHPO4 complex.
When the precipitation of calcium phosphate occurred, the removal of HPO42− ions
from the H2PO4−/HPO42−/PO43− system
shifts the equilibrium with the release of
protons leading to the decrease of pH (equation (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 interface (during the crystal growth) can explain
the changes in pH during the precipitation
of calcium phosphate from supersaturated
solutions [5, 21].
PO4 3 þ Hþ () HPO4 2 pK ¼ 12:39 ð1Þ ½28
HPO4 2 þ Hþ () H2 PO4  pK ¼ 7:05 ð2Þ ½28
Ca2þ þ HPO4 2 () CaHPO4

ðaqÞ

Ka ¼ 642 M1
ð3Þ ½28

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. Considering 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−1 phosphate at 6.70 constant (○) or drifting initial pH with 1.00 (◊), 1.50 (□) or 2.00
(Δ) initial Ca/P molar ratios. Measurements were carried out under continuous stirring using the
pH-stat device.

ΔpH values
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2
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0
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Figure 2. Relationship between ΔpH (the absolute value of the difference between initial and
terminal pH) and the initial pH at 1.00 ( ), 1.50 (░) or 2.00 (█) 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 (◊),
1.50 (□) or 2.00 (Δ) 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 mmol·L−1 to about 16 ±
1 mmol·L−1 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
of precipitation. After a reaction time of about
1 h, the ﬁnal pH of the solutions became stable with values ranged from 4.48 to 5.96
(Tab. II). At these pH values, the supersaturation state of calcium phosphates is reduced.

This can explain the low precipitation efﬁciency 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 constant pH. The amounts of precipitated calcium 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−1,
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−1 calcium and
14 mmol·L−1 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
conditions
pH

Ca/P

Terminal conditions
ΔpH

pH

Precipitated
calcium

Precipitate
characterization

Precipitated
phosphate

Ca/P

XRD

FTIR

mmol·L−1 % total mmol·L−1 % total
6.70
6.70
6.70
7.50
7.50
7.50
8.50
8.50
8.50
9.50
9.50
9.50

1.00
1.50
2.00
1.00
1.50
2.00
1.00
1.50
2.00
1.00
1.50
2.00

4.84
4.61
4.48
5.75
5.36
5.13
5.83
5.6
5.37
5.96
5.5
5.4

1.86
2.09
2.22
1.75
2.14
2.37
2.67
2.90
3.13
3.54
4.00
4.10

5.60
7.90
7.17
17.40
14.96
14.91
15.20
17.53
15.15
16.40
16.73
15.24

28.00
26.33
17.93
87.00
49.87
37.28
76.00
58.43
37.88
82.00
55.77
38.10

5.33
7.07
4.28
13.63
14.99
15.26
11.87
17.03
17.06
12.93
14.82
16.97

26.65
35.35
21.40
68.15
74.95
76.30
59.35
85.15
85.30
64.65
74.10
84.85

1.05
1.12
1.67
1.28
1.00
0.98
1.28
1.03
0.89
1.27
1.13
0.90

Brushite
Brushite
Brushite
Brushite
Brushite
Brushite
Brushite
Brushite
Brushite
Brushite OCP*
Brushite OCP*
Brushite OCP*

Brushite
Brushite
Brushite
Brushite
Brushite
Brushite
Brushite
Brushite
Brushite
Brushite
Brushite
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
conditions
pH

Ca/P

Terminal conditions
pH

Precipitated
calcium
mmol·L−1

6.70
6.70
6.70
7.50
7.50
7.50
8.50
8.50
8.50
9.50
9.50
9.50

1.00
1.50
2.00
1.00
1.50
2.00
1.00
1.50
2.00
1.00
1.50
2.00

6.70
6.70
6.70
7.50
7.50
7.50
8.50
8.50
8.50
9.50
9.50
9.50

19.18
27.81
29.96
19.76
28.60
29.20
19.94
28.50
28.54
19.92
29.22
28.96

% total
95.90
92.70
74.90
98.80
95.33
73.00
99.70
95.00
71.35
99.96
97.40
72.40

(Tab. III), the initial Ca/P ratio of 1.50 gave
the highest precipitation efﬁciency. When
initial Ca/P was 1.00, calcium concentration

Precipitate
characterization

Precipitated
phosphate
mmol·L−1
11.93
18.43
19.78
13.89
19.68
19.95
13.69
19.64
19.95
13.47
19.85
19.99

Ca/P

XRD

FTIR

1.61
1.51
1.51
1.42
1.45
1.46
1.46
1.45
1.43
1.48
1.47
1.45

CDA*
CDA*
CDA*
CDA*
CDA*
CDA*
CDA**
CDA**
CDA**
CDA***
CDA***
CDA***

CDA
CDA
CDA
CDA
CDA
CDA
CDA
CDA
CDA
CDA
CDA
CDA

% total
59.65
92.15
98.90
69.45
98.40
99.75
68.45
98.20
99.75
67.35
99.25
99.95

was the limiting factor and when initial
Ca/P was 2.00, phosphate 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 precipitates obtained at different initial conditions 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 precipitates 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 apatites. As the presence of tricalcium phosphate
was unlikely in our experiment conditions
because its formation requires very high temperature (800–1200 °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 composition and vibrational modes enabling
detection of both crystalline and amorphous
phases. Observations with SEM technique
show the morphology (size, shape and crystallinity) of particles.
These techniques are used for the characterization of the ﬁnal solid. The crystallization of calcium phosphates from aqueous
solutions requires a sufﬁcient supersaturation 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 instantaneously to more stable phases. The reaction
time (or ageing) is an important factor inﬂuencing the crystallinity of the precipitating
phase. In this study, the precipitates characterized as described hereafter were obtained
exactly after 3 h of precipitation at drifting
or constant pH. The different phases of calcium phosphate that will be addressed hereafter are summarized in Table I.
3.3.1. XRD technique
Figure 4A shows XRD patterns of calcium 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 2θ angles of 11.66, 20.96, 29.33, 30.56
and 34.19°) correspond to the characteristic
pattern of brushite, CaHPO4·2H2O (ICDD
ﬁle 00-009-0077). These results conﬁrm
the formation of brushite as the main crystalline structure in the precipitates at drifting
pH. Indeed, terminal pH values of the suspensions 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 presence 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 possible presence of other phases in addition to
brushite. Indeed, the low-intensity peak at
around 2θ angles = 4.73° in sample at 9.50
drifting pH indicated the possible presence

311

Effect of pH on the precipitation of calcium phosphate

A

Initial pH

Terminal pH

9.50

5.50

8.50

5.70

7.50

5.36

6.70

4.61

Intensity (arbitrary units)

*

Ref. (theoretical brushite)

0

10

20

30

2θ (°)

40

50

60

B
Intensity (arbitrary units)

pH=9.50

pH=8.50

pH=7.50

pH=6.70

Ref. (HA)

0

10

20

30

2θ (°)
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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−1
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
crystallization of OCP and DCPD in solution at acidic pH (5.3–6.84), but the formation of OCP occurred mainly at 50 °C.

In comparison to standard pattern of brushite, variation in the peak intensity ratio
between the two peaks at 2θ angles of
11.66 and 20.96° was observed (Fig. 4A)
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Absorbance (arbitrary units)

Initial pH

Terminal pH

9.50

5.50
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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−1 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 crystallites. Yet, when preparing samples for XRD
analyses, powders were ﬁnely crushed in an
agate mortar using a pestle in order to avoid,
as much as possible, the preferential orientation of crystallites.

Figure 4B shows XRD patterns of standard HAP and calcium phosphate precipitates obtained at constant pH (6.70, 7.50,
8.50 and 9.50) with 1.50 initial Ca/P molar
ratio. These results were similar to those
of precipitates obtained with 1.00 and
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10 µm

A

10 µm

B

Figure 6. Representative SEM images of calcium phosphate precipitates obtained from solutions at
20.00 mmol·L−1 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 precipitates obtained at drifting pH (Fig. 4A), crystalline 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 2θ
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 crystallization of calcium phosphates in aqueous
solutions with different chemical composition. Considering the solubility products of
calcium phosphate phases, the supersaturation 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 characteristic of brushite. However, the low resolution of some bands (400–1200 cm−1) 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 resolution. In order to identify the samples,
spectra were compared to characteristic ﬁngerprints of OCP and CDA. The absence of
bands located around 1076 cm−1 corresponding to P-O antisymmetric stretching
(۷3 PO43− and HPO42−) 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−1 become less resolved at high
initial pH values (8.50 and 9.50). This indicated a very low crystallinity of the precipitating solid which can involve amorphous
forms of calcium phosphates whose precipitation 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 formation of typical plate-like brushite crystals
(Fig. 6A). In precipitates obtained at constant pH, Figure 6B shows that the formed
phase has a very low crystallinity state that
eventually would convert into a more crystallized 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 initial 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 precipitation at drifting pH. Considering the initial
Ca/P molar ratio, we can conclude that
1.50 gave the highest precipitation efﬁciency, whereas when initial Ca/P was
1.00, calcium concentration was the limiting
factor and when initial Ca/P was 2.00, phosphate 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 crystalline phase. When initial pH was maintained
constant, no brushite was found in precipitates 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 formation (quantity and crystalline structure)
under controlled physico-chemical conditions. 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 phosphate precipitation.
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