
Contents lists available at ScienceDirect

Journal of Solid State Chemistry

journal homepage: www.elsevier.com/locate/jssc

Influence of carbonate and nickel(II) concentration on the synthesis of
calcium phosphates

J.R. Guerra-Lópeza,⁎, J.A. Güidaa,b,c, A.E. Bianchic,d, G. Punted

a Departamento de Ciencias Básicas, Universidad Nacional de Luján, rutas 5 y 7 Luján, CC 6700, Argentina
b CEQUINOR (CONICET-CCT La Plata), Departamento de Química, Facultad de Ciencias Exactas, Universidad Nacional de la Plata, Boulevard 120 No 1465,
1900 La Plata, Argentina
c Departamento de Ciencias Básicas, Facultad de Ingeniería, Universidad Nacional de la Plata, 115 y 49, 1900 La Plata, Argentina
d IFLP (CONICET-CCT La Plata), Departamento de Física, Facultad de Ciencias Exactas, Universidad Nacional de la Plata, 115 y 49, 1900 La Plata,
Argentina

A R T I C L E I N F O

Keywords:
Urinary calculi
Brushite
Carbonate apatites
Infrared spectroscopy
Powder x ray diffraction

A B S T R A C T

Two sets of Ni-substituted calcium phosphate were synthesized by precipitation method at pH = 7 and at two
different concentrations of ion carbonate (CO3

2-) in solution and Ni(II) concentrations lower than 15%. The
produced solids were characterized by chemical analysis, infrared spectroscopy, x-ray powder diffraction and
scanning electron microscopy. The solid samples obtained at low concentration of CO3

2- (5%) and Ni(II)
concentrations 5%, 10% and 15% were synthesized at 25 and 37 °C. All solids showed the presence of a stable
and crystalline brushite (CaHPO4·2H2O). The samples synthesized in presence of high levels of carbonate (50%)
and Ni(II) concentration 5% at 25, 37 and 100 °C vary with temperature. Those obtained at the lower
temperatures (25 and 37 °C) showed coexistence of two phases: a crystalline CaCO3 and carbonate apatite with
low crystallinity. At 100 °C, only carbonate apatite could be recognized. Data supported the carbonate
substitution by OH- (position A) and PO4

3- (position B) in the hydroxyapatite structure. The comparison of
the chemical analysis results of both systems studied (Ni,Ca) apatite and (Ni,Ca) carbonate apatite evidences a
rise of Ni(II) incorporation in the apatite lattice, with simultaneous inclusion of CO3

2- and temperature increase.
The obtained results suggest that brushite kidney stones development may be induced by the presence of traces
of Ni(II) and simultaneous decrease of carbonate levels in the biological fluids.

1. Introduction

The increment of urolithiasis detection in the developed countries
during the last decades has triggered a great number of research efforts
and statistical analysis trying to find ways to improve the management of
this health condition [1,2]. Calcium oxalate renal stones incidence has
raised, being the more frequently identify (85%). This prevalence seems
to be increasing and has been attributed to changes in the quality of food
consumed, which is abounding in proteins, salt and carbonates [3–5].
Besides, more than 50% of those stones are a combination of calcium
oxalate with variable amounts of brushite (CaHPO4·2H2O, DCPD) and
calcium hydroxyapatite (Ca10(PO4)6(OH)2, CaHap) as a nucleus [1–3].
The latter phases have been associated with first stages of mineral stone
formation. Calcium phosphates (Ca-P) salts presence has been regarded
as a key factor in assessing the risk of stone formation [1,6]. This model
arises from evidences that, at urine pH values from 5 to 7, the

precipitation of Ca-P like amorphous calcium phosphate, brushite and
octacalcium phosphate [7,8], take place prior to spontaneous transfor-
mation to apatite at high pH [9]. However, going deeper into stone
morpho-constitutional analysis by means of techniques like X-ray
powder diffraction (XRPD), infrared spectroscopy (FTIR), micro–com-
puted tomography (Micro-CT) and scanning electron microscopy (SEM),
it has been found that information on crystalline phases of the same
chemical species (like calcium oxalate mono or dihydrate) may imply
different etiopathogenic conditions and the nucleation process could be
related to another mechanism than the factors responsible for the
subsequent stone growth [10]. All these considerations evidence the
importance of accurate stone analysis including stone morphology,
chemical composition and crystalline phases, as the location of these
phases within the stone. Even getting a good knowledge about stone
microstructure [10], which helps to determine some causes of stone
retention while small in size, the process will not be fully understood as

https://doi.org/10.1016/j.jssc.2018.08.010
Received 4 June 2018; Received in revised form 19 July 2018; Accepted 12 August 2018

⁎ Correspondence to: Departamento de Ciencias Básicas, Universidad Nacional de Luján, rutas 5 y 7 Luján, CC 6700, Argentina.
E-mail addresses: joseguerralopez1@gmail.com (J.R. Guerra-López), guida@quimica.unlp.edu.ar (J.A. Güida), bianchi@fisica.unlp.edu.ar (A.E. Bianchi),

punte@fisica.unlp.edu.ar (G. Punte).

Journal of Solid State Chemistry 267 (2018) 98–105

Available online 14 August 2018
0022-4596/ © 2018 Elsevier Inc. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/00224596
http://www.elsevier.com/locate/jssc
https://doi.org/10.1016/j.jssc.2018.08.010
https://doi.org/10.1016/j.jssc.2018.08.010
https://doi.org/10.1016/j.jssc.2018.08.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jssc.2018.08.010&domain=pdf


those causes would not be unique [11]. Therefore, different approaches
have been tried, many of them referred to brushite stone formation, as
they are difficult to deal with and highly recurrent. Some studies mimic
stone mineralization process in diverse environments which may favor
or impair growth conditions, others address the influence of foreign
metals on Ca-P salts formation [12–15].

In previous work, we had studied the influence of different metal
ions on calcium phosphate crystallization and their incidence on
biological mineralizations [13,16]. From those studies, we found out
that under the synthesis conditions (neutral pH and two different
temperatures: 25 and 37 °C) only brushite phase is formed when up to
a 15% of Ni(II) is included in phosphate synthesis. For larger Ni(II)
concentration in solution, other phases are formed. The results
suggested that brushite kidney stones may develop as a consequence
of the presence of traces of Ni(II) in biological fluids. Besides, we had
found that Ni(II) traces may induce amorphous calcium phosphate
formation, which also facilitates calcium oxalate nucleation [16,17].

In this work, we try to add to the knowledge of brushite formation
and stabilization in controlled conditions. The effects of Ni(II) on the
transformation of brushite to CaHap when different proportions of
CO3

2- ions are simultaneously present in the mother solution in
different proportions will be explored. The systems, named below
“high concentration carbonate”, reproduce the urinary fluid observed
values [13,14], which are partially due to the normal bone regeneration
process. Solid products obtained were analyzed by atomic absorption
spectroscopy (A.A.) and characterized by XRPD, SEM and FTIR. The
obtained results are presented below. They are compared with data
achieved in previous studies [16,18] and in the literature [19–25].
Possible relation of the produced samples with the development of
kidney stones is also discussed.

2. Experimental

To make clear the optimal synthetic conditions necessaries to
obtain hydroxyapatite and brushite from solutions, both processes
are described below along with the synthetic process employed to
produce the materials to study in the present work.

2.1. Calcium hydroxyapatite synthesis

CaHap was prepared introducing slight modifications to Hakey y
Newesely's method [13]. Two solutions 0.1M of hydrogen ammonium
phosphate (Merck, pro analysis) and acetate (or nitrate) of the metals
were prepared. These solutions were added simultaneously at the same
rate to a constantly stirred solution containing ammonium acetate
0.1M (Merck, Pro Analysis) at a temperature (T) of 98 °C [13,17]. The
addition rates were fixed to a value that allows to keep pH = 7. The
precipitate was stored for 24 h in contact with their solution. Then, it
was filtered, washed with distilled water and dried at T = 80–100 °C. If
crystallinity improvement was necessary, drying at T = 200 °C for
several hours was performed.

2.2. Brushite synthesis

Brushite was prepared by the method of Tovborg-Jensen and
Rathlev [26]. A solution containing 0.5mol of Na2HPO4 8H2O (BDH,
Pro Analysis) and 0.4mol of KH2PO4 (Merck, Pro Analysis) per liter of
water and a solution containing 0,5mol of CaCl2·6H2O (Merck, Pro
Analysis), were prepared. These solutions were added simultaneously
at the same rate to a constantly stirred solution containing KH2PO4

0.1M at 25 °C. The addition rates were maintained in order to keep the
pH at 4.8. The solid precipitate was filtered, washed with H3PO4 (85%
J. T. Baker, Pro Analysis) 0.05% and dried at 60 °C [16].

2.3. Calcium phosphate synthesis in presence of Ni(II) cations and
CO3

2- anions

The preparation method was adapted from the procedure employed
to synthesize hydroxyapatite doped with zinc (Ca,Zn)Hap [27]. The
phosphates were prepared by dropwise addition of two solutions 0.2M,
(one of calcium and nickel acetate (Fluka, Pro Analysis)) and the other
of ammonium phosphates (BDH, Pro Analysis) to a stirred solution of
ammonium acetate (Merck, Pro Analysis). The experimental conditions
of reaction were: temperature 25 °C or 37 °C and pH 7. Since, in the
course of the synthesis the amount of [H3

+O] in solution changes; NH3

(30% Merck, Pro Analysis) or acetic acid (99% Merck, Pro Analysis)
0.1M were added to keep the pH of the solutions constant.
Measurements of pH were made by means of an MV 870 digital pH
meter and using a combined glass electrode. The electrode was
calibrated at 25 °C with a buffer prepared according to the National
Bureau of Standards [28].

2.3.1. Low concentration of CO3
2- (5%)

Phosphates were prepared by dropwise addition of two solutions
0.2M, one of calcium and nickel acetate and other of ammonium
phosphate and ammonium carbonate (J.T. Baker, Pro Analysis), to a
stirred solution of ammonium acetate at pH 7 and at 25 and 37 °C. The
composition of the solution was varied in steps, from pure calcium
acetate to 15% of Ni and 85% of calcium acetate. The upper range of
[Ni/Ca] ratio in the solution was selected based on a previous study,
which showed that nickel concentrations 20% and over induce the
formation of mixed phases [16]. The solid samples obtained were
named by the nickel and carbonates symbols, followed by an l (from
low) and a number, n, which indicates the nickel concentration in the
solution expressed as at%, (NiCO3ln).

2.3.2. High concentration of CO3
2- (50%)

In this case, the preparation method was adapted from the results
obtained in the synthesis described above. The composition of the
solution employed was 5% of nickel acetate and 95% of calcium acetate
with 50% of ammonium phosphate and 50% ammonium carbonate.
The synthesis procedure was performed at three different tempera-
tures: 25, 37 and 100 °C.

The carbonate/phosphate relation employed was chosen to take
into account the results obtained by LeGeros et al. [19,29]. The solid
samples were named by the nickel and carbonates symbols followed by
an h (from high) and a number, n, which indicates the nickel
concentration in the solution expressed as at%, (NiCO3hn).

During the synthesis, either at low or high carbonate concentra-
tions, the amount of [H3

+O] increases, and, to keep the pH of the
solutions constant, NH3 or acetic acid 1M was added at the selected
temperature. The solid samples obtained were named as described
above adding the number m (as a subscript), which indicates the
temperature of the reaction, (NiCO3hnm).

2.4. Samples characterization

All the samples were characterized by XRPD, FTIR and A.A.; SEM
images of selected samples were also obtained.

Sample preparation for FTIR spectra was described in reference 27.
The FTIR spectra were recorded with a Bruker 66 spectrometer in the
range 4000–400 cm−1, with a 4 cm−1 resolution. XRPD data were
obtained with a Philips PW1710 powder diffractometer, provided with
a diffracted beam monochromator, using Cu Kα monochromatic
radiation (λ = 1.5406 Å). The 2θ range covered was from 3° to 120°
with a step interval of 0.02° and a counting time of 5 s.

The composition of the products was checked by the determination
of Ca, Ni, P and carbonate contents. Ca and Ni were determined by A.A.
with a Perkin Elmer AAnalyst 200 at. absorption spectrometer,
equipped with a graphite furnace HGA 900. Phosphorus was deter-
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mined spectrophotometrically by a method developed by Portal [13].
The carbonate ion was determined by digestion and subsequent
titration.

The morphological characteristics of the crystallites were analyzed
from images obtained with a FEI ESEM Quanta 200 – Environmental
Scanning Electron Microscope.

3. Results

3.1. Samples synthesized in presence of low concentrations of
carbonate ions

3.1.1. Chemical analysis
The results of the chemical analysis of the phosphate samples

synthesized in the presence of low concentration of CO3
2- (5%) are

summarized in Table 1. The values are very similar to those obtained
for (Ca,Ni)HPO4·H2O samples in previous work [16]. The molar (Ca
+Ni)/P ratio found in the solid was in the range of 0.97–1, thus
evidencing cation vacancies in the solid. Analysis of data of Table 1
shows that nickel incorporation in the solid is almost complete from
Ni5 to Ni15 (82%). It should be noted that no carbonate ions were
detected in any of the solids analyzed. This behavior was attributed to
the formation of brushite doped phases (see spectroscopic, diffraction
and SEM results below).

3.1.2. Infrared spectra
Fig. 1 compares the infrared spectra of synthesized samples

NiCO3l5 and NiCO3l10 at 25 °C (B and C curves) with that of brushite

(A). It can be seen that small and continuous changes in bands widths
and positions appeared. The increase in the intensity of the water-
related bands 3500–3200, ν1 and ν3, 1600, δ(H2O) and 670 cm−1

(waters libration)] was noticed when going from brushite to
NiCO3ll0, evidencing an augment of the water absorption in the
structure. A small shift of ν3 water band towards low frequencies with
the increase of nickel concentration was registered, as it was observed
previously [16]. It is important to note that the infrared spectra for
nickel doped samples do not present bands which can be associated
with carbonate ions. These results evidence, in agreement with
chemical analysis, that the materials contained no traces of carbonate.
The FTIR spectra of samples obtained at 37 °C are not shown because
no appreciable difference was observed when compared with data
coming from samples obtained at 25 °C. Neither table of bands
assignments nor additional discussion about the spectrum in another
spectroscopic region have been included as results are coincident with
those ones published previously for samples synthesized in absence of
carbonate [16].

3.1.3. X-ray diffraction results
X-ray diffraction patterns for NiCO3l5 and Ni5 (the later,

obtained in previous work [16] was included for comparison) are
shown in Fig. 2, where Ni5 and NiCO3l5 are labeled A and B,
respectively. The analysis of the patterns showed that the inclusion
of 5% of carbonate ions in the solution does not modify the main
structural features. NiCO3l5 shows brushite and traces of monetite.
Going from Ni5 to NiCO3/5, monetite phase percentage increase.
The higher intensity line of this phase is marked with an arrow in
both diffraction patterns in Fig. 2. To analyze the X-Ray data, we
employed the structural models of Curry and Jones for brushite
[30] and Catti et al. for monetite [31]. The Rietveld refinements
using these structural models at the initial stages lead to an
estimation of 85% brushite and 15% monetite with e.s.d.'s of 3%
in NiCO3l5.

3.1.4. SEM images
The morphological characteristics of NiCO3l5 crystallites can be

seen in Fig. 3. Both images show bunches of well defined crystals,
which are similar to those detected in brushite samples coming from
kidney stones studied by different authors [20,21].

Table 1
Content of Ni(II) in solid phase synthesized in presence of low concentration of carbonate
in solution (5%).

Initial Ni(II) in solution Ni(II) in reaction products

x=Ni
(% in mol)a

Ni
(% in wt)

Ni in solid
(% in wt)b

Ni in solid
(%)c

Ni in liquid
(%)c

Ni in solid
(Ca+Ni)/P

5 3.0 2.8 ± 0.1 94.0 6.0 1
10 5.9 5.3 ± 0.1 90.0 10.0 0.98
15 8.8 7.0 ± 0.1 80.0 20.0 0.95

a Initial Ni concentration before reaction, calculated by: Ni/(Ca+Ni)*100; x is related
to brushite formula: Ca(10-x)NixPO4·H2O.

b Ni concentration was quantified.
c Ni Percentage of expected value [(column3/column2)*100].

Fig. 1. Infrared spectra for the calcium phosphate phase with different nickel percent: A)
brushite, B) NiCO3l5 and C) NiCO3l10 obtained at 25 °C.

Fig. 2. XRPD patterns of samples synthesized from solutions with 5% of nickel in the
following conditions: A) no carbonate anion in solution, Ni5 [16], and B) low level of
carbonate anions (5%), NiCO3l5.
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3.2. Samples synthesized in presence of high concentrations of
carbonate ions

3.2.1. Infrared spectra
The infrared spectra coming from samples obtained in presence of

high concentrations of carbonate ions in solution at different tempera-
tures, NiCO3h525, NiCO3h537 and NiCO3h5100 label C, D and E,
respectively, are shown in Figs. 4 and 5. These spectra do not resemble
brushite vibrational modes. Furthermore, features in the 1500–1400
cm−1 wavenumber region evidenced the incorporation of carbonate in
the solid. The bands over 1000–900 and 600–550 cm−1 are typical for
an apatitic phase, thus indicating the formation of a carbonate apatite
phase (CO3Ap).

For further analysis, FTIR spectra of samples obtained in this work
with high concentration of carbonate (NiCO3h5m) at 25, 37 and 100 °C
were compared with those of hydroxyapatite, CaHap, and label A in
Fig. 5 [18] and of Ni(II) doped CaHap (Ca,Ni)Hap (produced with 5%
of nickel [18]) and label B in Fig. 5. Bands assignments are gathered in
Table 2. In the later, the A.A. results for Ni % in solid are also included.

In Fig. 5, a selected frequency region (1800–500 cm−1) is shown
where the bands correspondent to ν1, ν3 and ν4 phosphate modes; ν2
and ν3 from carbonate modes and νL(OH

-) are observed. The CaHap
spectrum (Fig. 5A) displays the characteristic features observed for
synthetic hydroxyapatite [12,13,17,18,27], in particular the typical
bands for phosphate (1050 cm−1, ν3) and for hydroxyl libration mode
(632 cm−1). As predictable, no bands corresponding to carbonate group
were observed in this spectrum.

The (Ca,Ni)Hap spectrum (Fig. 5B) shows some changes when

compared with stoichiometric CaHap. The ν3 (antisymmetric stretching
vibration) of the PO4

3- group does not shift significantly when is
compared with that of the CaHap spectrum [18]. However, by the study
of the bands correspondent to the bending modes of the phosphate
groups, it is possible to obtain useful information about the bond
properties of these polyatomic groups. The 650–550 cm−1 region
exhibits three features, two main bands at 603 and 564 cm−1 and a
shoulder at 575 cm−1. The first two bands were clearly assigned to ν4
mode. The 575 cm−1 shoulder has been reported previously in synthetic
and biological apatites and it is generally attributed to the HPO4

2- ions
[13,17–19,22]. The presence of HPO4

2- is confirmed in this sample by
the existence of an additional band at 870 cm−1 which is characteristic
of the P–OH vibration. The νOH stretching vibration (3572 cm−1)
[13,25,27] and the corresponding librational mode, placed at 632
cm−1, see Fig. 5A, characterize the OH- vibrations in the pure CaHap.
The corresponding values measured in the (Ca,Ni)Hap are included in
Table 2. A gradual decrease in the intensity of these bands, accom-
panied by a slight displacement of the position of both bands towards
lower wavenumbers, has been observed when metal substitution in the
solid phase is increased [18].

To analyze data coming from the samples synthesized in solutions
with 50% of CO3

2- one need to account the places where carbonate can
be incorporate in the apatite structure. According to the literature
[19,22,29,32,33], the incorporation of carbonate into the apatite may
take place by substitution for hydroxyl (type A) or for phosphate group
(type B). The characteristic bands of carbonate occur in the spectra
region 1590–1400 cm−1 (antisymmetric stretching, ν3, strong and
wide); 870–880 cm−1 (out-of-plane bending π(CO3), ν2, medium,

Fig. 3. SEM image of NiCO3l5 crystallites. Scales: A) 50 µm; B) 10 µm.

Fig. 4. FTIR spectra of nickel carbonate apatite synthesized at different temperatures: C)
NiCO3h525 D) NiCO3h537, E) NiCO3h5100.

Fig. 5. FTIR spectra of different samples; calcium hydroxyapatite with different percent
of nickel in solution: A) CaHap (Ni(II): 0%) and B) (Ca,Ni)Hap (Ni(II): 5%) [27].
Samples synthesized from solutions with 5% of Ni(II) and 50% of CO3

2- at different
temperatures: C) NiCO3h525 (25 °C), D) NiCO3h537 (37 °C), E) NiCO3h5100 (100 °C).
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sharp) and ~ 700 cm−1 δ(OCO) (medium-weak, ν4, sharp)
[13,22,32,33]. In the earlier studies on natural and synthetic apatites,
it was found that type A was characterized by a doublet band at about
1545 and 1450 cm−1 (ν3) and a singlet band at about 878 cm−1 (ν2),
where type B carbonate has these bands at about 1455, 1410 and 871
cm−1, respectively [13,23,24,35]. At the beginning of the 21st century,
I. R. Gibson and M. E. Fleet demonstrated that the presence of
additional bands at the region of 1600–1400 cm−1 and a doublet at
880 cm−1 indicated the formation of type AB apatites [23,24].

For the NiCO3h525 and NiCO3h537 samples, carbonate bands were
observed for ν3 mode at approximately 1560, 1542, 1507, 1473, 1458
and 1419 cm−1 and for the ν2 at 880 and 875 cm−1. Both ν3 and ν2 band
profiles resembled those illustrated for other type of AB carbonate
apatite (AB CO3Aps) with low carbonate content [23,24]. By contrast,
NiCO3h5100 spectrum shows absorption characteristic of type B CO3

2-

substitution with substantial carbonate content: ν3 CO3
2- bands at 1420

and 1485 cm−1 and a ν2 CO3
2- at 873 cm−1. Both ν3 and ν2 band

intensities and positions would indicate a type B apatite with high
carbonate incorporation. However, the presence of the 712 cm−1 band
for the ν4 mode (see Fig. 4) suggests the formation of an AB CO3Aps
with a low site A occupation.

The Ni(II)/CO3
2- co-substitution did not appear to affect signifi-

cantly the phosphate band positions (Table 2). However, it should be
noted that the relative intensity of the hydroxyl stretching band in
NiCO3h525 and NiCO3h537 at 3568 cm−1 was lower than that of the
hydroxyl band in (Ca,Ni)Hap and that the OH- librational band
(around 630 cm−1) is absent. While in the NiCO3h5100 spectrum both
bands are not detected. A similar intensity decrease of the hydroxyl
bands at 3572 and 630 cm−1 in samples with Mg(II)/CO3

2- co-
substitution was observed from FTIR data by Gibson and W.
Bonfield [23].

3.2.2. X-ray diffraction results
The XRPD patterns of carbonate apatite phases synthesized with

5% of Ni (II) and 50% of CO3
2- ions at 25, 37 and 100 °C are shown in

Fig. 6. No lines of brushite or monetite phases could be detected in
these patterns. The analysis of data obtained for the samples synthe-
sized at the lower temperatures (25 and 37 °C) showed coexistence of
two phases: one, with well defined lines in NiCO3h525 sample, could be
identified as CaCO3 [37] and the second, which exhibit broad and not
well defined lines, as carbonate apatite [25]. Intensity and crystallinity
of CaCO3 phase diminish as temperature of synthesis increases as can
be seen in sample NiCO3h537. No CaCO3 lines could be recognized in
sample NiCO3h5100.

3.2.3. SEM images
The SEM images of NiCO3h537 sample, Fig. 7A and B, presenting

different image magnification, showed smaller grain size than that of
NiCO3l5. No clear crystalline planes could be detected from these

images, which resemble those coming from cortical bone carbonate
apatite, as seen in Fig. 8, where an image obtained from bovine cortical
bone thermally treated at 400 °C is exposed for comparison. Difference
in crystallite sizes in brushite and other Ca-P phases present in kidney
stones has been observed by Daudon et al. [38,39], who found out (in
kidney stone SEM studies) that with exception of brushite, which forms
large crystals, all other phases of calcium phosphates form tiny
particles made of nanocrystals less than 15 nm in size.

4. Discussion

Studies of the apatite phase formation in aqueous systems are
important because of their direct relevance to biological mineralization
[12,13,17]. Apatite formation generally occurs through one or more
unstable intermediates which subsequently transform to thermodyna-
mically stable phases [12,13,15,17,22].

From the present study results, it is found out that, when the levels
of carbonate are high, a carbonate apatite phase is formed. A common
method for determining the type of carbonate substitution in CaHap is
the study of the positions of carbonate bands in the FTIR spectra
[13,18,22–25,29,32–36,42,43].

Carbonate apatite, as the main mineral components of the verte-
brate´s bone and teeth, has drawn substantial attention not only from
mineralogical but also from biological points of view [13,14,22,27]. It is
generally agreed that the carbonate ion can be a substitute for OH- in
the apatite channel (type A) or for the phosphate ion (type B). Type A
substitution tends to increase lattice parameter a, but to decrease c,

Table 2
Band assignment for apatitic compounds with different concentration of nickel in the solid phase.

Sample* % of Ni ν3 (PO4
3-) ν4 (PO4

3-) ν2 (PO4
3-) ν (OH-) ν2 (CO3

2-) ν3 (CO3
2-)

CaHap** – 1084, 1045 601, 572 474 3572 –

(Ca,Ni)Hap 1.1 (1)+ 1097,1035 603, 575(sh) 476 3568 –

564
NiCO3h525 2.2 (1) 1100, 1042 602; 572(w) 471 (w) 3568 (w) 880,876 1570(vw),1542 (vw),1506(vw), 1465,1460,1448, 1419

564
NiCO3h537 2.1 (1) 1100, 1042 602;572(w) 471 (w) 3568 (w) 880,876 1570(vw),1542 (vw),1506(vw), 1465,1460,1448, 1419

564
NiCO3h5100 3.2 (1) 1058 602 (w), 566 471 (vw) – 873,[ν4:712(w)] 1506(s),1488, 1423(s),

*All the nickel containing samples were synthesized in presence of 5% of this ion in solution.
s: strong, w- weak, vw: very weak, sh: shoulder.
+data obtained from sample synthesized as shown in Ref. [18].
**data obtained from sample synthesized as shown in Ref. [27] and references therein.

Fig. 6. X-ray diffraction patterns of the carbonate apatite phases synthesized with 5%
percentage of Ni (II) and 50% of CO3

- ions at different temperatures: C) NiCO3h525
(25 °C); D) NiCO3h537, (37 °C), and E) NiCO3h5100 (100 °C). Lines of CaCO3 are included
for comparison.
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whereas type B substitution induces the opposite effect [22,32]. These
two different structural substitutions create lattice distortions, micros-
tresses and crystal defects affecting the biological behavior of apatite
graft material, particularly through the enhanced osteointegration
ability [13,14,22,23].

However, recent studies have indicated that a more stable substitu-
tion is type AB in which two carbonate ions replace one phosphate
group and one hydroxyl group, respectively [43]. The (Ca,Ni)CO3Ap
prepared at 25 and 37 °C in this study present carbonate bands at
1570, 1542, 1507, 1473, 1458, 1419 cm−1 for the ν3, at 880 and 873
cm−1 for the ν2 band, and at 712 cm−1 for the ν4 band. The values
obtained for the ν3 bands were compared satisfactorily to those
obtained by Gibson et al. [23], thus indicating carbonate substitution
in both positions. Further evidence of substitution of carbonate in both
positions is the doublet peak observed for the carbonate ν4 bands at
880 and 873 cm−1. It should be noted that the absence of bands at 880
cm−1 in the sample NiCO3h5100 could put in doubt the formation of an
AB CO3Aps in this sample. However, the presence of weak bands at 755
and 675 cm−1 evidence, as M. Vignoles et al. [42] have described, some
type A carbonate substitution in the structure. For that reason, we
consider the absence of bands in 880 cm−1 as evidence that there was a
greater level of carbonate substitution on the phosphate B site than on
the hydroxyl site for this sample. Further support to these preferential
substitutions is the difference of the band intensities at 1489 cm−1

(corresponding to A substitutions) and 1422 cm−1.
In general, the phosphate bands positions found in (Ca,Ni)CO3Ap

did not differ significantly from the values observed in (Ca,Ni)Hap (see
Table 2, for a broader discussion of bands see reference 18). However,
the doublet correspondent to the PO4

3- ν2 band at 473 and 448 cm−1

was observed for (Ca,Ni)CO3Ap, whereas only a single peak was
observed for (Ca,Ni)Hap at 476 cm−1, which was an additional indica-

tion of carbonate substitution in B site.
The very weak bands attributed to hydroxyl group were observed at

3568 cm−1 for NiCO3h525 and NiCO3h537 samples, but no for
NiCO3h5100 (see Fig. 5C and D). The decrease in intensity of these
bands is due to the incorporation of nickel and carbonate into the
apatite phase. Both ions provoke an increase of absorption of water in
the structure, helping hydrogen bond linking between OH- and H2O.

In previous work, we have put in evidence that the partial Ca(II)
substitution by Ni(II) [18] produces a reduction in the crystallinity
degree, a shrinking in lattice parameters and a decrease in thermal
stability of the synthesized (Ca,Ni)Hap.

The CaHap crystal structure shows two inequivalent Ca(II) sites.
Cations at site I, CaI, are coordinated by nine oxygens belonging to six
PO4

3- forming triangles and displaying a columnar arrangement
[13,18,27,43], while cations at site II, CaII, exhibited coordination
seven. Six of the oxygen atoms belong to five PO4

3- anions and the
seventh position is occupied by an OH- anion. Structure analysis also
reveals that the smallest distances between a cation and a coordinated
oxygen is at site II, while the smallest Ca–Ca distances are observed
between Ca(II) ions at site I. This result together with data obtained in
the present work back the hypothesis of Ca(II) substitution for Ni (II)
in site II in stoichiometric CaHap, in contrast to the observed Ca(II)
replacement by Mg(II) in CaHap (only in Ca(I) site) [18].

This assumption is mainly supported by the remarkable changes
observed in OH- bands, which belong to the coordination sphere of
Ca(II) ions at site II. The substitution of Ca(II) by a smaller cation like
Ni(II) at this site allowed the replacement of OH- ions by water (or the
bond of water to it). This process could explain the changes observed in
the infrared spectra and may induce a loss of the crystallinity that
increases with the Ni(II) content [13,18].

As was discussed above, the carbonate bands observed in the
spectra of (Ca,Ni)CO3Ap samples indicate that carbonate ions have
substituted some PO4

3- and OH- ions in the apatite lattice (type AB
substitution). A.A. results evidence an increased incorporation of Ni(II)
in these samples when compared with (Ca,Ni)Hap samples (see
Table 2). However, the percentage of Ni(II) incorporated in the solid,
was lower than expected according to the initial nickel concentration in
solution. This generates a deficiency of charge that should be compen-
sated by other ions or vacancies.

Previous experimental and theoretical studies on biological and
synthetic apatites have identified carbonate groups located in the
positions of hydroxyl ions and/or phosphate groups [22,37,43].
Based on these results and other obtained in the studies of (Ca,Ni)
Hap [18], three models of possible charge compensation mechanisms
were considered:

1. The partial substitution of Ca(II) by Ni(II), introducing a Ca(II) ion
(VCa) and an OH- ion vacancy (VOH) [18].

Fig. 7. SEM image of NiCO3h37 crystallites. Scales: A) 5 µm; B) 10 µm.

Fig. 8. SEM image of bovine cortical bone thermally treated at 400 °C.

J.R. Guerra-López et al. Journal of Solid State Chemistry 267 (2018) 98–105

103



Ca10(PO4)6(OH)2 + Ni2+→(Ca,Ni)10-x(VCa)x(PO4)6(OH)(VOH)2× +
2x OH- + x Ca2+ + Ca2+.

2. Type B substitution, introducing a Ca(II) ion (VCa) and an OH- ion
vacancy (VOH) [43].

Ca10(PO4)6(OH)2 + CO3
2-→(Ca)9(VCa)(PO4)5(CO3)(OH)(VOH) +

PO4
3- + OH- + Ca2+.

3. Type AB substitution, where a PO4
3- and an OH- were replace by two

CO3
2- [43].

Ca10(PO4)6(OH)2 + 2 CO3
2-→(Ca)10(PO4)5(CO3)2(OH) + PO4

3- + OH-.

Considering all these aspects, we assume that the positively charged
vacancies (generated by the percentage of Ni(II) incorporated lower
than 100%) were compensated by the incorporation of CO3

2- instead of
PO4

3- and OH-, as represented by the following reaction:
Ca10(PO4)6(OH)2 + 2 CO3

2- +Ni2+→(Ca,Ni)9(VCa)(PO4)5(CO3)2(OH)
(VOH) + PO4

3- + OH- + Ca2+.
Consequently, holes in the structure give rise to the incorporation of

H2O in the solid. This interpretation is consistent with the water band
intensity increase (3452 and 1650 cm−1) and with bands broadening in
the region 1100–1000 (v3 PO4

3-) and around the 565 cm−1 (v4 PO4
3-)

line. Indeed the broad lines observed in the (Ca,Ni)CO3Ap phase
present in the X-ray patterns of NiCO3h5x, is an evidence of incorpora-
tion of water in the structure.

Current report reveals that, when nickel and carbonate ions are
simultaneously present in solution, they are incorporated in the apatite
phase only when there are high carbonate level. The inclusion of
carbonate causes an increase in nickel incorporation (Table 2), while
the presence of nickel did not have a significant effect on the
incorporation of carbonate. However, when the level of carbonate ion
decreases and its proportion became similar to that of the nickel ion,
the later has an inhibiting effect on the apatite formation.

Recalling our previous and present results and others found in the
literature, it can be stated that the hydroxyapatite is preferentially
formed under neutral or basic conditions, but, in more acidic solutions
(pH 6.5–6.8), other phases, like brushite, are often found
[12,13,16,17]. Brushite has been implicated as possible precursor to
the formation of apatite [12,13,17,19,40,41]. It has been often detected
during in vitro crystallization, but it has not been frequently found in
biological systems [12,13]. However, as described in the introduction
and in our recent work [16], brushite has been increasingly found as
part of kidney stones formation, being and apparent cause of stones
promotion and recurrence [1–3,16]. According to present analysis,
when both ions (Ni2+ and CO3

2-) are in similar concentrations (5%), at
pH 7 and temperatures 25 or 37 °C, the transformation of brushite to
CaHap does not occur. Under these conditions, and in absence of
nickel, the formation of hydroxyapatite phase generally takes place.
Besides, as shown, in a previous study [16], the presence of low levels
of nickel stabilizes the brushite phase and prevent it from converting to
apatite.

On the other hand, when the carbonate concentration is consider-
ably higher than the nickel concentration in solution, the apatite phase
precipitates as it was observed in the NiCO3h5x samples. The same
principles may control the urinary stones development [9]. This would
explain the low incidence of brushite stones in renal pathologies [7–
9,14–16,40]. Its advent to the kidney stone scenario in the last decades
would suggest an appearance of Ni(II) in the biological fluid and/or a
metabolic problem, which reduces the presence of carbonate in
biological fluid.

5. Conclusions

The previous work results coming from FTIR spectroscopy, X-
ray powder diffraction and chemical analysis confirm the synthesis
of brushite at 25 °C (and 37 °C) and neutral pH when different
amounts of Ni(II) as doping element are included in phosphate

synthesis. The present investigation demonstrates that those results
are persistent at the presence of small levels of carbonate among
reaction products.

When the preparations were done in the presence of low levels of
Ni(II) and high levels of carbonate, three (Ca,Ni)CO3Ap were synthe-
sized as a function of synthesis temperature. FTIR analysis detected
carbonation in both positions, A and B, for all apatite products. The
maximum carbonation obtained by this method was found in the
samples synthesized at 100 °C. Chemical analysis evidenced an in-
crease of CO3

2- substituting for PO4
3- in the apatite lattice in

NiCO3h5100.
The obtained results might have some possible biological implica-

tions as they suggest that brushite kidney stones may develop as a
result of a decrease in the levels of carbonate and the simultaneous
presence of Ni (II) traces in biological fluids.
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