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A B S T R A C T

The ions found in biological environment during biomineralization as well as the counterions present in
syntheses, i.e., the reagents employed, play an important role in the precipitation and stabilization of apatites. In
this work, precipitation of strontium-containing hydroxyapatites at different concentrations (0, 20, 40, 60, 80
and 100% Sr2+) was performed in the presence of two counterions typically present in biological environments:
Na+ and Cl−. It was demonstrated that the presence of Na+/Cl− in the synthesis environment led to the pre-
cipitation of a biphasic hydroxyapatite (HAp) system formed by two non-miscible phases: Ca-rich HAp and Sr-
rich HAp. The biphasic system was observed for intermediate Sr2+ concentrations (20, 40 and 60%) and ex-
hibited greater lattice microstrain compared with the single-phase systems of Ca HAp (0%) and Sr HAp (100%).
Although Na+/Cl− were inserted into both Ca- and Sr-rich HAp phases, Cl− ions were preferentially accom-
modated into the enlarged Sr-rich HAp structure. The presence of Cl− ions in the Sr-rich HAp phase decreased
microstrain compared to the Ca-rich phase. After calcination, the biphasic system was transformed into a
completely miscible Ca/Sr HAp phase without the formation of other phosphates or oxides.

1. Introduction

There is abundant evidence that the lattice distortions induced by
the replacement of a hydroxyapatite group with a foreign ion can be
minimized when multiple ions with different sizes and charges are si-
multaneously accommodated in the crystal lattice. Aina et al. [1]
showed that hydroxyapatites containing Mg2+ partially transformed in
β-tricalcium phosphate (β-TCP) after heat treatment. However, when
Mg2+ was inserted into the hydroxyapatite structure simultaneously
with Sr2+ ions, the phase transformation was significantly decreased. In
addition, Kumar et al. [2] found that the simultaneous insertion of Zn2+

and CO3
2− into hydroxyapatite decreased the formation of β-TCP and

α-TCP phases after calcination at 1300 °C compared with a pure or
Zn2+-doped hydroxyapatite sample.

Kannan et al. [3] studied the cosubstitution of Na+ and Mg2+ ions
in a hydroxyapatite and verified the presence of tricalcium phosphates
after calcination above 800 °C. However, it was observed that this si-
multaneous substitution inhibited the appearance of secondary phases,
especially at high temperatures; thus, the simultaneous insertion

stabilized the hydroxyapatite phase. Mostafa et al. [4] also examined
cosubstitution of Na+, SiO4

4− and CO3
2− in hydroxyapatite synthe-

sized without atmosphere control (favoring the free insertion of CO3
2−

into the structure). For the SiO4
4--containing samples, calcination at

900 °C increased crystallinity but did not induce phase transformation;
at 1100 °C, the sample with the highest amount of SiO4

4− transformed
into Ca5(PO4)2SiO4. However, the samples containing only Na2+ and
CO3

2− showed good thermal stability, which was attributed to the si-
multaneous insertion of Na2+ at the Ca2+ sites and CO3

2− at the PO4
3−

sites.
In general, authors have explained apatite stabilization by focusing

on its behavior after thermal treatment at high temperature, whereas
the mechanism of precipitation and stabilization of as-synthesized
apatite crystals obtained under conditions of high ionic complexity in
aqueous media are not well investigated. Nonetheless, apatite forma-
tion in biological environments occurs in the presence of several ions,
each has with specific role in apatite precipitation and stabilization, and
the properties of different apatite-based deposits in the body (bone,
enamel or dentine) are fine-tuned by the presence of these different ions
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in the apatite lattice [5–7].
Sr2+ is a trace element in bone mineral; it acts as an inhibitor of

osteoclast-resorbing activity and, at the same time, as a stimulator of
bone formation by increasing the levels of alkaline phosphatase, type-I
collagen and osteocalcin produced by osteoblasts [8,9], justifying its
potential use in osteoporosis treatments. For this reason, insertion of
Sr2+ into apatite structures has been receiving particular attention
[8,10–13]. Sr2+ ions are able to replace up to 12% of Ca2+ ions in bone
mineral [13], and its stabilization into the apatite lattice appears
completely affected by the ionic environment during crystal formation.

For example, Querido et al. [12] observed that the substitution of
Ca2+ for Sr2+ in a bone-like apatite that was synthesized by osteoblasts
in the presence of strontium ranelate occurred simultaneously with the
free accommodation of CO3

2− ions into the lattice. Moreira et al. [14]
have shown that Sr2+ ion insertion into an apatite lattice along with
Mn2+ and Mg2+ facilitated the accommodation of the Mn2+ and Mg2+

ions, which are known to be difficult to accommodate in apatitic lat-
tices when individually inserted. Recently, Silva et al. [15] observed
that two abundant ions in blood plasma (Na+ and Cl−) affected the
thermal properties of the Sr-containing hydroxyapatite system. How-
ever, the precipitation process itself and the role of these ions in sta-
bilizing the crystals during precipitation were not explained. Therefore,
the objective of the present work was to address two important ques-
tions: a) how do Na+/Cl− counterions act on the precipitation me-
chanism of Sr-containing hydroxyapatite crystals in an aqueous
medium, and b) how do the initial characteristics of the precipitates
affect the thermal stability of the phases?

2. Materials and methods

2.1. Synthesis of calcium/strontium apatites

To evaluate the effect of counterions present during syntheses on
the precipitation of Sr-containing calcium apatites, the procedure de-
scribed by Silva et al. [15] was employed in this work. In addition to the
Ca2+, PO4

3− and OH− ions in the synthesis environment, Cl− and Na+

were present as counterions. Hydroxyapatite was prepared by the wet
precipitation method under an acid-base reaction between phosphoric
acid and calcium chloride. A phosphoric acid solution (0.334mol L−1)
was dropped into a calcium chloride solution (0.220mol L−1) and kept
under stirring at 60 °C without atmospheric control; the pH was
maintained at 10.0 by adding sodium hydroxide solution (0.1 mol L−1)
during the synthesis. The precipitate was aged for 24 h at 60 °C under
stirring. The suspension was filtered, washed with distilled water, and
air-dried at 100 °C for 24 h. The dried precipitate was then ground and
sieved.

The same procedure was employed for syntheses of the Sr-con-
taining hydroxyapatites. In this case, calcium chloride was gradually
replaced with strontium chloride at increasing concentrations (20, 40,
60, 80 and 100mol %). All reagents were at least 98% pure and pur-
chased from Sigma-Aldrich.

To evaluate the thermal stability of the precipitates, some samples
were calcined at 1000 °C/2 h under air at a heating rate of approxi-
mately 3.0 °C/min.

2.2. Characterization

2.2.1. Elemental composition
The concentration of the elements in the samples was obtained by

wavelength-dispersive X-ray fluorescence spectroscopy (WDXRF) using
a Bruker S8-Tiger 4 kW spectrometer equipped with LiF 200, PET, XS-5
and XS-C crystals. The apatite powders were directly analyzed under a
He atmosphere. For quantification, a calibration curve was established
using a standard hydroxyapatite (Ca/P= 1.67) powder mixed in 6
different proportions with standard strontium nitrate and sodium
chloride powders covering the concentration range of interest for each

element. The powder mixtures were homogenously ground in a ball
mill apparatus for 30min at 350 rpm, and a curve was constructed by
analyzing each mixture in powder form under a He atmosphere.
Application Wizard software (Bruker) was used to set the X-ray lines
and intensity limits for each element and to calculate all statistical
parameters. All reagents were of high purity (≥99.5%) and purchased
from Sigma-Aldrich.

2.2.2. Crystalline structure
The crystalline structure of the samples was assessed by X-ray dif-

fraction (XRD) using a SHIMADZU powder diffractometer. The dif-
fraction patterns were obtained with CuKα (Ni filter) radiation from
2θ=10° to 60° with a step size of 0.02° and an accumulation time of
2 s/step. The patterns were analyzed using the Rietveld structure re-
finement method [16,17] and a convolution-based approach for the
profile fitting as implemented in HighScore Plus software.

Refinement was conducted from previously known standard struc-
tures obtained from Inorganic Crystal Structure Database (ICSD). The
structures used included pure calcium apatite Ca10(PO4)6(OH)2 (ICSD
n° 151414), pure CaO (ICSD n° 52783), pure strontium apatite
Sr10(PO4)6(OH)2 (ICSD n° 2855), and Ca/Sr-containing apatites at dif-
ferent concentrations: Ca8Sr2(PO4)6(OH)2 (ICSD n° 86856),
Ca6Sr4(PO4)6(OH)2 (ICSD n° 155981) and Ca4Sr6(PO4)6(OH)2 (ICSD n°
86857). Additional elements, such as Na and Cl, were inserted in the
structure files in accordance with WDXRD analyses, respecting the co-
ordinates observed for the host sites in the standard structures. To be
consistent with the calcium apatite models, hydrogen was included in
the strontium apatite models assuming the position previously estab-
lished in the calcium apatite standard (ICSD n° 151414). However, to
avoid introducing artifacts or unphysical results due to its low scat-
tering, hydrogen coordinates were not refined.

The refined parameters included the following: background (poly-
nomial function with up to 3 coefficients), scale factor, specimen dis-
placement, unit cell parameters (a and c), peak profile (Caglioti para-
meters, asymmetry and peak shape), orientation (March-Dollase
function), atomic coordinates, and site occupation. Atomic coordinates
and occupancies were refined from the heaviest to the lightest atoms.

Occupation by the elements Ca, Sr, P, Na and Cl in the apatite sites
was adjusted according to the values measured by WDXRF for each
sample. It was assumed that a) Ca [1] and Ca [2] sites could be shared
only by the cations Sr2+ and Na+, both under equimolar concentration
for each site, and b) Cl-anions could only occupy the hydroxyl positions
O [4]H. Occupation of the Ca [1] and Ca [2] sites by Sr2+ in the Ca-rich
apatite phase and Sr [1] and Sr [2] sites by Ca2+ in the Sr-rich apatite
phase was calculated from the refinement, and the result is expressed as
the Sr/(Sr + Ca) ratio.

The crystallite size and lattice strain were estimated from Rietveld
refinement considering the changes in the Cagliotti parameters (U and
V) between a standard instrument profile and the sample.

2.2.3. Fourier transform infrared spectroscopy
The samples were analyzed by FTIR in attenuated total reflectance

(ATR) mode using a Perkin-Elmer (Spectrum BX) spectrometer.
Analyses were conducted from 4000 to 400 cm−1 (step size of 4 cm−1)
to examine the behavior of HPO4

2−, PO4
3−, CO3

2− and OH− groups.
The absorption band positions were based on the previous work of
Eichert et al. [18].

2.2.4. Morphology and composition of the crystals
The as-synthesized crystals obtained using 40% Sr2+ were observed

by scanning transmission electron microscopy (STEM). The analyses
were conducted using a JEOL JEM-2100F electron microscope
(Brazilian Center for Research in Physics - Brazil) and an aberration-
corrected JEOL JEM-ARM200CF electron microscope (University of
Illinois at Chicago - USA), both equipped with a field emission gun
(FEG) and operated at 200 kV. The elemental composition in different
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regions of the crystal agglomerates was obtained by energy dispersive
X-ray spectroscopy (EDS).

3. Results and discussion

3.1. Elemental and phase composition

The WDXRF analyses allowed for the generation of a profile pre-
senting the evolution of elemental composition of each sample as a
function of the calculated amount of Sr for each synthesis (Fig. 1). Ca, P
and Sr were identified and quantified in all samples. The amount of Sr
increased with the decrease in Ca, which suggested a linear replace-
ment of Ca with Sr. The amount of P increased slightly, but the average
cation/P ratio remained constant at approximately 1.68 ± 0.04. The
elements Cl and Na were also observed in the composition, indicating
their insertion into the precipitate. Although the amount of Na was
almost invariable, the amount of Cl increased in the samples with that
of Sr.

The sample prepared in the absence of Sr2+, i.e., Sr/(Sr + Ca) = 0,
presented a single phase associated with a calcium hydroxyapatite
structure, which was termed Ca HAp (Fig. 2). At the same time, the
sample prepared in the presence of 100% Sr2+, i.e., Sr/(Sr + Ca) = 1,
was formed by a strontium hydroxyapatite single phase, which was
termed Sr HAp (refined patterns as supplementary material in Figs.
S1–S6). For the intermediate concentrations of Sr2+ (20, 40, 60 and
80%), a gradual displacement of the main diffraction peaks to lower 2θ
values was observed. This reduction is important evidence of the ef-
fective exchange of Ca2+ by Sr2+ ions. With a larger ionic radius than
Ca2+ (1.00 Å), Sr2+ (1.18 Å) ions [11,19–21] induce enlargement of
interplanar distances (d-spacing) when occupying calcium sites in hy-
droxyapatite structures.

When 20% Sr2+ or more were used in the synthesis reaction, a Sr-
rich hydroxyapatite (Sr-rich HAp) was obtained. Notably, the main
diffraction peaks were split in two, suggesting the precipitation of two
distinct populations of crystals with distinct d-spacing (Fig. 2). Several
factors can lead to diffraction peak displacement. In addition to in-
strumental errors, peak displacements are related to the modification of
d-spacings in crystalline materials, and causes of d-spacing changes
might be the presence of residual stress or of point defects (e.g., sub-
stitutional, interstitial elements, vacancies) [22]. Without the presence
of stress and defects, preferential orientation (texture) or changes in
crystallite size promote peak intensity changes (peak sharpening or

broadening effects) but without modifying the peak positions. All these
combined effects are properly considered in the Rietveld method
[16,17]. The structural models obtained by Rietveld in our work de-
monstrated that the main cause of peak displacement was the presence
of two distinct apatite phases with different Sr concentrations, both
belonging to a hexagonal lattice family with space group P63/m. Two
non-miscible apatite phases coexisted in these samples: a Ca-rich HAp
and a Sr-rich HAp. The presence of these two phases is most evident
when observing syntheses at 40% Sr2+, as shown in detail in Fig. 3. The
profiles were simulated by assuming the simultaneous presence of these
two distinct phases, enabling calculation of the amount of each apatite
phase (wt. %) for the entire range of Sr2+ concentrations obtained via
WDXRF (Fig. 4). As expected, gradual insertion of Sr2+ induced an
increase in the Sr-rich HAp phase and a decrease in the Ca-rich HAp
phase. The low value of r2 obtained from the linear regression indicated
that the precipitation of the two phases is not linear with the con-
centration of Sr2+ in the syntheses but rather exponential. When 80%
Sr2+ or more was used, only the Sr-rich HAp phase was observed.

Therefore, the presence of Na+/Cl− in the synthesis environment
appears to impose restrictions on miscibility, generating different limits
of solubility for the ions involved in this process and, consequently,
forming a biphasic system. These findings raise the following question:
how can a multiphasic system be created as a function of the counter-
ions used?

3.2. Occupation of sites in the biphasic system

To better understand the nature of these two crystal populations

Fig. 1. Elemental composition of the apatites prepared in the presence of Na+/
Cl− with increasing concentrations of Sr2+. Na+ and Cl− were observed in the
apatites; they are shown as separate graphics for better visualization. R-square
from curve regressions is presented in the graphics.

Fig. 2. X-ray diffraction pattern of the apatites precipitated in the presence of
Na+/Cl− with increasing concentrations of Sr2+. Note the splitting of several
peaks for concentrations from 20% to 60% of Sr2+, indicating the formation of
a biphasic system (Ca- and Sr-rich HAp). Refined patterns are shown as sup-
plementary data in Figs. S1–S6.
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precipitated in the presence of Na+/Cl−, the occupation factors for the
Wyckoff positions 4f (Ca [1] and Sr [1] sites) and 4 h (Ca [2] and Sr [2]
sites) in the apatite structure were refined, and the initial condition
regarding the proportions of the elements was measured by WDXRD.
After refining, the relative occupancy values obtained for Sr2+, i.e., Sr/
(Sr + Ca) ratios, were used to construct a general occupation profile for
each distinct phase as a function of the Sr2+ content used in the
syntheses (Fig. 5a). From these values, it was possible to observe that
the so-called Ca-rich HAp phase contained up to 7% Sr2+ atoms dis-
tributed between the Ca [1] and Ca [2] sites. At the same time, when
20% Sr2+ was available in the synthesis, the so-called Sr-rich HAp
phase contained up to 54% Ca2+ atoms distributed between the Sr [1]
and Sr [2] sites.

The main research to date showing the precipitation of a wide range
Sr-containing hydroxyapatites did not report the presence of multi-
phasic systems in as-precipitated samples [10,15,23,24]. However, in
all these works, the syntheses were conducted in the presence of

counterions known to be difficult to insert into the apatite lattice, no-
tably NH4

+/NO3
−. Therefore, it seems reasonable to associate the co-

existence of the two populations of crystals found in our work with the
presence of Na+/Cl−, especially because WDXRD analyses identified
these ions in the precipitates. For this reason, these two elements were
also included in the structure files used in the simulations. Na+ ions
were assumed to replace Ca2+ in both the Ca [1] - Ca [2] and Sr [1] - Sr
[2] positions of the Ca-rich and Sr-rich HAp phases, and Cl− ions were
expected to replace the hydroxyl groups in the Wyckoff position 4e (O
[4]H) for both phases. The low convergence of the statistical indices
obtained for these initial conditions indicated that insertion of similar
amounts of Cl− ions at the hydroxyl sites for both Ca- and Sr-rich HAp
phases was extremely unfavorable. Indeed, the statistical indices for the
refinement were improved only after simulating the occupancy of the
OH− groups with different proportions of Cl− ions, indicating that each
hydroxyapatite phase must have different abilities to capture Cl− ions
from the aqueous medium during precipitation. After calculating the

Fig. 3. X-ray diffraction details in the region of the main apatite diffraction
peaks obtained from samples precipitated in the presence of Na+/Cl− under a
Sr2+/(Sr2++Ca2+) ratio of 0.4 (40% Sr2+). Two different phases were iden-
tified: a Ca-rich HAp phase and a Sr-rich HAp phase. The residue (difference)
generated from the refinement is shown at the bottom of the graphic. The main
diffraction peaks are indexed with the corresponding Miller index for each
identified phase on the top of the graphic. A completely refined pattern can be
found in the supplementary data (Fig. S3).

Fig. 4. Evolution of the amount of non-miscible hydroxyapatite phases (Ca- and
Sr-rich HAp) coexisting in the precipitate synthesized in the presence of Na+/
Cl−. The R-square value from curve regression is presented in the graphic.

Fig. 5. Relative quantity of Sr2+ (a) and Cl− (b) present in each non-miscible
precipitated phase (Ca- and Sr-rich HAp) at increasing Sr2+ concentrations. The
values were calculated from Rietveld refinement using Ca [1], Ca [2], Sr [1], Sr
[2], O [4] and Cl [1] occupancy levels. R-squares obtained from curve regres-
sions are presented in the graphic.
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relative level of Cl− for each phase, i.e., the Cl [1]/(Cl [1]+O [4])
occupancy ratio, it was concluded that the Ca-rich HAp supported fewer
Cl− ions in its structure than did the so-called Sr-rich HAp phase, as
shown in Fig. 5b. The low value of r2 obtained from the Ca-rich HAp
curve indicates that insertion of the Cl− ion in this phase was not af-
fected by the concentration of Sr2+ in the syntheses. Conversely, the
level of Cl− ions in the Sr-rich HAp phase grew exponentially with
increasing Sr2+ concentration. For Ca-rich HAp, up to 5.2% of the
hydroxyl groups were replaced with Cl− ions, which was a low value
compared to the 53% observed for the Sr-rich HAp phase. This is very
interesting because uptake of Cl− ions by biological calcium apatites is
very low (up to 0.25 wt%) [25] compared with the high level of Cl−

ions in the blood [26]. Therefore, the increase in Sr2+ in the Sr-rich
HAp induced a stronger uptake of Cl− ions from the aqueous medium,
as indicated by WDXRD results (Fig. 1).

The lattice expansion promoted by the insertion of Sr2+ ions into
the apatite lattice induced a marked increase in the c-axis and unit cell
volume of both non-miscible HAp phases (Fig. 6). The parameters
measured for the Ca-rich HAp phase exhibited linear growth, with ex-
ponential growth observed for the Sr-rich phase. This behavior suggests
that the increase in Sr2+ ions in the lattice was not the only factor
contributing to the increase in volume of the Sr-rich phase. As sug-
gested by the Rietveld refinement, the Sr-rich HAp phase captured more
Cl− during growth than did the Ca-rich phase. Because Cl− ions
(1.81 Å) are larger than OH− groups (1.31 Å) [15,19], the replacement
of OH− groups for Cl− ions contributed to increasing the parameters of
the Sr-rich HAp phase.

The PO4
3− and OH− groups of apatites were observed on the pre-

cipitates by FTIR (Fig. 7). The ν4-as symetric bending mode of the
O–P–O groups of PO4

3− appeared as three absorption bands at 565,
571, and 602 cm−1 [27]; the modes ʋ1 and ʋ3 of PO4

3− were observed
between 960 and 1150 cm−1 [21,22]. A remarkable displacement of
the peaks to regions of lower frequency was observed for increasing
amounts of Sr2+, and this red shift was expected because Sr2+ is larger
than Ca2+. At 632 cm−1, a band related to the O–H translational mode
(libration) of the hydroxyl groups (νLOH−) [28] was observed. This
band appeared as a shoulder at 0% Sr2+ and gradually disappeared
with increasing Sr2+ concentration. As suggested by the Cl [1]/(Cl [1]
+O [4]) occupancy ratio estimated by Rietveld, the replacement of
OH− groups for Cl− can explain this behavior. Additionally, a band at
875 cm−1 associated with the ν2-out-of-plane bending vibration of
O–C–O groups from CO3

2− [28,29] was observed for all precipitates,
confirming the insertion of carbonate in the apatite structure. In

general, insertion of monovalent cations into HAp, such as Na+, is
followed by insertion of CO3

2−, especially at PO4
3− sites [30,31]. This

simultaneous insertion also generates OH− vacancies and warrants the
charge imbalance required to form a neutral crystal. Therefore, the
model proposed by Rietveld is in accordance with our results from
WDXRF and FTIR, even though the large quantity of vibrational modes
in these regions broadened the absorption bands, making it difficult to
differentiate signals coming from either Ca- or Sr-rich HAp phases.

STEM and EDS were utilized to observe the distribution of Ca and Sr
along the crystals (Fig. 8). Clearly, the intensity of the X-ray signals
emitted from Ca (CaKα1) and Sr (Sr Kα1) atoms were remarkably dif-
ferent at different regions of the crystal agglomerates. These differences
are directly related to concentration changes, confirming the presence
of distinct Ca- and Sr-rich regions on the crystal agglomerates, as sug-
gested by X-ray diffraction. Calculation of the relative molar amount of
Sr, i.e., the Sr/(Sr + Ca) ratio from EDS, once more confirmed the

Fig. 6. Unit cell volumes and c-axes calculated from Rietveld refinement for two non-miscible precipitated phases (Ca- and Sr-rich HAp) at increasing Sr2+ con-
centrations. R-squares obtained from curve regressions are presented in the graphic.

Fig. 7. FTIR spectra obtained from as-synthesized precipitates for increasing
Sr2+ concentrations. Zoomed regions show the main absorption modes from
PO4

3−, OH−, CO3
2−groups. *Carbon dioxide absorption from the environment

(667 cm−1).
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heterogeneous concentration of Sr along the different regions of the
crystal agglomerates (Fig. 9). As shown previously (Fig. 5a), at a level of
40% Sr2+, the Ca-rich HAp phase accommodated approximately 6%
Sr2+ in its structure, but the Sr-rich HAp phase accommodated ap-
proximately 50% Sr2+. The lower Sr2+ concentration in the crystal
agglomerates found by EDS was 10%, which is close to the value ex-
pected for the Ca-rich HAp phase. The intermediate values found be-
tween 10% and 50% reflected the polycrystalline nature of the ag-
glomerates and the superposition of different crystals belonging to both
Ca- and Sr-rich phases. The average of the Sr/(Sr + Ca) ratio calculated
from EDS for the whole image was approximately 38.9%, which is very
close to the value determined via WDXRF (40.0%). Thus, the hetero-
geneity in Sr2+ concentration observed for the samples precipitated in
the presence of Na+/Cl− is very strong evidence of the presence of the
two crystal populations, as previously demonstrated by XRD and Riet-
veld refinement.

The precipitation kinetics of hydroxyapatite crystals are pre-
dominantly driven by a polynucleation process rather than by a growth
process [32,33]. The growth is achieved by the agglomeration of

calcium phosphate nanoclusters [32,34,35], which tend to nucleate and
crystallize. Therefore, the presence of a biphasic system can be sup-
ported by the fact that during precipitation, several nanoclusters and
nuclei with different proportions of Ca2+ and Sr2+ can be simulta-
neously formed, as driven by saturation of the local environment with
the ions present in the solution. Pan et al. [23] detected Ca2+ in-
corporated into an apatite that spontaneously precipitated onto solid
particles of strontium hydroxyapatite in simulated body fluid (SBF).
However, no Sr2+ was detected in the apatite precipitated onto solid
particles of a calcium hydroxyapatite, even when Sr2+ ions were pre-
sent in the SBF solution. This result indicated that the accommodation
of Ca2+ into a Sr-rich apatite lattice is always energetically more fa-
vorable than the accommodation of Sr2+ into a Ca-rich apatite lattice.
As the solubility of Sr HAp is greater than that of Ca HAp [23], the
nucleation of the former is less favorable than that of the latter. In fact,
the enthalpy of formation ΔfH0 (298 K) for Sr10(PO4)6(OH)2
(−13371 kJmol−1) is slightly larger than for Ca10(PO4)6(OH)2
(−13305 kJmol−1) and is much larger than for Sr10(PO4)6Cl2
(−13233 kJmol−1) [36]. Considering that the composition of SBF so-
lutions is very complex and that these solutions contain different ions
such as Na+, Cl− and CO3

2−, one can assume that the saturation
condition required to form a Sr-rich HAp containing Cl− ions is more
easily achieved than to form a strontium hydroxyapatite free of Cl−.
However, the subsequent shortage of Sr2+ and Cl− ions in the crystal
growth front can create a new saturation condition that favors the
formation of Ca-rich HAp. A similar behavior is observed in solid-state
transformation, as either discontinuous precipitation [37] or periodic
precipitation can occur under growth-rate oscillations [38,39]. This
may explain why it was difficult to observe isolated Ca- and Sr-rich
crystals in the agglomerates, which generated a heterogeneous Sr/
(Sr + Ca) ratio distribution.

3.3. Biphasic precipitates transformed into monophasic after calcination

After thermal treatment at 1000 °C for 2 h, the precipitates obtained
in the presence of Na+/Cl−, which were originally composed of a

Fig. 8. STEM image and EDS elemental maps of Ca and Sr obtained from crystals precipitated in the presence of Na+/Cl− at 40% of Sr2+. Intensity differences of
CaKα1 and Sr Kα1 X-ray emission lines at distinct regions of the apatite crystals demonstrate changes in the Sr/(Sr + Ca) ratio, as indicated in Ca- and Sr-rich regions.

Fig. 9. STEM images and EDS analyses obtained from crystals precipitated in
the presence of Na+/Cl− at 40% Sr2+. The values depicted in the different
regions of the images express the Sr/(Sr + Ca) ratio calculated from EDS
spectra for CaKα1 and Sr Kα1 X-ray emission lines.
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biphasic population of apatite crystals (Ca-rich HAp and Sr-rich HAp),
were transformed into a single phase of Sr-containing hydroxyapatite
(Ca/Sr HAp) (Fig. 10). Only a slight transformation occurred for the
sample produced in the absence of Sr2+ (0% Sr2+), forming approxi-
mately 0.1 wt % of CaO. After the insertion of Sr2+, no transformation
was detectable in the samples.

The shortage of cations in apatites is the main cause of phase
transformation at high temperature, producing α-/β-tricalcium phos-
phates (α-TCP and β-TCP). In our case, the cation/P ratio was main-
tained at approximately 1.68 ± 0.04 for all samples. The absence of α-
or β-TCP phases in our samples demonstrated that the apatite stoi-
chiometry, notably the cation/P ratio, was not significantly altered by
the presence of the different ions. The insertion of CO3

2− and con-
sequent formation of Ca2+ and OH− vacancies, along with the insertion
of Sr2+, Na+ and Cl−, appeared to create the necessary conditions to
avoid important changes in stoichiometry and, consequently, phase
transformation.

Therefore, the two populations of crystals (Ca-rich HAp and Sr-rich
HAp) combined at high temperature to form a completely miscible Ca/
Sr HAp phase without the presence of other phases. In general, multi-
phasic systems tend to increase barriers to diffusion, which decreases
homogenization of the elements and consequently leads to the main-
tenance of multiphasic systems [20,40]. Such behavior is related to
systems in which the different phases belong to different crystal lattice
families and have different chemical compositions. In our case, the
presence of Na+/Cl− induced the precipitation of a biphasic system
composed of two non-miscible hydroxyapatites [41]. Regardless of the

composition, all apatites obtained had a hexagonal lattice structure
with space group P63/m. Therefore, barriers to diffusion are not so
high, especially if we assume the nanometric nature of the crystals
confined in an aqueous environment, as presented in Figs. 8–9. The
smaller is the crystallite size, the higher is the surface energy available
to promote diffusion at high temperature.

As introduced before, diffraction peak broadening can reflect an
association among instrumental settings, crystalline domain sizes and
lattice defects induced by microstrains [42]. After removing the in-
strumental contribution, it is possible to consider that the crystalline
domain size (coherence length) is the major contributor to the broad-
ening effect for nanocrystals. In these cases, the Scherrer equation can
be applied to estimate the crystallite size. However, Kim et al. [43]
demonstrated that the Scherrer equation should not be used when lat-
tice microstrains are also present, especially for coprecipitated systems
in which crystals can be doped during their growth. Indeed, doping can
produce a large number of structural points and linear defects, gen-
erating microstrains that contribute to peak broadening in a similar
manner to crystallite size. In these cases, the distinction between
crystallite size and lattice microstrains can be better estimated from
Rietveld refinement by considering changes in the Cagliotti parameters
(U and V). For this reason, both crystallite size and lattice microstrains
were calculated in this work based on the Rietveld refinement.

In general, the as-synthesized precipitates formed in the presence of
Na+/Cl− presented crystallite sizes smaller than 35 nm for both Ca-
and Sr-rich HAp phases (Fig. 11). At the same time, the highest lattice
microstrains were verified for intermediate Sr2+ concentrations. A re-
duction in crystallite size and increase in lattice microstrain directly
reflects a decrease in crystallinity caused by the nonperfect ordering of
the crystalline arrays [44]; the mere presence of two populations of
non-miscible nanocrystals in intermediate concentrations also con-
tributes to higher system disorder.

Nimmy et al. [10] showed that Sr-containing hydroxyapatite crys-
tals experience stronger sonofragmentation at intermediate Sr2+ con-
centrations. After calculating the density of dislocations in the crystals
as a function of the Sr2+ concentration, they demonstrated that the
amount of dislocations was larger for these intermediate concentra-
tions, attributing the higher crystal sonofragmentation to the high
amount of these linear defects generated when Ca2+ or Sr2+ are present
in equimolar quantities. Zeglinski et al. [45] also demonstrated using ab
initio and Rietveld refinement that insertion of Sr2+ into a calcium
hydroxyapatite lattice is an endothermic process and that the maximum
of excess energy is observed for equimolar concentrations. This high
energy may be directly associated with greater structural instability.
Furthermore, Frasnelli et al. [24] showed that the line broadening
(FWHM) of the deconvoluted main components of 31P and 1H NMR
spectra, i.e., the structural disorder around PO4

3− and OH− environ-
ments in apatites, is more preeminent when Ca2+ and Sr2+ are in
equimolar concentrations.

According to these findings, intermediate Sr2+ concentrations tend
to introduce a higher level of disorder in the apatites obtained. This is in
accordance with our results showing a remarkable increase in lattice
microstrains at intermediate concentrations or concentrations close to
the solubility limit; notably, this was observed for the Ca-rich HAp,
which contained approximately 6% Sr2+, and the Sr-rich HAp phase,
which accommodated approximately 50% Ca2+ (Fig. 5a). However, it
was also possible to observe that the Sr-rich HAp phase experienced a
strong reduction in microstrain at increasing Sr2+ concentrations
(Fig. 11). The simultaneous insertion of Cl− ions into the Sr-rich HAp
phase lattice appeared to favor a lattice relaxation, opposing the higher
strains caused by insertion of Sr2+ in the Ca-rich HAp phase. After
calcination, the Ca/Sr HAp phase generated from the transformation of
the biphasic system (Fig. 10) presented even more relaxed lattices
(lower microstrains) and larger crystallite sizes (Fig. 11). The high
temperature favored diffusion and helped to mix both Ca- and Sr-rich
phases, creating a completely miscible Ca/Sr HAp. One could assume

Fig. 10. X-ray diffraction pattern of apatites precipitated in the presence of
Na+/Cl− with increasing concentrations of Sr2+ after thermal treatment at
1000 °C/2 h. Note the complete miscibility of Ca2+ and Sr2+ for concentrations
from 20% to 80% of Sr2+. The presence of 0.1 wt % CaO was detected in the
sample without Sr2+ (0.0% Sr2+). Refined patterns are shown as supplemen-
tary data in Figs. S7–S12.
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that the higher microstrains at intermediate Sr2+ concentrations and
the balance between the microstrains in both phases were the driving
force involved in this transformation. Therefore, the insertion of Na+

and Cl− ions along with the substitution of Ca2+ for Sr2+ into the
apatite lattice increased the disorder of the system during crystal
growth but favored the formation of a more relaxed lattice after calci-
nation, allowing the formation of a miscible Ca/Sr HAp phase.

Overall, our results demonstrate that apatitic systems are greatly
affected by the presence of different ions in solution during the pre-
cipitation process. Unlike other ceramic systems, hydroxyapatite is able
to simultaneously capture and accommodate several ions in its struc-
ture. The spontaneous insertion of such ions with different charges and
sizes during precipitation can further determine the stability of the
phases obtained, being an important means for controlling undesirable
phase transformations during processing and, at the same time, war-
ranting conditions to enrich apatite with several ions of biological in-
terest.

4. Conclusions

The presence of Na+/Cl− in the synthesis environment led to the
precipitation of a biphasic hydroxyapatite (HAp) system formed by two
non-miscible phases: Ca-rich HAp and Sr-rich HAp. The biphasic system
was observed for intermediate Sr2+ concentrations (20, 40 and 60%)
and exhibited higher lattice microstrains compared with the single-
phase systems of Ca HAp (0%) and Sr HAp (100%). Although Na+/Cl−

were inserted into both Ca- and Sr-rich HAp phases, Cl− ions were
preferentially accommodated into the enlarged Sr-rich HAp structure.
The presence of Cl− ions in the Sr-rich HAp phase decreased micro-
strains compared to the Ca-rich phase. After calcination, the biphasic
system was transformed into a completely miscible Ca/Sr HAp phase
without the formation of other phosphates or oxides.
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