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a b s t r a c t
Phase composition, crystal structure and morphology of carbonated ﬂuor/hydroxyapatite synthesized hydrothermally from aragonitic cuttleﬁsh bones were studied by powder X-ray diffraction (PXRD), Fourier transform
infrared spectroscopy (FTIR), and scanning electron microscopy (SEM) combined with energy dispersive X-ray
spectroscopy (EDS). The product of synthesis has been characterized as carbonated ﬂuor/hydroxyapatite with
group (B-type). The vibration
carbonate incorporated inside channel (A-type) and substituted for the PO3−
4
band at 874 cm−1 assigned to bending (ν2) mode undoubtedly conﬁrmed carbonate substituted for PO3−
4
group, while the band at 880 cm−1 was attributed to A-type carbonate substitution. The additional sharp and in−1
tense band at 865 cm considered as “non-apatitic” carbonate substitution is not assigned with certainty so far.
Evolution of CO2 from tetrahedral (PO3−
4 ) sites with the increase in heat-treatment temperature is evident by the
changes in tetrahedral bond lengths and angles, as obtained by the Rietveld structure reﬁnement. Also, changes
in the isotropic temperature parameters for the 2a site point to A-type carbonate incorporation as well.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Hydroxyapatite HA, Ca10(PO4)6(OH)2 has been shown to be chemically and crystallographically very similar, though not identical, to
biologically formed hydroxyapatite [1–5]. The latter is nanosized
carbonated hydroxyapatite (CHA), with incorporation of 3–6 wt.%
of carbonate ions in its structure [6,7]. The carbonate ion can be incorporated inside channel (A-type) or can substitute for phosphate group
(B-type). B-type CHA that most closely resembles the mineral phase of
biological apatites has been extensively investigated; recent experimental and theoretical publications address the controversial subjects of the
carbonate substitution, crystallographic structure and hydroxyl content
of the bioapatites [8–17]. It is generally agreed that the planar carbonate
ion substitutes for the phosphate tetrahedron in the B-type carbonated
hydroxyapatite (CHA) and carbonated ﬂuorapatite (CFA) structures,
however, the question of the exact arrangement of the planar carbonate
ion substituting for the tetrahedral phosphate has not been completely
resolved yet [18]. This has become a major issue because detailed crystallographic structure properties are related to lattice modiﬁcation
caused by the carbonate substitution, the fractional atomic coordinates
and the orientation of the carbonate group, i.e., parameters that consequently determine the physical properties of the materials. HA has a
high dissolution rate in the biological system [19], poor corrosion resistance in an acid environment and poor chemical stability at high
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temperature [20], which has restricted its wider applications in the
ﬁeld of orthopedics and dentistry. It was suggested that ﬂuorinesubstituted hydroxyapatite (FHA), Ca10(PO4)6(OH)2 − 2xF2x where F replaces OH only partially, has better thermal and chemical stabilities than
hydroxyapatite [21].
It is generally accepted that HA belongs to hexagonal crystal structure, space group P63/m [1] with unit cell dimensions a = 9.432 Å and
c = 6.881 Å, although very pure end member of HA crystallizes in
monoclinic space P21/b [6]. Fluorapatite, FA, belongs to the same space
group as HA differing only in substitution of ﬂuoride for the hydroxyl
groups in HA structure. Since F− is smaller than OH−, the substitution
results in a contraction of the a-axis dimension to 9.368 Å, but with no
signiﬁcant change in the c-axis length (a = 9.368 Å, c = 6.884 Å;
PDF# 15-0876). That phenomenon could be explained by considering
the crystal structure of HA with randomly oriented OH− groups,
which brings about a certain degree of disorder to the crystal structure.
Once the OH− groups were partially substituted by the F− ions, the hydrogen of the OH− groups was bound to the nearby F− ions, producing a
quite well ordered apatite structure, which caused an increase of the
thermal and chemical stabilities of the HA matrix. However, it has
been reported that if all of the OH− groups in HA are replaced by F−
to form ﬂuorapatite (FA), the resulting material is not osteoconductive
[21]. Therefore, only a certain amount of F− ions should be substituted
for the OH− groups forming ﬂuorhydroxyapatite (FHA). Various
methods have been developed in an attempt to tailor the ﬂuorine content of FHA to achieve the best biological properties; such as precipitation [20], sol–gel [22], hydrolysis [23], mechanochemical [24] and
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hydrothermal [25]. Hydrothermal conversion of biogenic aragonite to
apatite has been successfully obtained using corals [26], cuttleﬁsh
bones [27–29], and nacres [30,31]. However, in that case carbonate hydroxyapatite (CHA), or carbonate ﬂuorapatite (CFA) is formed. The formation of carbonated ﬂuorhydroxyapatite should not be excluded too.
Cuttleﬁsh bone (Sepia ofﬁcinalis) was utilized as a source of biogenic
calcium carbonate to prepare calcium phosphate scaffolds, mainly by
several hydrothermal approaches. The aim of the scaffold-based bone
tissue engineering is to repair and/or regenerate bone defects by using
a scaffold as a platform for carrying cells or therapeutic agents to the
site of interest. An ideal scaffold aims to mimic the mechanical and biochemical properties of the native tissue. In order to effectively achieve
these properties a scaffold should have a suitable architecture favoring
the ﬂow of nutrients for cell growth. It should also have osteoconductive
properties, supporting cells through a suitable surface chemistry
[32,33]. To the best of our knowledge, Rocha et al. [27–29] were the
ﬁrst authors who transformed cuttleﬁsh bones hydrothermally into hydroxyapatite tissue scaffolds retaining the cuttlebone architecture, noting that the channel sizes of the cuttlebone samples investigated were
beneﬁcial for bone in growth (~100 × 200 μm). A range of other beneﬁts
including good machinability were also recognized, indicating rather
promising results. Kannan et al. [34] studied the transformation of aragonitic cuttleﬁsh bones into ﬂuorinated hydroxyapatite scaffolds with
different levels of ﬂuorine substitution (46% and 85%) on the OH−
sites via hydrothermal transformation at 200 °C. Based on the Fourier
transform infrared (FTIR) analysis, the authors declared nanosized ABtype, carbonated crystallites with unit cell parameters at 1200 °C typical
for FA lattice, experiencing contraction along the a-axis rather than the
c-axis.
One of the most outstanding features of nanocrystalline apatites
of biological or synthetic origin is the presence of “non-apatitic” environments of the mineral ions [35]. These environments have been
observed in some apatites [36,37], but not yet studied in species derived
from cuttleﬁsh bones. In this work we synthesized nanosized carbonated ﬂuor/hydroxyapatite by hydrothermal treatment of cuttleﬁsh bones,
S. ofﬁcinalis, from the Adriatic Sea. Compositional, structural and microstructural evolution of hydrothermally prepared ﬂuor/hydroxyapatite
during additional heat-treatment has been investigated. Changes of
vibration bands for A- and B-substitution and “non-apatitic” carbonate
with respect to applied heat treatment were monitored. Special attention was given to correlate the FTIR spectra and their characteristics
with structural changes of crystalline phase induced by expelling carbonate, since the properties of the synthetic material are controlled by
their crystallographic structure.
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powder that was used in thermal analysis, X-ray diffraction, and FTIR
experiments.
2.2. Methods
Thermal behavior of the hydrothermally prepared sample was
characterized by differential thermal analysis (DTA, Netzsch STA 409 analyzer). About 50 mg of the sample was placed in Pt crucible and heated
at the rate of 10 K min−1 in a synthetic air ﬂow of 30 cm3 min−1 with
α-alumina as a reference. In order to establish the structural evolution
of phosphate phase with temperature, hydrothermally prepared and
washed sample (HT-25) was heated in DTA apparatus up to 600 °C,
790 °C, 950 °C, 1100 °C and 1300 °C, respectively, and then cooled
down with the cooling rate of the furnace. Sample codes: FA-600, FA790, FA-950, FA-1100 and FA-1300 will be used for thermally treated
specimens in further discussion to make a distinction between hydrothermally prepared origin and additionally heat-treated specimens.
The samples were studied by X-ray diffraction (XRD) analysis using
a Shimadzu XRD 6000 diffractometer with CuKα radiation. Data were
collected over a 2θ range between 10 and 110° 2θ in a step scan mode
with steps of 0.02° and counting time of 4 s per step. For the purpose
of unit cell parameter determination, as well as for quantitative phase
analysis, silicon (99.999 wt.%, Aldrich) was added as an internal standard. Changes of crystal structure synthesized origin upon heating
were followed by Rietveld structure reﬁnement approach [39]. Topas
2.1 software [40] was used for the data evaluation. Data of Perdikatsis
[41] were applied as a starting model for the reﬁnement of ﬂuorapatite.
Polynomial model was used to describe the background. Diffraction
proﬁles were described by Pseudo–Voigt function. During the reﬁnement a zero shift, scale factor, half-width parameters (U, V, W), asymmetry parameters and peak shape parameters were simultaneously
reﬁned. Structural parameters, atomic coordinates and Biso for two Ca
atoms (4f and 6h), one P atom (6h), two mirror plane oxygen atoms
O1 and O2 (6h), and one out of plane oxygen atom O3 (12i) were also
reﬁned. Infrared (IR) spectra of the samples were acquired using a
Bruker Vertex 70 Fourier transform infrared (FTIR) spectrometer in
ATR (attenuated total reﬂectance) mode. The samples were pressed
on a diamond and the absorbance data were collected between 400
and 4000 cm−1 with spectral resolution of 1 cm−1 and 64 scans.
The sample morphology and microanalysis of phases have been
examined by scanning electron microscopy (SEM, TESCAN VEGA
TS5136LS) equipped with an energy dispersive X-ray spectrometer
(Oxford INCA X-sight).
3. Results

2. Materials and methods

3.1. Morphology and microstructure

2.1. Materials

The morphology of the hydrothermally prepared sample HT-25 is
shown in Fig. 1. The hydrothermally transformed material (HT-25) perfectly preserved the morphology of the initial aragonitic cuttleﬁsh bone,
while its composition and structure completely changed. The lamellar
matrix of cuttleﬁsh bone consists of many horizontal thin sheets (lamellae) supported by transversal pillars that form chambers sealed from
each other [38].
SEM image (Fig. 1a) shows that the chamber-like architecture of aragonitic cuttleﬁsh bone is retained during the hydrothermal transformation into ﬂuorapatite. Pillars are uniformly covered with nanosized
particles of apatite (Fig. 1b). The higher resolution of image (Fig. 1c) indicates the existence of many uniform, “dandelion-like” microspheres
assembled with radially oriented nanorods with an average diameter
of about 200 nm and an average length of about 0.4 μm. SEM images
of sintered scaffold at 1100 °C with overall structure (Fig. 1d), a pillar
covered with sintered features (Fig. 1e) and its higher resolution
image (Fig. 1f) exhibited porous and interconnected structure of the
scaffold.

The starting materials, pieces of native cuttleﬁsh bones, S. ofﬁcinalis,
from the Adriatic Sea, were heated at 350 °C for 3 h, to remove the
organic part of the shells. For hydrothermal treatment only pieces of
cuttleﬁsh bone from internal lamellae spacing were used, since by the
pre-treatment at 350 °C the aragonite in external wall (dorsal shield)
partially transforms into calcite, which further transforms into HA
more difﬁcult than aragonite [38]. Small pieces of bones (about 2 cm3)
were treated with the required volume of an aqueous solution of 0.6
M NH4H2PO4 to set the Ca/P molar ratio to 1.67 and ﬂuorine was introduced via NH4F solution to achieve stoichiometric level of substitution.
Cuttleﬁsh bone and the solutions were sealed in Teﬂon lined stainless
steel pressure vessel and heated at 200 °C in step of 20 °C and dwelled
for 24 h in an electric furnace. The pressure inside the reactor was selfgenerated by water vapor. The converted sample assigned as HT-25 was
washed with boiling water and dried at 110 °C. Grinding of sample was
accomplished with an agate mortar and pestle, to produce a ﬁne
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Fig. 1. SEM images of hydrothermally transformed aragonitic cuttleﬁsh bones: (a) overall porous interconnecting structure; (b) pillars covered uniformly with “dandelion-like” microspheres of apatite; (c) higher magniﬁcation of “dandelion-like” microspheres; (d) SEM image of sintered scaffold at 1100 °C with overall structure; (e) a pillar covered with sintered acicular particles and (f) higher resolution of the previous image showing high porosity and interconnectivity of sintered particles about 2 μm in size.

3.2. Thermogravimetry
Thermogravimetric proﬁle of the hydrothermally prepared sample
and the associated ﬁrst derivative curve are divided into ﬁve distinct
steps (Fig. 2) and the mass loss in the each step is given in Table 1.
Adsorbed water is removed in the ﬁrst step; not yet transformed aragonite completely decomposes up to 600 °C, while the mass loss in the
range of 600–1100 °C (about 4.25 wt.%) could be attributed to the removal of carbon dioxide from the carbonated apatite (B-type and Atype substitutions) and “non-apatitic” carbonate, under the assumption
that synthesis residuals [Eqs. (1) and (2)] were completely washed out
from the sample.

Chemical reactions of hydrothermal synthesis of ﬂuor/hydroxyapatite and ﬂuorapatite, respectively, can be described by Eqs. (1) and (2):
10CaCO3 þ 6NH4 H2 PO4 þ NH4 F þ H2 O→Ca10 ðPO4 Þ6 ðOH; FÞ
þ 3:5ðNH4 Þ2 CO3 þ 6:5H2 CO3

ð1Þ

10CaCO3 þ 6NH4 H2 PO4 þ 2NH4 F→Ca10 ðPO4 Þ6 F2 þ 4ðNH4 Þ2 CO3
þ 6H2 CO3 :

ð2Þ

3.3. FTIR spectroscopy

Fig. 2. Thermogravimetric (TG) curve of HT-25 sample and its associated ﬁrst derivative
thermogravimetric (DTG) curve. Perpendicular small bars were assigned for the temperatures where the analysis was stopped and the sample was cooled down to RT.

FTIR spectra of hydrothermally prepared HT-25 and heat-treated
samples derived from HT-25 (Fig. 3) display the characteristic bands
of nanocrystalline carbonated apatites [42]. Table 2 lists the present vibration modes of prepared samples, heat treated in temperature range
25–1300 °C; bands have been assigned according to literature data
[17,21,35,38,42–51] and are cited in the table.
The band at 3570 cm−1 in the high energy region regularly observed
in HA structures due to the stretching mode of OH− ions is absent
(Fig. 3a). The absence of OH− bonds on account of the carbonate content
in the most carbonated CHA has also been conﬁrmed by lack of band at
about 631 cm−1 [43]. The band at 3643 cm−1 observed only at 1300 °C
suggests the presence of Ca(OH)2 [17,44]. After additional heat treatment at 550 °C the corresponding band (FA-1300 ht 550 in Fig. 3a)
vanished. Considering the results of Rietveld quantitative analysis (see
Section 3.4) the occurrence of vibration band of Ca(OH)2 in FTIR is reasonable. CaO is frequently revealed in XRD patterns of heated nanocrystalline bioapatites [17,44], which further can readily hydrate to
Ca(OH)2. The band at 2325 cm−1 is assigned to molecular CO2 occluded
on the surface of crystals [45].
The analysis of IR spectra in 400–1700 cm−1 region (Fig. 3b) allows
the identiﬁcation of chemical environments of phosphate and carbonate
ions. Phosphate groups related to stretching ν3PO4 modes exhibited
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Table 1
Decomposition steps of the hydrothermally prepared sample, DTG minima and mass losses in each step.
Step

Temperature
range (°C)

DTG minimum
(°C)

Mass loss
(wt.%)

Total sum of
mass loss (wt.%)

1
2
3
4
5

25–230
230–600
600–790
790–950
950–1100

198
531
790
842
991

0.79
2.11
1.54
1.75
0.96

2.90
4.44
6.19
7.15

a

Gases released from the sample
Adsorbed water and synthesis residuals
Decomposition of aragonite and the rest of the synthesis residualsa
CO2 release from carbonate apatite (B-type and A-type substitutions) and “non-apatitic” carbonate
CO2 release from carbonate apatite (B-type and A-type substitutions) and “non-apatitic” carbonate
CO2 release from (B-type) carbonate apatite

Eqs. (1) and (2).

intense bands at 1026 cm−1 and 1092 cm−1 including the shoulders at
1067 and 1044 cm−1 (seen only above 790 cm−1 and 950 cm−1, respectively). Bands at 600 cm−1, 567 cm−1, and 576 cm− 1 are related to
ν4PO4 bending modes. A weaker and narrower band at 965 cm− 1 is
characteristic for the ν1PO4 stretching mode, and the bending ν2
modes with frequency at 472 cm−1 split into two bands above 790 °C.
Carbonate in apatite structure can be incorporated inside anionic
(B-type) [48]. When carbonchannel (A-type) or substituted for PO3−
4
sites, the infrared spectrum shows
ate ions replace tetrahedral PO3−
4
bands at about 1460, 1417 and 873 cm−1 assignable to doubly
degenerated stretching (ν3) and out of plane bending (ν2) modes of carbonate groups, respectively. On the other hand, in A-type substitution
(where carbonate groups occupy OH or F positions) the CO2−
3 stretching
mode (ν3) normally appears at 1546 and 1456 cm−1, and the bending
mode (ν2) appears at 880 cm−1. Consequently, the ν3 region comprises
overlapped contributions from A and B carbonate species, therefore, the
opinion that the (ν2) mode better reﬂects the true proportions of the

principal carbonate species than (ν3) [51] was also considered within
this article. Therefore, ν2CO3 region has been deconvoluted by nonlinear ﬁtting (Fig. 4) and their spectral components analyzed for band
position, width and area.
The band at 874 cm−1 assigned to bending (ν2) mode undoubtedly
group (B-type substitution),
conﬁrms carbonate substituted for PO3−
4
while the band at 880 cm−1 is attributed to A-type carbonate substitution. Furthermore, the band at 855 cm−1 is ascribed to ν2CO3 vibration
mode of aragonite [52]. The presence of aragonite is conﬁrmed from
quantitative XRD analysis of HT-25 sample (see later). Recent advances
in the characterization of apatite by FTIR spectroscopy have enabled to
distinguish some additional bands in the characterization of nanocrystalline biological apatites and their synthetic biomimetic analogs that
are not regular bands of apatites [53]. Therefore, the sharp and intense
band at 865 cm−1 could be considered as “non-apatitic” carbonate substitution, originating from the surface of nanoparticles [35]. However, it
can be attributed to “francolite type” defect recently reported for natural
ﬂuorapatites that often established two different B-type substitutions:
with frequency at 872 cm−1 and at 865 cm−1 [51,54]. Fleet [51] labeled
the additional B-substitution as B2-type, although the speciﬁc assignment of the latter is not conﬁrmed with certainty yet.
The characteristic vibration bands for A- and B-substitution in dependence of temperature are set apart from the other spectra in Fig. 5,
while Fig. 6 depicts the changes of vibration bands for B-substitution
and “non-apatitic”-substitution.
Fig. 7 shows the deconvoluted results of the position, width, and area
of vibration bands with respect to heat treatment applied.
The ν2[B]CO3 position (Fig. 7a) at 872 cm−1 is shifted upwards and at
950 °C the shift yields about 3 cm−1 (from 872 to 875 cm−1). Further
temperature increase does not inﬂuence the position of ν2[B]CO3 band.
No signiﬁcant shift of peak positions of “non-apatitic” and A-type substitution was observed either. The peak width (Fig. 7b) diminished more
intensively above 790 °C. CO23 − is completely expelled from A-sites
within 790 °C and 950 °C and from “non-apatitic” position within 950
and 1100 °C, while small amounts of CO2−
3 ions in B-position can be determined even at 1100 °C. The temperature dependent ratio between
the integrated intensities of different carbonate bands to the total carbonate, which actually expresses the fraction of corresponding modes,
is given in Fig. 7d.
The degree of atomic ordering within the lattice with temperature,
expressed by the width of the ν1PO4 mode [47], has been correlated
with the intensity ratio of I(ν2[B]CO3)/I(ν1PO4) of the prepared
ﬂuorapatite and is shown in Fig. 8. It has been found that ν1PO4 peak
width changes with the same linearity as it is observed in natural carbonated ﬂuorapatites [47].

3.4. XRD structural study

Fig. 3. (a) ATR FTIR spectra (hydroxyl region) of samples heat treated in temperature
range from 25 to 1300 °C. The spectrum (ht 550) has been additionally heat treated at
550 °C before FTIR analysis; (b) ATR FTIR spectra (region of 400–1700 cm−1) of samples
heat treated in temperature range from 25 to 1300 °C.

Sample HT-25 and specimens thermally treated at 600, 790, 950,
1100 and 1300 °C were characterized by means of X-ray powder diffraction (Fig. 9).
All samples contain, as a major crystalline phase, ﬂuorhydroxyapatite (samples heat-treated in the range from 25 to 1100 °C) or
ﬂuorapatite (sample heat treated at 1300 °C). As a minor phase, sample
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Table 2
Vibration modes for samples heat treated in temperature range 25–1300 °C and corresponding frequencies (cm−1).
Vibration mode

Assigned according to

HT-25

FA-600

FA-790

FA-950

FA-1100

FA-1300

υ3PO3−
4 stretching

[42,43,47]

1029,
1092

1029,
1092

1027,
1092,
1067a

υ1PO3−
4 stretching
υ4PO3−
4 bending

[47]
[47]

υ2PO3−
4 bending

[47]

964
599,
567,
576
472

965
600,
566,
576
472

υ3CO2−
3 stretching

[47–49]
[48,50]

1460,
1417
872 (B-type)
880 (A-type)
864
856
–
–
2322,
2357
1630

1460,
1417
872
880
864

1024,
1092,
1067a,
1044a
965
600,
567,
570
468,
440
1460,
1450
875
–
–

1019,
1092
1067a,
1044a
964
600,
564,
570
470,
434
1300–1600b

υ2CO2−
3

965
600,
565,
576
467,
434
1458,
1424
873
880
865

1026,
1092,
1067a
1044a
965
600,
570,
573
468,
440
1458,
1424
875
–
865

–

745

745

745

2336
2365,

2340

2325

2322,
2357

–
3643
2336,
2365

bending

υ2CO2−
3 “non-apatitic” bending
CaCO3 (aragonite)
OH⋯F
Ca(OH)2
Gaseous CO2c
d

Water bending
a
b
c
d

[35,51,54]
[38,52]
[21]
[17,44]
[45]

–
–
–

Shoulder.
Very broadened band overlapped in higher region.
Additional band attributed to gaseous CO2−
3 .
Band assigned to the presence of adsorbed water molecules on the crystallite surface.

HT-25 additionally contains a small amount of aragonite. With the increase in temperature aragonite decomposes, i.e. sample treated at
600 °C contains only apatite phase. With additional increase in
temperature CaO starts to crystallize as a minor impurity phase
(~1.2 wt.%) Appearance of CaO is frequently revealed in XRD patterns
of heated nanocrystalline bioapatites [17,44].
Hexagonal P63/m structure of ﬂuorapatite ICSD no. 71-854 reported
by Perdikatsis [41] was used as starting structural model for Rietveld reﬁnements. Structure contains two Ca atoms (4f and 6h), one P atom
(6h), two mirror plane oxygen atoms O1 and O2 (6h), out of plane O3
atom (12i) and F atom in special position (2a). Although the presence
of OH− anions, besides F− anions, is established by IR results, no hydroxyl anions are added to a structural model. Also a carbonate group

Fig. 4. FTIR spectra (ν2CO3 regions) of samples heat treated in temperature range
25–1300 °C. The spectra are normalized. Vertical bars were assigned for the positions of
vibration frequencies. The spectra are normalized in a way that the ν1PO4 intensity remains constant and equals to unity.

was not included in the reﬁnement as the difference between X-ray
scattering factors for C and P is too small to distinguish between carbon
and phosphorous atoms, especially when carbonate level is low. Nevertheless, the Rietveld reﬁnement was useful for the determination of
structural features of the phosphate group (bond distances and angles),
which was indicated on the mode of carbonate incorporation in the
original apatite structure. This hypothesis, about observed structural
changes of phosphate group being caused by carbonate incorporation
on phosphate group site, is justiﬁed by our ﬁndings from IR spectroscopy and is in accordance with the results of Leventouri [8–10] as well.
For the graphical result of Rietveld reﬁnement for a chosen sample,
sample FA-600 is given in Fig. 10.
The change in lattice parameters was noted with the increase in
temperature; the unit-cell parameter a increased signiﬁcantly and the
c-lattice parameter decreased (Fig. 11).
Observed behavior of the unit-cell parameters is in accordance with
literature data; pronounced increase of the unit-cell parameter a with
the increase in temperature was also previously noted by other authors
[10,41]. Rietveld reﬁnement revealed signiﬁcant changes in tetrahedral

Fig. 5. Vibration bands ν2[A]CO3 and ν2[B]CO3 of samples heat treated in temperature range
25–1300 °C.
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Fig. 6. Vibration bands ν2[B]CO3 and “non-apatitic” ν2CO3 of samples heat treated in temperature range 25–1300 °C.

bond lengths P–O1, P–O2 and P–O3 with the increase in the temperature of heat treatment (Fig. 12). Although 6h site was reﬁned without
situating the carbon atom on it, the general notation T–O bonds, rather
than P–O, will be used.
Fig. 12 depicts an increase of bond lengths T–O1 and T–O2, lying on
the mirror plane, with the increase in temperature of heat treatment,
while bonds T–O3, lying above and below mirror plane, decreased, as
well as in-plane O1–T–O2 angle. Isotropic temperature parameters,
Biso, of atoms O1, O2, O3 and P are given in Fig. 13.
Carbonate rich sample, heat treated at low temperature, revealed a
disturbance primarily at atom sites of phosphate group. Thermal factors,
Biso, of mirror plane atoms in carbonate rich sample (HT-25) are 3 times
larger for O2, ~3.5 times larger for O1, and more than 7 times larger in
the case of P atom, in comparison with the corresponding thermal factors in carbonate free samples (FA-1100, FA-1300). A noticeable disturbance (larger by factor ~ 1.5) is also observed for atom O3, due to
substituting for PO3−
created vacancy caused by CO2−
3
4 . Phase composition of the samples and chemical composition of the corresponding carbonate ﬂuorapatites present in the samples, obtained by the Rietveld
method are listed in Table 3. Besides quantitative phase analysis,
Table 3 also lists the formula describing different apatite structures as
a function of temperature as deducted by both XRD and IR results.

Fig. 7. (a) Peak positions of ν2[A]CO3, ν2[B]CO3 and “non-apatitic” ν2CO3; (b) widths of corresponding modes; (c) the intensity ratios of the ν2CO3 modes to the intensity of the v1PO4
mode; (d) the intensity ratio of different carbonate bands to the total carbonate. Squares
are used for the ν2[B]CO3, the open circles for the ν2[A]CO3 modes and the open rhombs denote “non-apatitic” ν2CO3 mode. For the purpose of clarity the intensity ratio of aragonite
is not shown.
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Fig. 8. The degree of atomic ordering within the lattice, as expressed by the width of
the ν1PO4 mode, versus the degree of carbonation (expressed by intensity ratio of
I(ν2[B]CO3)/I(ν1PO4) of the prepared ﬂuorapatite.

A-type substitution, as suggested based on FTIR data, was also considered during the structure reﬁnement, however the reﬁned occupancy for ﬂuorine atom was associated with large e.s.d. (estimated standard
deviation) and therefore excluded from further reﬁnement.
Incorporation of carbonate in original apatite structure is also
reﬂected by considerable lattice strain e = 0.18% observed for sample
heat treated at lower temperatures. As carbonate content decreased,
speciﬁcally for samples heat treated at 1100 and 1300 °C, which are
considered to be carbonate-free, lattice strain becomes almost negligible. Size-strain analysis also revealed an increase of crystallite sizes as
the carbonate content decreased. Fig. 14 shows the results of linebroadening analysis performed in the course of the Rietveld structure
reﬁnement.
4. Discussion
Aragonitic cuttleﬁsh bones were hydrothermally converted into porous nanosized carbonated ﬂuor/hydroxyapatite. The original microstructure of the cuttleﬁsh bone was preserved by hydrothermal
treatment as shown by SEM micrographs (Fig. 1), which featured
N90% interconnected porosity. The synthesized origin HT-25 contains
approximately 1 wt.% of aragonite not yet transformed, as determined
by Rietveld structure reﬁnement (Table 3); and no other crystalline
phases were observed. Weight loss of 0.79% seen on TG curve (Fig. 2)
suggests the presence of small amount of water, while there is no evidence for OH− groups in the structure on the results of infrared

Fig. 9. PXRD patterns for sample HT-25 and samples thermally treated at 600, 790, 950,
1100 and 1300 °C.
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Fig. 10. Graphical result of the Rietveld reﬁnement for sample heat treated at 600 °C; FA-600. The magenta vertical marks represent the positions of carbonated ﬂuorapatite while green
bars mark the diffraction lines of Si standard (used for zero shift correction). Experimental data are shown in red, the calculated pattern in blue while difference curve is given below the
pattern. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

spectroscopy (Fig. 3, Table 2). In temperature treatment range from 230
to 1100 °C, the sample lost 6.36 wt.% (Table 2) from which ~4.25 wt.% is
due to CO2 incorporated into apatite structure, under the assumption
that synthesis residuals [Eqs. (1) and (2)] were completely washed
out from the sample.
The analysis of IR spectra in 400–1700 cm−1 region (Fig. 3b) allows
the identiﬁcation of chemical environments of phosphate and carbonate
ions. Especially the ν2CO3 region of IR spectra most conveniently reveals
speciﬁc carbonate substitution sites. Based on IR spectra (Figs. 4–7) the
crystalline phase in the origin HT-25 should be considered as nanosized
A and B carbonated ﬂuorapatites (~50 nm in size) with carbonate incorgroup sites. Although carporated within channels as well as at PO3−
4
bonate incorporation at both sites is undisputable from IR spectra an
additional issue, regarding the presence of OH− and/or F− anions within
the channel voids, can be raised since neither OH− nor OH⋯F bands
(Fig. 3a and band at 745 cm−1 in Fig. 3b) have been noticed. The evidence for the lack of OH− in the FA-600 is also undisputable. On the contrary, in specimens derived from the same origin and thermally treated

Fig. 11. Lattice parameters for samples heat treated in temperature range 25–1300 °C.

at 790 °C, 950 °C and 1100 °C OH–F bonds were conﬁrmed with certainty, suggesting both anions in channel sites. The absence of bands
assigned to OH− vibrations in nanosized bioapatites and in their synthetic biomimetic analogs has been often reported [21,54]. The charge
tetrahedral group
imbalance created by the replacement of one PO3−
4
by one CO23 − group could be counter-balanced by creating a vacancy
in the channel site [55]. Furthermore, hydroxyl ion concentration correlates inversely with carbonate content [17]. Accordingly, it is plausible
to account for the lack of OH− only in HT-25 and FA-600 samples with
far more carbonate present than in specimens heated at higher temperatures. By expelling carbonate from the channels at about 790 °C OH–F
vibrations are well visible and detectable up to 1100 °C. Therefore, the
apatite in the whole temperature range 25–1100 °C (Table 3) was declared as carbonated ﬂuorhydroxyapatites, i.e., solid solutions consisting
of end members of the apatite family (hydroxyapatite and ﬂuorapatite).
At temperature 1300 °C carbonate from tetrahedral sites is entirely
expelled fast and the renewed charge imbalance should be counter-

Fig. 12. Temperature dependence of tetrahedral bond lengths: (a) T–O1, T–O2 and T–O3;
(b) in plane angle O1–T–O2.
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Fig. 13. Isotropic temperature parameters of selected atoms in crystal structure of samples
heat treated in temperature range from 25 to 1300 °C.

Fig. 14. Crystallite size and lattice strain of thermally treated samples.

balanced by rearrangement of the chemical species in channels; an
OH–F bond becomes unstable. That temperature, in fact, marks an
onset of ﬂuorhydroxyapatite structure degradation, and since hydroxyl
anions are weakly bonded (compared to F−) they are ﬁrst to leave the
channel. Thermal decomposition of hydroxyapatites, where OH− anions
are leaving the structure in the form of H2O, is reported by Adolfsson
and Hermansson [56]. Unexpected band at 3643 cm−1 observed only
at 1300 °C was attributed to the presence of Ca(OH)2 [17,44]. Even a
small amount of Ca(OH)2 are known to be visible from IR spectra and
still unrecognizable by means of X-ray diffraction. Accordingly, the assignation of the respective band to Ca(OH)2 was reasonable. Its degradation occurs at 400 °C therefore the band disappears in IR spectrum
of FA-1300 ht 550. Whether the dehydroxylation of ﬂuorhydroxyapatite
inﬂuences the formation of Ca(OH)2 requires further study. The mutual
interdependence of ﬂuorhydroxyapatite dehydroxylation and the formation of Ca(OH)2 could be presumed.
It is worth noting that thermally treated samples were derived from
the same hydrothermally prepared origin with stoichiometrical ratio of
calcium and phosphorus sources equal to 1.67 (in the range of experimental errors), therefore the possible mismatch providing hydrothermal synthesis is excluded. Accordingly, the amount of both Ca and P is
constant and should be equal to the stoichiometric ratio in the whole
range of thermal treatment. However, Ca/P ratio for crystalline apatite
structure in sample HT-25 equals to 2.25 and with temperature increase
CO2 and other volatile components expelled from the structure, the
phosphate content inside apatite increases, and Ca/P ratio approaches
an ideal stoichiometric value for apatite of 1.67 (Table 3). In order to explain the different values in Ca/P ratio with an increase in temperature a
structural model for nano-crystalline biological apatites, recently accepted by a signiﬁcant number of researchers (see reviews [35,57] and
references within) has to be considered. According to that model nanocrystalline biological apatites are covered by “non-apatitic” structured,
but not crystalline hydrated domains containing relatively mobile ions

2−
(mainly bivalent cations and anions: Ca2+, CO2−
3 , HPO4 ) and various
volatile residuals, which can entrap phosphate ions not yet incorporated
in the crystalline part of the apatite unit. Phosphate ions could also be
captured within highly interconnected pores in the microstructure of
cuttleﬁsh bones preserved even by hydrothermal process (Fig. 1). Acunits are located outside of the cryscordingly, a large amount of PO3−
4
talline structure.
It has to be emphasized that stoichiometric amount of ﬂuorine was
used for apatite synthesis. Thus, due to the participation of ﬂuorine
along with OH− groups in charge-compensation of carbonate in
B-sites, it could be supposed that excess ﬂuorine in non-channel positions could be utilized as candidate for charge compensation of “non
apatitic” carbonate anions. Conclusively, the result obtained in this
work, can also be in accordance with recently proposed composite carbonate–ﬂuoride tetrahedron defect model given by Yi et al. [58] for experimentally observed IR absorption band at 864 cm−1 in some natural
ﬂuorapatites.
Additional details on structural modes of carbonate incorporation
were obtained from XRD results. Observed changes in tetrahedral
bond lengths (Fig. 11) can be explained by partial replacement of phosphate group by planar carbonate group on the mirror plane of the apatite structure in samples heat-treated at lower temperatures. The same
mode of carbonate incorporation was previously established in reports
by Leventouri and co-authors [8–10]. Carbonate incorporation on mirror plane causes shortening of in plane tetrahedral bonds T–O1 and
T–O2 due to atomic radius difference (r(C) = 1.2; r(P) = 1.8). Besides
bond lengths, the in-plane angle was also affected by carbonate incorporation; since carbonate group is characterized by wider angle than
phosphate group, substitution of phosphate by carbonate caused overall
increment of O1–T–O1 angle in carbonate rich samples. Also, the substiby planar CO2−
group created vacancies at
tution of tetrahedral PO3−
4
3
O3 sites above and below mirror planes. Creation of oxygen vacancies
caused enlargement of the channel size and therefore allowed more

Table 3
Composition of the prepared samples as determined by the Rietveld reﬁnement. Formulas of the corresponding carbonate apatites as deducted by both XRD and IR.
T (°C)

25
600
790
950
1100
1300
a

Sample composition (wt.%)
Carbonate apatite

Aragonite

CaO

99.0(1)
100.0
98.8(1)
98.9(1)
98.8(1)
98.7(1)

1.0(2)
–
–
–
–
–

–
–
1.2(1)
1.1(1)
1.2(2)
1.3(1)

Carbonate apatite formula

Ca/P ratio in carbonate apatite

Ca9.92(PO4)4.39(CO3)1.11(OH,F,CO3)2a
Ca9.98(PO4)5.05(CO3)0.95(OH,F,CO3)2a
Ca9.90(PO4)5.21(CO3)0.79(OH,F,CO3)2
Ca9.88(PO4)5.33(CO3)0.66(OH,F,CO3)2
Ca9.94(PO4)5.80(CO3)0.2(OH,F)2
Ca9.9(PO4)5.91(CO3)0.09F2

2.25
1.98
1.90
1.85
1.71
1.68

The apatite phases are declared as A and B carbonated ﬂuorhydroxyapatites although OH− and F− anions were not determined by IR analysis below 790 °C (see Discussion).
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space for O3 atoms of unsubstituted phosphate groups, which is
reﬂected as overall net expansion of T–O3 bonds in carbonate rich samples. As the carbonate is removed from the mirror plane of the structure
by increasing the temperature of heat treatment, interatomic distances
changed accordingly; removal of carbonate group with its shorter bond
and wider angles contributed to overall increment of mirror plane
bonds T–O1 and T–O2. Thus, the observed increment of lattice parameter a, as carbonate is driven off from apatite structure, is caused by expansion of the in-plane bonds while unit-cell parameter c decreased
due to decrease of out-of-plane bond lengths. Besides geometrical parameters (bond lengths, bond angles) which conﬁrmed carbonate substitution for phosphate group, the quantitative measure (Table 3) of the
incorporation can be estimated from reﬁned phosphorus atom occupancy of the 6h site, Occ(P6h), by assuming that carbon occupancy on
that site, Occ(C6h), equals 1-Occ(P6h).
Although XRD results are consistent with B-site substitution, a large
isotropic temperature parameter of F site for carbonate rich samples
(Biso = 3.8 Å3 in sample HT-25) when compared to those in carbonate-free samples (Biso = 1.1 Å3 in sample FA-1300) points at the
presence of A-site substitution mode as well.
The observed lattice strain found in samples heat treated at lower
temperatures (Fig. 14) resulted as a consequence of carbonate incorporation into original apatite structure (carbonate can be considered as
defects) which prevented the crystallite growth. As carbonate is driven
off, lattice strain becomes almost negligible promoting further crystal
growth leading to noted increase in crystallite sizes.
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[24]
[25]
[26]
[27]
[28]
[29]

5. Conclusion
[30]

Structurally ordered and stable up to 1300 °C ﬂuorapatite can successfully be prepared by hydrothermally treated aragonitic cuttleﬁsh
bones with NH4H2PO4 and NH4F as a source of phosphate and ﬂuorine.
Additional heat treatment can be used as simple method for targeted
tailoring of carbonated ﬂuor/hydroxyapatites with desired chemical
composition as well as speciﬁc structural and microstructural features.
Infrared spectroscopy can be used as an effective tool for tracking the
decarbonation process in ﬂuorapatites with respect to speciﬁc substitution site. Nevertheless, a Rietveld reﬁnement of a simple structural
model (without CO2 groups) can also point to A- and B-substitution
based on: i) speciﬁc changes in bond distances and angles within PO4
groups (B-type) and ii) changes in thermal displacement parameters
of 2a site (A-type).
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