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Abstract 

Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) and magnesium substituted HAp scaffolds were 
hydrothermally synthesised from the cuttlefish bone. The compositional and morphological 
properties of the scaffold were studied by means of X-ray powder diffraction, FTIR spectroscopy, 
thermogravimetric analysis and scanning electron microscopy. Total conversion of aragonite to 
HAp was confirmed while original highly porous interconnected structure was preserved. The 
HAp structure was refined with Rietveld refinement and used as initial structure for magnesium 
substituted samples. As HAp can incorporate only a limited amount of Mg2+ into structure, 
whitlockite (WH, Ca18Mg2(HPO4)2(PO4)12) is formed from the Mg2+ excess. As analysis confirmed 
formation of nonstoichiometric AB-type carbonated HPO42- substituted HAp, main component of 
natural bone, and formation of magnesium rich WH phase, found in human body, synthesised 
scaffolds should have improved biological properties compared to synthetic stoichiometric HAp. 
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Sažetak 

Hidroksiapatini (HAp, Ca10(PO4)6(OH)2) i magnezijem supstituirani HAp nosači hidrotermalno su 
sintetizirani iz sipine kosti. Sastav i morfološka svojstva istražena su rendgenskom 
difrakcijskom analizom praha, FTIR spektroskopijom, termogravimetrijskom analizom i 
skenirajućim elektronskim mikroskopom. Potvrđena je potpuna konverzija aragonita u HAp uz 
očuvanje originalne visokoporozne međusobno povezane strukture. Struktura HAp-a utočnjena 
je Rietveldovom metodom te je korištena kao polazna struktura za analizu Mg2+ supstituiranih 
uzoraka. Budući da HAp u svoju strukturu može primiti ograničenu količinu Mg2+, iz ostatka 
dodanog Mg2+ kristalizira vitlokit (Ca18Mg2(HPO4)2(PO4)12). Kako je analiza potvrdila nastanak 
nestehiometrijskog AB-tip karbonatnog HPO42- supstituiranog HAp-a, glavne komponente 
prirodne kosti, te nastanak magnezijem bogate faze vitlokita, koja se može naći u ljudskom tijelu, 
sintetizirani nosači trebali bi imati bolja biološka svojstva nego sintetski stehiometrijski HAp. 

Ključne riječi: magnezijem supstituirani hidroksiapatit, rendgenska difrakcijska analiza praha, 
Rietveldova metoda utočnjavanja, vitlokit, sipina kost, hidrotermalna sinteza  



1. INTRODUCTION 

One of the main objectives in bone tissue engineering is synthesis of biomaterials that 
resemble natural bone in structure and composition. Bone mineral has a similar 
chemical composition to synthetic hydroxyapatite (HAp, Ca10(PO4)6(OH)2) [1] but 
contains several ionic substitutions. HAp has Ca and P in hexagonal crystal structure and 
it has been demonstrated that strong bonds are generated on the surface between bone 
and HAp implant due the high bioactivity of HAp. 

The mineral part of bone is composed of natural HAp containing various constituents 
incorporated into the nanoscale crystal lattice or are absorbed onto the crystal 
structure. Among the substituting ions that are known and reported in bone and tooth 
mineral are F-, Cl-, Na+, K+, Fe2+, Zn2+, Sr2+, Mg2+, citrate and carbonate [2-7]. The allowed 
composition of a mineral is not fixed, but the chemical variations that may occur must 
fulfil overall charge balance in the mineral and provide a geometric fit of the substituting 
ions within the crystal lattice. When one ion is replaced by another of the similar size but 
different charge (e.g. CO32- for PO43-), coupled ionic substitutions may occur. This means 
that charge neutrality is maintained either by a second substitution by an ion with 
dissimilar charge or by vacancies elsewhere in the lattice [8]. 

Magnesium is one of the predominant substitutes for calcium in biological apatite and 
plays an important role in bone growth. The effect of magnesium on the formation of 
apatites and whitlockites was investigated for use in the treatment of osteoporosis due 
to biocompatibility, bioactivity and other properties that make it an excellent candidate 
for bone tissue engineering. [9, 10]. The amount of Mg2+ that can be incorporated into 
synthetic apatites has been studied in details and some researchers have found that it is 
limited to a maximum of 0.4 wt.% unless CO32- or F- is simultaneously incorporated [11]. 
Bone apatite contains approximately 7 wt. % carbonate and tooth enamel about 
3.5 wt.% carbonate [4, 5]. Bone, dentine and enamel contains 0.72 wt.%, 1.23 wt.% and 
0.44 wt.% of magnesium [4]. 

Whitlockite (Ca18Mg2(HPO4)2(PO4)12) has been widely reported in literature as 
magnesium rich calcium phosphate phase that occurs in biological systems such as 
dental calculi and young calcifying tissues [10, 12, 13]. Whitlockite can easily 
incorporate magnesium into structure ensuring better bioresorption under 
physiological conditions then HAp. Controlling the Mg substitution, the bioactivity and 
biocompatibility of 3D porous scaffolds based on substituted hydroxyapatite can be 
improved. 

The production of porous scaffolds of HAp is currently the most demanding challenge of 
biomaterials science and technology. Hydrothermal transformation of aragonitic corals 
[14], algae [15], cuttlefish bone [16] and similar structure has gained interest because 
the resultant porous scaffolds featured similar composition and microstructure to the 
inorganic mineralized structure of natural bones. Several processing routes, reactors 
and set-ups have been proposed [16, 17]. This article reports the evolution of 
hydrothermal transformation of aragonite from cuttlefish bone to hydroxyapatite that is 
carefully studied by our research group [18-20] and continues research focusing on the 
area of hydroxyapatite ionic substitution.  



2. EXPERIMENTAL PROCEDURE 
2.1. Materials 

Cuttlefish bones (Sepia Officinalis L.) from the Adriatic Sea were used as a starting 
material for the hydrothermal synthesis of hydroxyapatite scaffold. Dorsal shield was 
mechanically removed from the cuttlefish bones. Lamellae matrix of the bones was cut 
into pieces (≈  2 cm3) and treated with an aqueous solution of sodium hypochlorite 
(NaClO, 13% active chlorine, Gram-mol) at room temperature for 48 h and repeatedly 
washed with boiling demineralised water to remove the organic component. As 
prepared pieces of cuttlefish bone were sealed with the required volume of a 0.6 M 
aqueous solution of ammonium dihydrogenphosphate (NH4H2PO4, 99 % Fisher 
Scientific) in a TEFLON lined stainless steel pressure vessels at 200 °C for 48 h. The self-
generated pressure inside the reactor reached up to 20 bars. After hydrothermal 
treatment the resulting pieces of HAp scaffolds were washed with boiling demineralised 
water, dried at 105 °C and stored for further analysis. 

Magnesium substituted samples were prepared with the same methodology, with 
addition of Mg2+ ions from magnesium chloride hexahydrate (MgCl2×6H2O, Kemig, 
Ph.Eur.9.0) into the reactor at the beginning of the reaction with respect to 
(Ca+Mg)/P=10/6 molar ratio). Required quantity of magnesium was calculated that 
theoretically 1, 2.5, 5 and 10 percent of calcium ion was substituted with a magnesium 
and samples named 1-Mg-HAp, 2.5-Mg-HAp, 5-Mg-HAp and 10-Mg-HAp, respectively. 
2.2. Characterization 

Samples were characterized with XRD Shimadzu 6000 diffractometer (Bragg-Brentano 
geometry with CuKα source) with scintillation detector and goniometer radius of 
185 mm. Used divergence and scattering slit were 1 ° in the primary beam, soller slits 
were 4.6 °, while 0.30 mm receiving slit and secondary graphite monochromator were in 
the secondary beam. Samples were scanned in the range of diffraction angles between 5 
and 70 °with a 2θ step of 0.02 °/2 s for qualitative analysis and 0.02 °/10 s with the 
addition of known addition of silicon standard into the pure HAp sample for HAp 
structure refinement. Identification of the phases was performed by comparing the 
experimental XRD patterns to standards compiled by the Joint Committee on Powder 
Diffraction Standards (JCPDS) using the card 41-1475 for aragonite, 09-432 for HAp and 
70-2064 for whitlockite. 

The Rietveld structure refinement was carried out using a program DIFFRAC.SUITE 
TOPAS v.5.0 (Bruker) [21, 22]. The background was described by a Chebychev 
polynomial equation of 5th order. The peak profiles were fitted with pseudo-Voigt 
function. The structure of Holly Springs HAp was used as a starting model without 
inclusion of CO32- in the structure [22]. Unit cell parameters, positional parameters and 
occupancies were varied [23]. The structure of synthetic whitlockite, 
Ca18Mg2(HPO4)2(PO4)12, refined by Gopal [24] and structure of aragonite [25] were used 
as models for remaining crystal phases.  

Fourier transform infrared spectra (FTIR) were performed by attenuated total 
reflectance (ATR) spectroscopy of solids with a diamond crystal over the spectral range 
of 400 to 4000 cm-1. Thermogravimetric analysis (TGA) was performed on a Netzsch 
STA 409 with constant synthetic air flow of 30 cm3min-1 from 40 °C to 1200 °C at a 
heating rate of 10 °C/min. Microstructure of scaffolds was examined by scanning 
electron microscopy (SEM Tescan Vega III Easyprobe). 



3. RESULTS AND DISCUSSION 

The XRD patterns (Fig. 1) confirmed the complete transformation of aragonite cuttlefish 
bone to hydroxyapatite after hydrothermal reaction at 200 °C for 48 h. Main difference 
between hydroxyapatite sample and substituted hydroxyapatite samples is the 
appearance of whitlockite phase – crystal phase that contains more magnesium in 
structure appears when magnesium is added. Hydroxyapatite can incorporate only a 
limited amount of magnesium into its structure. Simultaneous incorporation with CO32- 

or HPO42- ion can promote magnesium incorporation [8]. Whitlockite is naturally found 
in the human body [2-4, 11, 13] and can incorporate larger amount of magnesium so it is 
expected that the addition of more magnesium will increase whitlockite formation. 
Observing XRD patterns where 5 and 10 percent of magnesium was added a small 
amount of aragonite can be noticed. 
 

 
Fig. 1: XRD patterns of hydroxyapatite samples substituted with magnesium from magnesium 

chloride hexahydrate. 

The 2θ positions of whitlockite (JCPDS 70-2064) and aragonite (JCPDS 41-1475) are marked with  

+ and   ⃘, respectively. The 2θ HAp lines (JCPDS 09-432) were not marked for purposes of clarity. 

 

Initially used Holly Springs hydroxyapatite structure refined by Sudarsannan at all. [22], 
after refinement of cell parameters only, showed good agreement with experimental 
data with some clearly visible discrepancy at sites (0 1 0), (0 2 0) and triplet at  
(2 1 1) – (1 1 2) – (0 3 0) at 2θ (CuKα) 10.82°, 25.81°, 31.73°, 32.12° and 32.86°, 
respectively. In the next step of Rietveld refinement positional parameters and 
occupancies were varied too. That refinement converged with smaller error; final Rwp 
value 6.433 is smaller and better than Rwp=10.230 when only cell parameters were 
refined. Fig. 2 b) clearly confirms better agreement of the refined hydroxyapatite 
structure with experimental data. The refined hydroxyapatite structure is further used 
as initial structure for refinement of samples based on magnesium substituted 
hydroxyapatite where only unit cell parameters were refined. 



 
Fig. 2: Rietveld output of X-ray powder diffraction pattern of the hydroxyapatite sample with the 

addition of 5 wt.% of silicon standard. The red solid line is the best-fit of the profile and blue solid 

line is the experimental data. The difference between the experimental and fitted patterns is 

shown under the diffraction pattern. Line markers on the bottom of the figure indicate the position 

of Bragg reflections for hydroxyapatite (lower line markers) and silicon (higher line markers). 

a) Holly Springs hydroxyapatite structure [22] with only cell parameters varied and b) with unit 

cell parameters, positional parameters and occupancies varied. 

 

The Rietveld refinement confirmed appearance of an amorphous phase in the pure 
hydroxyapatite sample. After 5.00 wt.% of silicon standard as internal standard was 
added and carefully homogenised into the HAp sample, calculations showed difference 
between modelled and real silicon content (5.89 wt.% with deviation 0.077°wt.% for 
non-refined hydroxyapatite structure and 5.97 wt.% with deviation of 0.048 wt.% for 
refined hydroxyapatite structure). Appearance of amorphous phase in hydroxyapatite 
samples is known and described in the literature as a consequence of amorphous 
noncrystalline apatite phases [3, 26]. 

Refined unit cell parameters of HAp are given in Table 1. Positional parameters and 
occupancies in initial Holly Springs HAp structure and experimental HAp refined 
structure are reported in Table 2.  
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Tab. 1: Values of refined unit cell parameters of hydroxyapatite 

Cell parameters HAp, refined cell parameters HAp, refined structure 
a, Å 9,43280 9,43246 
c, Å 6,89791 6.89785 
Cell volume, Å3 531,532 531,489 
   
Rwp 10,230 6,433 

*initial Holly Springs hydroxyapatite unit cell parameters: a = 9.4240 Å, c = 6.8790 Å 

 

Tab. 2: Values of positional parameters and occupancies in initial Holly Springs HAp structure and 

experimental HAp refined structure 

  
 

Holly springs HAp structure 
 

Refined HAp structure 
 Np  x y z occ  x y z occ 
Ca1 4  1/3 2/3 0.0013 1  1/3 2/3 0.0007 1.003 
Ca2 6  0.2465 0.9931 1/4 1  0.2470 0.9919 1/4 1.026 
P1 6  0.3983 0.3683 1/4 1  0.3945 0.3693 1/4 0.931 
O1 6  0.3282 0.4846 1/4 1  0.3302 0.4789 1/4 1.051 
O2 6  0.5876 0.4652 1/4 1  0.5788 0.4608 1/4 1.043 
O3 12  0.3433 0.2579 0.0704 1  0.3340 0.2500 0.0713 0.958 
O4 4  0 0 0.1978 0,5  0 0 0.1807 0.594 
H1 4  0 0 0.0608 0,5  0 0 0.0608 0.594* 

*the H1 occupancy parameter was set to the same value as refined O4 occupancy parameter 

The formula given by the unit cell content for hydroxyapatite sample with refined 
structure is Ca14.012Ca26.156(PO4)5.586(CO3)0.5148(OH)2.3768. 

The amount of CO32- incorporated in the structure of HAp was calculated under the 
constraint that the ratio of calcium sites per unit cell to sum of PO43- and CO32- is ten to 
six. The calculated molar ratio of Ca/P is 1.8203 which is higher than the stoichiometric 
value (1.6667) indicating presence of carbonate in the structure, further confirmed by 
the FTIR spectra (Fig. 3). 

Nonstoichiometric carbonated hydroxyapatite is the main component of bone and 
calculated hydroxyapatite formula indicates that synthesised nonstoichiometric 
hydroxyapatite should have improved biological properties and bioactivity compared to 
synthetic stochiometric apatite [4, 6, 8, 27]. 

Quantitative analysis of samples based on hydroxyapatite substituted with a magnesium 
shows increase of whitlockite content as more magnesium is added into the initial 
synthesis solution, Table 3. Additionally, samples 5-Mg-HAp and 10-Mg-HAp have small 
amount of aragonite which indicate that at our synthesis conditions, where high 
quantity of magnesium chloride is added, reaction had not fully transformed aragonite 
to hydroxyapatite and whitlockite. 
 

Tab. 3: Results of quantitative analysis of hydroxyapatite samples substituted with magnesium 

from magnesium chloride hexahydrate (Mg-HAp) 

Content, wt % 1-Mg-HAp 2.5-Mg-HAp 5-Mg-HAp 10-Mg-HAp 
Hidroksiapatite 90,15 80,81 66,76 58,48 
Whitlockite 9,85 19,19 30,37 34,10 
Aragonite   2,87 7,42 

 



Unit cell parameters and unit cell volume data, Table 4., show that whitlockite crystal 
unit cell contracts as more magnesium is added into the initial reaction solution. Those 
results can be explained and confirmed by considering the fact that magnesium ionic 
radius is smaller than calcium ionic radius and that whitlockite unit cell can incorporate 
different amount of magnesium (Ca20-xMgx(HPO4)2(PO4)12) [10, 28-30]. In literature it is 
found that changes in hydroxyapatite cell dimensions follow the same principle, but our 
data showed no dependence on adding magnesium content. 
 

Tab. 4: Unit cell parameters of whitlockite in samples of hydroxyapatite substituted with 

magnesium from magnesium chloride (Mg-HAp). 

 1-Mg-HAp 2.5-Mg-HAp 5-Mg-HAp 10-Mg-HAp 
a, Å 10,37207 10,36648 10,36063 10,35369 
c, Å 37,24808 37,21525 37,23316 37,18847 
Cell volume, Å3 3470,29 3463,49 3461,25 3452,46 

 

Fourier transform infrared spectra are shown in Fig. 3. The band at 1087 cm-1 
corresponds to the vibration of the HPO42- group present in the HAp sample, meaning 
that nonstoichiometric HPO42- containing hydroxyapatite is formed. At the same wave 
number, the HPO42- band appeared in all Mg-HAp samples, but is losing intensity by 
increasing magnesium content. According to the literature, the presence of this group 
suggests that Mg2+ ions have been incorporated into HAp structure [31]. 

PO43- groups show a significant reduction in intensity by increasing the magnesium 
content relative to pure HAp. In the FTIR spectrum of the magnesium-rich samples,  
5 and 10% Mg-HAp, spread and deconvolution of the PO43- band at the 993 cm-1 and 
about 1062 cm-1 is visible, indicating the whitlockite formation. Moreover, appearance of 
low intensity bands at 922 cm-1 and 1134°cm-1 are in agreement with the increasing 
whitlockite content formation [32]. 
 

 
Fig. 3: Infrared spectrum of HAp and samples substituted with magnesium from magnesium 

chloride hexahydrate (Mg-HAp) over the spectral range of 1600 to 450 cm-1. 



From the Fig. 3 it is apparent that the increase in magnesium concentration leads to a 
reduction of CO32- and OH- groups intensity. 

Carbonated HAp is closer to the chemistry of natural human bone than 
stoichiometrically pure HAp [6, 27] and has been shown experimentally to have 
enhanced biocompatibility [8, 33]. There are two types of carbonate substitution in HAp. 
The carbonate substitute either on the phosphate tetrahedral sites (B-type) or on the 
hydroxyl sites (A-type) or both (AB-type) [8, 31]. 

Synthetically, A-type carbonated hydroxyapatite, where CO32- replaces OH-, can be 
produced only at very high temperature (solid-state reactions at 1000 °C), whereas 
synthetic B-type carbonated apatite precipitates from solutions in the temperature 
range of 50-100 °C [8, 31]. It is possible to produce mixed A-type/B-type carbonated 
hydroxyapatite in the laboratory [34]. Based on synthetic samples, it is well documented 
that this so-called B-type carbonate substitution causes changes in various physical 
properties in hydroxyapatite, such as decreases in the a-axial length, the overall 
crystallite size, and the thermal stability, and increases in the c-axial length, the amount 
of crystallographic microstrain and the solubility. The higher solubility of carbonate-
containing apatite compared to carbonate-free apatite is in part due to the fact that the 
Ca–CO32- bonds are weaker than the Ca–PO43- bonds, thus making the carbonated apatite 
more susceptible to acid dissolution [5]. 

Bands at 872 cm-1, 1412 cm-1 and 1456 cm-1 confirm the formation of B-type carbonated 
hydroxyapatite that is common for biological apatite where CO32- dominantly replaces 
PO43- [5, 35]. Further analysis of the spectra indicates the presence of a small amount of 
the A-type substituted HAp as suggested by CO32- band at 1547 cm-1 and the very weak 
band at 879 cm-1 [35]. Biological apatites, which constitute bone mineral, feature mixed 
AB-type substitutions [36]. As this analysis indicates the formation of AB mixed type 
carbonated HAp after hydrothermal transformation of the cuttlefish bone, therefore the 
produced scaffolds may have a great potential as bone substitutes. 

The observed FTIR spectral changes can be related to a decrease in the relative amount 
of HAp phase and destabilization of HAp structure by incorporating Mg2+, while 
simulating the formation of whitlockite phase. These changes are in agreement with 
results obtained from XRD analysis, thereby Mg2+ and CO32- incorporated in the HAp 
structure, a decrease of the sample crystallinity and whitlockite formation are 
confirmed. 

Thermal stability of the HAp is evident from the thermogravimetric curve obtained up to 
1200 °C (Fig. 4.). The total weight loss of the HAp sample of about -5.1 wt.% can be 
attributed to the loss of physically and chemically absorbed water and CO2 elimination 
as a result of the decarbonation process in the range 600-1200 °C. 

Samples based on magnesium hydroxyapatite substituted materials show a rapid 
decrease in weight at around 700 °C that is a unique phenomenon of whitlockite phase 
during thermal treatment. Weight loses of 1, 2.5, 5 and 10 % MgCl2-HAp samples are -
5.3, -6.7, -8.8 and -10.7 wt.%, respectively. Whitlockite, (Ca18Mg2(HPO4)2(PO4)12) loses 
its HPO42- group due the dehydration and transforms into the magnesium substituted 
beta-tricalcium phosphate (β-Ca3-xMgx(PO4)2 [10, 12, 24, 37]. 



 
Fig. 4: Thermal decomposition of HAp and samples substituted with magnesium from magnesium 

chloride hexahydrate (Mg-HAp) heated from 40 to 1200 °C at constant synthetic air flow of 

30 cm3min-1 with a heating rate of 10 °C/min. 

 

 

 
Fig. 5: SEM micrographs of hydroxyapatite sample. 

 

The microstructure of the prepared materials was investigated by SEM analysis (Figs. 5-
7). All micrograph images show the inner surface of the material. SEM micrograph of 
hydroxyapatite sample shows that the original highly porous interconnected structure is 
completely preserved after the hydrothermal conversion (Fig. 5 a)). At higher 
magnification it can be seen that HAp crystals form spherical shapes (cauliflower 
morphology), which cover the surface evenly (Fig. 5 b)). 

a) 

 

b) 

 



 
Fig. 6: SEM micrographs of hydroxyapatite samples with different magnesium proportions 

substituted from magnesium chloride hexahydrate. 
(a) 1-Mg-HAp, b) 2.5-Mg-HAp and c) 5-Mg-HAp. 

 

SEM micrographs of hydroxyapatite samples with different magnesium proportions 
show that the addition of magnesium to the hydrothermal reaction changes the surface 
morphology with respect to pure HAp. With the increase of magnesium content, HAp 
still crystallizes in the form of spheres, but smaller than those in the case of pure HAp 
(Fig. 6 a), b), c)). Similar results were also found in the literature [38]. 
 

 

Fig. 7: SEM micrographs of different surface regions of the 10-Mg-HAp sample. 

 

SEM micrographs of 10-Mg-HAp sample show that high magnesium content affect 
surface homogeneity and that different inhomogeneous regions with different form of 
agglomerates can be identified. On Fig. 7. c) on the cauliflower like hydroxyapatite 
surface whitlockite crystals can clearly be identified [39]. High whitlockite content 
(more than 34 wt.%) and small percent of unreacted aragonite (around 7 wt.%) 
combined with the fact that skeletal magnesium is located on the surface of 
hydroxyapatite or in the hydrated layer around the crystal [7] could explain appearance 
of inhomogeneous surface distribution of crystals.  

a) b) c) 

a) b) c) 



4. CONCLUSION 

The highly porous interconnected cuttlefish bonelike structure is completely preserved 
after the hydrothermal conversion of cuttlebone. HAp structure is substituted with 
HPO42- and B-type carbonate. The calculated molar ratio of Ca/P=1.8203 confirms the 
nonstoichiometric hydroxyapatite structure with formula 
Ca14.012Ca26.156(PO4)5.586(CO3)0.5148(OH)2.3768, given by the unit cell content for refined 
structure. With the increase of magnesium concentration, more whitlockite phase  
(Ca10-xMgx(HPO4)(PO4)6) was formed. Results confirmed that whitlockite crystal unit cell 
contracts as more magnesium is added into the initial reaction solution. At the highest 
concentration of magnesium, 10-Mg-HAp, SEM micrographs showed inhomogeneous 
regions and clearly visible whitlockite crystals. Based on available literature, further 
investigation and in vitro experiments are expected to confirm that synthesised scaffolds 
based on the magnesium substituted hydroxyapatite should have improved biological 
properties and bioactivity compared to synthetic stoichiometric hydroxyapatite. 
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