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Abstract Highly porous hydroxyapatite (Ca10(PO4)6�
(OH)2, HA) was prepared through hydrothermal transfor-

mation of aragonitic cuttlefish bones (Sepia officinalis L.

Adriatic Sea) in the temperature range from 140 to 220�C

for 20 min to 48 h. The phase composition of converted

hydroxyapatite was examined by quantitative X-ray dif-

fraction (XRD) using Rietveld structure refinement and

Fourier transform infrared spectroscopy (FTIR). Johnson–

Mehl–Avrami (JMA) approach was used to follow the

kinetics and mechanism of transformation. Diffusion con-

trolled one dimensional growth of HA, predominantly

along the a-axis, could be defined. FTIR spectroscopy

determined B-type substitutions of CO3
2- groups. The

morphology and microstructure of converted HA was

examined by scanning electron microscopy. The general

architecture of cuttlefish bones was preserved after

hydrothermal treatment and the cuttlefish bones retained its

form with the same channel size (*80 9 300 lm). The

formation of dandelion-like HA spheres with diameter

from 3 to 8 lm were observed on the surface of lamellae,

which further transformed into various radially oriented

nanoplates and nanorods with an average diameter of about

200–300 nm and an average length of about 8–10 lm.

1 Introduction

Hydroxyapatite (HA) is being extensively used for bio

implantation [1, 2]. Due to similarity in the mineral con-

stituents with natural hard tissues (bones and teeth) it has

excellent biocompatibility and osteoconductivity [2].

However, due to its low mechanical strength its usage is

restricted on phase reinforcement in composites, coating on

metal implants, granular fills for direct incorporation into

human tissues and recently on production of porous scaf-

folds, which can host the biological activities in a physi-

ological manner. The scaffold acts as a temporary substrate

or template, providing the necessary support for the cell

growth and maintenance their differentiated functions.

Furthermore, its architecture defines the final shape of the

new bone [3]. Thus, the success of bone tissue engineering

applications depends, to a large extent on the performance

of the scaffolds. In order to get three dimensional and

highly interconnected macroporous network for cell growth

and flow transport of nutrients and metabolic waste, scaf-

folds should have appropriate porosity, pore size and pore

structure.

Rapid prototyping [4] or the foaming agents [5] have

been employed to produce porous scaffolds of synthetic

hydroxyapatite. However, the methods are expensive and

not well defined concerning the internal porous architec-

ture. Therefore the interest is addressed to development of

bone-scaffolds from biogenetic aragonite (CaCO3). The

most of the synthetic HA is stoichiometric with chemical

composition Ca10(PO4)6(OH)2. By contrast, HA prepared

from natural sources, which primarily include corals,

nacres, animal bones, exoskeletons, etc. is no stoichiome-

tric, and have other ions incorporated, mainly CO3
2-, trace

of Na?, Mg2?, Fe2?, F-, Cl- [6]. CO3
2- containing HA

has gained much attention as it can be more easily resorbed
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by the living cells in comparison with stoichiometric HA,

and therefore it leads to faster bone regeneration.

CO3
2- can be substituted for either OH- (A-type) or

PO4
3- (B-type) groups in the structure of hydroxyapatite.

Sometimes, both A-type and B-type substitutions can also

occur [7, 8]. Several attempts to convert natural aragonite

structures (e.g., corals, nacres, etc.) hydrothermally to

hydroxyapatite have been reported [9–16]. The ability of

fast transformation of natural aragonitic structure into HA,

even at room temperature, has been reported by Ni and

Ratner [11]. Rocha and coworkers [12–14] were the first

who performed the transformation of aragonitic cuttlefish

bones by hydrothermal treatment into HA. The inorganic

part of cuttlefish bone is a lamellar mineralized porous

structure of aragonite. Its highly channeled structure favors

the diffusion of the reaction solution towards the aragonite

and its fast transformation to HA. Hydrothermal synthesis

involves the treatment of precursors at elevated tempera-

tures and pressures. The reaction sequences in hydrother-

mal systems are complex and in most cases the information

regarding the course of reactions is only partial. Various

mechanisms of transformation of CaCO3 into HA are

assumed in literature. Eysel and Roy [15] proposed topo-

tactic reaction of aragonite to HA, dissolution and precip-

itation reaction of aragonitic nacres to HA was proposed by

Ni and Ratner [11]. Zaremba et al. [16] studying the ara-

gonite transformation in gastropod (abalone) nacres sug-

gested dissolution–recrystallization mechanism of the HA

growth, whereas Yoshimura et al. [17], proposed dissolu-

tion-precipitation mechanism followed by nucleation and

growth of HA on the surface of calcite (CaCO3). According

to Jinawath et al. [18], aragonite in porites was initially

transformed into intermediate CaHPO4 (DCPA) at pH 2–4,

which at pH [ 6 transformed into HA. The authors also

proposed dissolution–recrystallization mechanism as driv-

ing force for hydroxyapatite growth. To the best of our

knowledge, kinetic parameters (the rate constant k, the

activation energy) of biogenetic aragonite transformation

into hydroxyapatite are not available in literature. On the

other hand, there are papers dealing with the kinetics of

hydroxyapatite formation from various synthetic precur-

sors. Huang and coworkers [19], studying the kinetics of

electrochemical deposition and post-hydrothermal synthe-

sis of HA from brushite (DCPD–CaHPO4�2H2O), have

found an Arrhenius relationship between the formation rate

and temperature with an apparent activation energy of

94.4 kJ/mol. Liu et al. [20], studying the mechanism and

kinetics of HA precipitation from aqueous solution at pH

10–11 found that HA formation is surface controlled pro-

cess with an activation energy of 95 kJ/mol. Lopatin et al.

[21], studying the crystallization kinetics of sol–gel derived

hydroxyapatite thin films, have found that the activation

energy depends on the pre-treatment of gels. The activation

energy is higher (231 kJ/mol) in the aged compared to non-

aged (189 kJ/mol) samples, indicating that the aging raises

the energy barriers, thus hinders the transformation.

The aim of this work was: to study the transformation

mechanism of aragonite of cuttlefish bones into HA in the

dependence of temperature and time of hydrothermal

treatment, and evolution of the reaction rate and activation

energy using Arrhenius kinetics.

2 Materials and methods

The starting material for synthesis of hydroxyapatite was

aragonitic cuttlefish bone, Sepia officinalis L., from the

Adriatic Sea heated at 350�C for 3 h to remove the organic

component of cuttlefish bone. For hydrothermal treatment

pieces of about 1 9 1 9 2 cm3 cut from the internal cut-

tlefish bone matrix (lamellae spacing) were used, since by

the pre-treatment at 350�C only the aragonite in lamellae

spacing retained its structure, while aragonite from the

external wall (dorsal shield) transformed into calcite. For

each batch of cut cuttlefish bones the required volume of

0.6 M aqueous solution of NH4H2PO4 was added to settle

the molar ratio of Ca/P = 1.67. The obtained suspension

was transferred in TEFLON lined stainless steel pressure

vessel, and sealed from 140 to 220�C in the step of 20�C

for various times (20 min to 48 h) in an electric furnace.

The pressure inside the reactor was self-generated by water

vapor. After hydrothermal treatment the reactor was cooled

down and the pH of the resulting suspension was measured

at RT. The converted HA was washed with boiling water

and dried at 110�C for further characterization. The

microstructure of heated (350�C) and hydrothermally

treated (HT) cuttlefish bones has been examined by scan-

ning electron microscopy (SEM TESCAN VEGA

TS5136LS). The conversion of HT transformation was

followed by X-ray diffraction analysis (Philips PW 1820

counter diffractometer with Cu Ka radiation). Changes of

crystal structure and unit cell parameters of HA upon

heating were followed by Rietveld structure refinement

approach [22] carried out on XRD patterns collected from

15� to 120� 2h, with steps of 0.02� and with fixed counting

time of 10 s per step. The software Topas 2.1 [23] was used

for the data evaluation. Holly Springs hydroxyapatite [24,

25] was used as a starting model for the refinement. For

aragonite structure the model of Dickens and Bowen [26]

was applied. To quantify HA transformed by hydrothermal

treatment, the refinement was performed on the XRD

patterns with known addition of Si. This method allowed us

to follow the transformation of aragonite into HA as a

function of temperature and time of hydrothermal treat-

ment (HT). XRD patterns were also used to determine the

change of crystallite size of HA along to the c and a-axes
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applying the Scherrer’s approximation [27] and measuring

the full width at half maximum (FWHM) for (002) and

(300) reflections.

Fourier transform infrared spectra (FTIR) were per-

formed by attenuated total reflectance (ATR) spectroscopy

for solids with a diamond crystal.

3 Results

3.1 Quantitative XRD powder diffraction

Figure 1 displays: (a) the schematic view of a transverse

section of cuttlefish bone, (b) XRD patterns of the dorsal

shield and lamellae matrix heated at 350�C for 3 h, (c)

SEM micrograph of cross section of dorsal shield, and (d)

SEM micrograph of the lamellae spacing of raw cuttlefish

bone. The XRD patterns (Fig. 1b) show that the dorsal

shield (external part) of cuttlebone was transformed into

calcite by heat treatment, whereas the lamellae matrix

retained the aragonitic structure. From SEM micrographs

of raw cuttlefish bone the organic component between the

dorsal shield and the internal matrix (Fig. 1c), as well as,

around the each lamellae (Fig. 1d) of the internal spacing is

well seen. Therefore, for hydrothermal (HT) treatment only

pieces of internal cuttlebone matrix (lamellae spacing)

were used. XRD patterns of the samples HT treated for

20 min at various temperatures are given in Fig. 2.

Whereas in Table 1 the formed phases are compared with

the pH values of suspensions of HT treated product. XRD

analysis shows that along to still untransformed aragonite,

poorly crystallized hydroxyapatite and brushite, CaH-

PO4�2H2O, were determined in the samples heat treated at

140 and 160�C. The sharpness of the (020) line implies

high crystallinity of brushite. With the increase of HT

temperature, the amount of brushite decreases, so at 180�C

just discernible amount of brushite is detected, and in the

sample heated at 200�C brushite was not observed.

Simultaneously the pH values of suspension increase with

HT treatment from 5.34 (140�C) to 6.42 (220�C). Figure 3

displays XRD patterns of HT samples treated at various

time and temperature with silicon addition as the internal

Fig. 1 a Schematic view of

cross-section through the

cuttlefish bone; b XRD patterns

of the cuttlefish bone heat-

treated at 350�C for 3 h, (a)

dorsal shield, (b) lamellae

spacing; c, d SEM micrographs

of dorsal shield and lamellae

spacing, respectively
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Fig. 2 XRD patterns of samples HT treated at: (a) 140�C, (b) 160�C

(c) 180�C, (d) 200�C and (e) 220�C for 20 min. (r) Brushite; (h)

hydroxyapatite. The aragonite lines are not marked
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standard. XRD patterns clearly show that at the beginning

of HT treatment, aragonite transforms rapidly to HA and

24 h HT treatment at 200�C was needed for complete

transformation of aragonite into HA. In the samples HT

treated at 220�C for longer than 24 h along to hydroxy-

apatite, monetite (CaHPO4) was also determined.

The Rietveld refinement approach [22] allowed us to

follow quantitatively the formation of HA as a function of

temperature and time of HT treatment. The structure of

hydroxyapatite reported by Sundarsanan and Young [25]

was used as a structural model in the Rietveld refinement.

The scale factor, zero displacement, background coeffi-

cients, unit cell axes and profile function parameters were

refined first. In the second step atomic positions and site

occupancies were also refined, while the temperature dis-

placements were kept fixed. The background was described

by Chebishev polynomial of 6th order, and the diffraction

profile was modeled by Thompson-Cox-Hastings pseudo-

Voigt peak-shape function. The refinement of aragonite

was performed mutually with HA and the structure was

taken from the ICSD card No. 034308 [26]. For the silicon

standard, only the scale factor and profile parameters were

refined. Rietveld output of XRD data for the sample HT

treated at 200�C for 24 h is given in Fig. 4 as an example.

The changes of unit cell parameters of hydroxyapatite with

time for samples HT treated at 180, 200 and 220�C are

given in Table 2.

The unit cell parameters of HA formed at 180�C

exhibited larger a-and c-axes than are those for HA in the

samples treated at 200�C and larger than those in the lit-

erature [24] (a = 9.432 Å
´

; c = 6.881 Å
´

). With time of the

HT treatment the parameters for all three temperatures

decrease and approach to similar values: a varies between

9.4268 and 9.4289 Å
´

, and c = 6.89438–6.8978 Å
´

.

The quantity of converted HA as a function of the HT

treatment time and temperature is shown in Fig. 5. As seen

in the Fig. 5a, the sample HT treated at 180�C for 48 h

contained 95.4 wt% of HA and 4.6 wt% of untransformed

aragonite, while in the sample treated at 200�C for 24 h

aragonite transformed completely into hydroxyapatite. On

the other hand, the sample treated at 220�C for 24 h con-

tained 97.9 wt% of HA, and 2.1 wt% of untransformed

aragonite, while for longer treatment time (48 h), the

amount of hydroxyapatite decreased on account of mone-

tite, CaHPO4, which was determined in quantity of

3.2 wt%. The results for the samples HT treated at 140 and

160�C are given in Fig. 5b. The largest fraction of HA in

these samples after 48 h treatment is *82 and *94 wt%,

respectively. In the sample HT treated at 160�C for 48 h

small amount of calcite was also determined. The change

of crystallite size was followed using Scherrer’s approxi-

mation and Si standard to correct the instrumental broad-

ening. As shown in Fig. 6, the crystallite size increases

with the time of HT treatment faster along to the c-axis

than along to a-axis. The maximum value is attained for the

sample HT treated at 200�C for 48 h (about 75 nm).

3.2 FTIR spectroscopy

The FTIR spectra of HT treated samples are divided in two

groups; the spectra of samples containing brushite as an

intermediate crystalline form after HT treatment for 20 min

(spectra at 140 and 160�C), and the spectra containing no

brushite for the same duration time (spectra at 180, 200 and

220�C). From the first set of data, the spectra of the sample

HT treated at 160�C for various times are given in Fig. 7.

The spectrum of heat-treated cuttlefish bone at 350�C for

3 h is also attached. The spectrum of cuttlefish bone reveals

the IR active CO3
2- bands of aragonite at 1446 cm-1 (m3),

1082 cm-1 (m1), 852 cm-1 (m2), and doublet at 712 cm-1,

710 cm-1 (m4) The formation of HA by HT treatment is

evident according to characteristic bands of PO4
3- tetra-

hedra: (m3 1042 and 1088 cm-1; m4 602 and 563 cm-1; m1

960 cm-1 and m2 470 cm-1) [28]. The spectrum recorded

after 20 min of HT treatment shows rather poorly resolved

phosphate bands and the absence of characteristic stretch-

ing and bending vibrations of OH- at 3570 and 630 cm-1,

respectively. With increase of HT treatment time, the

intensities and resolutions of PO4
3- bands are increased

and OH- band at 3570 cm-1 appears. The small intensity

of OH- bands is also characteristic for nanocrystalline

biological apatites; probably because of a greater amount

of carbonate ion incorporated in HA structure [29].

Accordingly, the same explanation could be valid for our

results too. In general, there are two types of CO3
2- sub-

stitutions in apatites; the substitution at the OH- site

Table 1 The change of phase

composition and the pH values

with HT treatment temperature

a Measured at room

temperature

HT treatment

temperature (�C)

Phases and pH of suspension after 20 min of HT treatment

pHa Phases

140 5.34 Brushite, HA

160 5.45 Brushite, HA

180 5.75 HA

200 6.27 HA

220 6.42 HA
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(A-type) and at the PO4
3- site (B-type) [30, 31] which is

reflected on the FTIR spectra. The broad bimodal peaks at

1412 and 1446 cm-1 and the peak at 872 cm-1 confirms

carbonate ion in the B-site of HA structure. The bands not

belonging to HA such as the shoulder at about 1110 cm-1

could be attributed to m6 degenerated stretching of HPO4
2-

ions, which are usually found in brushite [32]. The exis-

tence of brushite in the samples HT treated at 140 and
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160�C was also confirmed by XRD analysis as mentioned

earlier (Fig. 2). When the cuttlefish bone is treated at

200�C, the OH- stretching vibrations are visible already in

the samples treated for 1 h and became more intense with

duration of HT treatment, as shown in Fig. 8.

3.3 Crystallization kinetics

The isothermal kinetics of aragonite ? hydroxyapatite

transformation is described by the Johnson–Mehl–Avrami

(JMA) equation [33, 34]

2 theta (°)
858075706560555045403530252015

C
ou

nt
s

3.500
3.000
2.500
2.000
1.500
1.000

500
0

-500
-1.000

Hydroxylapatite  100.00 %

Fig. 4 Rietveld output of X-ray powder diffraction pattern of the

sample heat-treated at 200�C for 24 h (Rexp = 8.38, Rp = 9.34,

Rwp = 12.03). The dots are the experimental data, and the solid line
the best-fit of profile. 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

Table 2 Refined unit cell parameters of HA as a function of time and temperature

Time of treatment (h) Hydrothermal treatment at 180�C Hydrothermal treatment at 200�C Hydrothermal treatment at 220�C

Rwp a (Å
´

) c (Å
´

) Rwp a (Å
´

) c (Å
´

) Rwp a (Å
´

) c (Å
´

)

1 0.109 9.4473(2) 6.878(2) 0.924 9.4441(3) 6.8930(4) 0.113 9.4454(3) 6.8945(3)

2 0.103 9.4427(3) 6.8995(3) 0.114 9.4352(4) 6.9017(3) 0.106 9.4362(3) 6.8988(3)

4 0.112 9.4361(1) 6.9044(1) 0.123 9.4368(3) 6.9017(3) 0.104 9.4298(3) 6.8984(3)

8 0.111 9.4356(3) 6.9024(1) 0.110 9.4244(3) 6.8987(2) 0.118 9.4306(4) 6.8973(3)

24 0.102 9.4359(2) 6.8984(2) 0.117 9.4251(3) 6.8902(2) 0.118 9.4252(3) 6.8902(3)

48 0.116 9.4289(2) 6.8978(2) 0.113 9.4281(2) 6.8938(2) 0.104 9.4268(2) 6.8938(2)

The Rexp, is the discrepancy factor that characterize a quality of the fit

40

60

80

100

0 20 40 0 20 40 60

20

40

60

80

100

(B)

 220 °C
 200 °C
 180 °C

H
A

 c
on

te
nt

 / 
%

time / h

(A)

 160 °C
 140°C

Fig. 5 Fraction of crystalline

HA formed at various HT

treatment time and temperature
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a ¼ 1� exp½�ðknðt � sÞnÞ�; ð1Þ

where (a) is the fraction of transformed HA, n is the

Avrami exponent, related to the nucleation type and growth

dimension, s is the incubation time, and k is the rate

constant, which is the function of annealing temperature by

assuming an Arrhenius relation:

k ¼ k0 expð�Ea=RTÞ ð2Þ

where k0 is the frequency factor and Ea is the activation

energy of crystallization. The fit of the Johnson–Mehl–

Avrami model (Eq. 1) to the experimental data given in

Fig. 5a and b are shown in Fig. 9, and the obtained

constants n, k and s are given in Table 3. Equation 1 can be

written in double logaritmic form as ln(-ln(1 -

a)) = n ln k ? n ln(t - s). This relationship indicates that

a plot of ln(-ln(1 - a)) against ln t for different temper-

atures is expected to be linear. The value of n is then

obtained from the slop of the best linear fitting of the

experimental data. As shown in Fig. 10, the Avrami

exponent remains constant and linear only in the time

interval of 0 \ t B 8 h, however prolonged annealing (24

and 48 h) gives rise a significant deflection from the

straight line. Taking into the consideration only the data

between 1 and 8 h, the Avrami exponent ranges from 0.43

to 0.56 (Table 3). Allowing for experimental error, value of
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cuttlefish bone heated at 350�C

for 3 h and converted spectra

between 2000 and 450 cm-1
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(n) is close to n = 0.5. The activation energy of transfor-

mation can be determined by the slop of the plot ln k versus

1/T, which is shown in Fig. 11. It. reveals the straight line

only for temperatures 180, 200 and 220�C, and the acti-

vation energy of HA transformation is determined as

Ea = 77.8 ± 5 kJ/mol. The data for samples treated at 140

and 160�C show significant deflection from the linear plot,

therefore, they were not taken into consideration for the Ea

determination.

3.4 SEM observations of the HT treated samples

The microstructure of cuttlefish bones consists of two

regions: a thick external wall or dorsal shield and internal

regions with lamellae, which are separated by numerous

pillars [35]. SEM micrographs in Fig. 12a and b show that

the general image of cuttlefish bones was preserved after

hydrothermal treatment and the cuttlefish bones retained its

form with the same channel size (*80 9 300 lm). The

enlarged view of transformed HA indicates the existence of

many uniform, dandelion-like HA nanostructures with

diameter from 3 to 8 lm, formed on the surface of lamellae

and pillars (Fig. 13). With the prolonged HT treatment, the

dandelion-like structures [36] are transformed into various

nanostructure branches (Fig. 14a, b), which later form

radially oriented nanoplates (Fig. 14c) and nanorods

(Fig. 14d) with an average diameter of about 200–300 nm

and an average length of about 8–10 lm.

4 Discussion

The reaction which takes place during the hydrothermal

treatment of aragonitic cuttlefish bones with aqueous

solution of ammonium dihydrogen phosphate could be

described by the overall reaction (3).

CaCO3 þ NH4H2PO4 þ H2O

! Ca10 PO4ð Þ6 OHð Þ2þ3 NH4ð Þ2CO3 þ 7H2CO3

ð3Þ

and the end product of the reaction is hydroxyapatite and

evolved CO2 and H2O. Calcium carbonate is unstable

under acidic pH values and introduced into ammonium

dihydrogen phosphate solution partially dissolves and pH

value of suspension increases from the starting value of pH

3.78 to various final values which depend on the time and

temperature of treatment (For example, the suspension of
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the sample HT treated at 200�C for 20 min yielded the pH

6.1 and for 1 h pH 7.0). As seen, the basic conditions in

suspension is very soon attained and small amount of

calcium ions, which were dissolved from the surface of

aragonite reacted at the very near surface with phosphate

ions, then precipitated as nuclei of HA and grew as HA

crystals on the surface of aragonite. X-ray diffraction

studies confirmed the formation of HA in samples HT

treated at 180 and 200�C, and HA with a small amount of

monetite for sample treated at 220�C for 48 h. On the other

hand, CaHPO4�2H2O, known as the mineral brushite, is a

metastable compound which is normally observed as the

primary crystalline product, when calcium phosphate is

precipitated at low pH and low temperature [37]. Accord-

ing to pH values found in suspensions of samples treated at

140 and 160�C for 20 min (pH 5.34 and 5.45, respectively),

the existence of brushite on XRD patterns treated for

20 min was understandable (Fig. 2). The shape of the (020)

line of brushite indicates fairly well crystallized phase as

the crystallization rate of brushite is much higher than that

for HA [38]. Consequently, the existence of brushite in

XRD patterns and HPO4
2- band at about 1110 cm-1 on

FTIR spectra for samples HT treated at 140 and 160�C

(Fig. 7) are in accordance with literature [32]. The incor-

poration of CO3
2- in the structure of HA is well docu-

mented with FTIR spectroscopy (Figs. 7 and 8). The

absence of structurally bounded OH- (or its presence in

very small amounts) in the most CO3
2- incorporated

hydroxyapatite has been reported in a very recent work

[37]. Therefore the incorporation of CO3
2- in the structure

of HA is correlated with the small intensities of stretching

vibrations of OH- in the high energy- and the middle

energy-region. The unit cell parameters decrease with time

of HT treatment, however, the decrease is not linear

(Table 2), since the analyses were performed on bulk small

pieces of natural cuttlefish bones. The non-uniformed

changes of unit cell parameters with time (Table 2) are to

be expected, since the samples are derived from natural

sources. Crystallite size of HA also increases with time of

HT treatment attaining the maximum values of *60 nm

for HT treatment at 180 and 220�C, and *75 nm for HT

treatment at 200�C. Rocha et al. [13] found that the crys-

tallite size ranges from 20 to 50 nm. As seen in Fig. 5a

only HT treatment at 200�C for 24 h gives rise to complete

transformation of aragonite into HA, while at a lower

temperature (180�C), aragonite was not yet completely

Table 3 Constants for the JMA relation a(t) = 1 - exp(-(kn(t - s)n)); k = k0exp(-Ea/RT)

Transformation Temperature (�C) k (h-1) Avrami exp. n Incubation time s (h) R2

A ? DCPDa & HA HT 140�C 0.29 ± 0.05 0.56 ± 0.12 -0.212 ± 0.13 0.9769

A ? DCPDa & HA HT 160�C 1.6 ± 0.6 0.43 ± 0.11 0.58 ± 0.03 (34 min) 0.9824

A ? HA HT 180�C 0.32 ± 0.04 0.47 ± 0.04 0.57 ± 0.15 (32 min) 0.9985

A ? HA HT 200�C 0.697 ± 0.04 0.46 ± 0.09 0.408 ± 0.31 (24 min) 0.9919

A ? HA & DCPAb HT 220�C 1.7147 ± 0.9 0.43 ± 0.16 0.373 ± 0.16 (22 min) 0.9679

a The formation of well crystallized brushite (DCPD, CaHPO4�2H2O) was determined in the samples treated for 20 min. These results were not

considered for the evaluation of kinetics data
b Samples HT treated for 24 and 48 h contain monetite (DCPA, CAHPO4)
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transformed even after 48 h of HT, and the fraction of

transformed hydroxyapatite yields about 95%. On the

contrary, higher HT treatment temperature (220�C) caused

the formation of anhydrous calcium hydrogen phosphate,

CAHPO4 (monetite) above 4 h of HT treatment.

The results of kinetics analysis (Figs. 10, 11 and

Table 3) show that the HT treatment temperature acceler-

ated the formation of HA, and the rate constant, k, is

increased with temperature, as expected for a thermally

activated, or Arrhenius processes. However, the change of

the rate constant with temperature is not uniform. Dis-

crepancies are seen for the sample HT treated at 140�C,

and especially for the sample treated at 160�C). It has to be

emphasized, that XRD patterns of these samples treated for

20 min exhibited two crystalline phases; hydroxyapatite

and metastable brushite. The latter phase disappears with

duration time (Fig. 2). The kinetics of transformation is

well described by JMA theory only when the rate constant

~500 μm ~500 μm

(A) (B)

Fig. 12 Comparison of SEM

micrographs of aragonite heat

treated at 350�C for 3 h and the

SEM micrographs of converted

HA treated at 200�C for 24 h

~50 μm ~5 μm

(A) (B)

Fig. 13 SEM micrograph of the

dandalion-like hydroxyapatite

nanostructures

~5 μm~5 μm ~5 μm

(C)

~5 μm ~10 μm

(A) (B)

(D)

Fig. 14 SEM images of

nanoplates and nanorods of HA
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k remains constant all over the process [39]. However, in

the samples HT treated at 140 and 160�C the mean rate

constant of simultaneous crystallization of two phases

(hydroxyapatite and brushite) is changing with time

depending on the ratio of two phases. Accordingly, the

required k constancy of the process is not fulfilled. On the

other hand, almost the same Avrami exponent is obtained

for all temperatures. The obtained value of Avrami expo-

nent, n (n & 0.5) suggests that the growth mechanism of

HA can be described as one dimensional growth of HA

controlled by diffusion process for the whole temperature

interval studied. On the use of Avrami exponent to describe

the mechanism of growth, it should be emphasized that this

value depends on nature of both the nucleation and the

growth processes. Accordingly, the definitive determina-

tion of growth mechanism requires independent determi-

nation of one of these processes [40]. The anisotropic

growth of HA along the a-axis (Fig. 6) and changes of the

morphology of HA structures from 3D dandelion-like HA

assemblies to the radially oriented nanoplates (Fig. 14c)

and nanorods (Fig. 14d) of HA suggest that the above

mechanism of HA growth could be operative. The change

in morphology with the time of HT treatment thus reflects

this difference in growth rates. The metastable phase

(brushite) that appeared at the early stage of transformation

(140 and 160�C), with the increasing reaction temperature

or the time will transform to thermodynamically stable

phase of HA. These results are consistent with those

reported in the literature [41]. Comparing with the reaction

time, the temperature of reaction is more significant vari-

able in changing the morphology of HA.

5 Conclusion

• Transformation of aragonitic cuttlefish bones into

hydroxyapatite using hydrothermal treatment at tem-

peratures between 140 and 220�C for various times

(1–48 h) has been investigated. In the initial reaction

step at 140 and 160�C small amount of brushite

(CaHPO4�2H2O) was crystallized, due to acidic condi-

tions of the suspension in the pressure vessel. In

extended times conditions (t [ 1 h) aragonite con-

verted completely into HA.

• The kinetics and mechanism of transformation was

studied using results of quantitative XRD analysis and

Rietveld structure refinement. The Avrami formalism

was used to describe the rate of crystallization, and the

kinetics data were evaluated on the hydrothermally

treated samples at 180, 200 and 220�C. HT treatment

temperature accelerated the formation of HA, and the

rate constant, k, increased with temperature, as expected

for thermally activated process. The activation energy of

transformation equals Ea = 78 ± 5 kJ/mol.

• The interconnecting porous morphology of the starting

material (aragonite) was maintained during the HT

treatment. With extended time, HA was anisotropically

grown along the a-axis and the dandelion-like HA

nanostructures were formed.

• Based on the results of kinetics data and on the

microstructural observation, the crystallization of HA is

best determined by one dimensional growth controlled

by diffusion.

• 3D structures using the natural morphology of cuttlefish

bones offer promising alternatives for bone tissue

engineering application.
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