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Abstract A novel, porous triphasic calcium phosphate

composed of nonresorbable hydroxyapatite (HAp) and

resorbable tricalcium phosphate (a- and b-TCP) has been

synthesized hydrothermally at a relatively low temperature.

The calcium phosphate precursor for hydrothermal treat-

ment was prepared by gel method in the presence of

ascorbic acid. XRD, FT-IR, Raman analyses confirmed the

presence of HAp/TCP. The surface area and average pore

size of the samples were found to be 28 m2/g and 20 nm,

respectively. The samples were found to be bioactive in

simulated body fluid (SBF).

1 Introduction

Hydroxyapatite [Ca10(PO4)6(OH)2] is one of the most

important biomaterial widely used in biomedical field due

to its biocompatibility, bioactivity and osteoconductivity. It

has been widely used for hard tissue replacement materials

such as bone and teeth [1–3]. HAp is also used in non-load

bearing applications, such as the ossicles of the middle ear,

orthopedic bone grafting due to its poor mechanical prop-

erties [4]. On the other hand HAp coated implants are used

in load bearing applications to promote bone formation [5].

Porous HAp improves the mechanical interlock between

the cells and the surface of the material and promotes

osteoconductivity [6]. The rate of integration and the vol-

ume of newly regenerated bone have been shown to be

dependent on porosity, pore size and the path of pore

connectivity [7]. However, owing to the nonresorbable

nature of HAp, current research is focused on the mixture

of calcium phosphates, which contains most stable phase

of HAp and soluble phase of tricalcium phosphate (TCP)

[8–10]. HAp/TCP has enhanced osteoconductivity and

osteogenesis which accelerates the bone formation [11].

Dissolution of TCP in HAp/TCP releases calcium and

phosphate ions into biological medium and act as a seed

for new bone formation [12, 13]. HAp/TCP is also widely

used in drug adsorption and release [14]. Different routes

are used to prepare the mixture of HAp/TCP viz, solid

state reaction, precipitation, combustion, hydrothermal,

microwave processing and sintering of calcium deficient

hydroxyapatite at or above 700�C [15–20]. In most of the

methods HAp/TCP is obtained after sintering. Due to sin-

tering, the functional groups of HAp/TCP may lose its

bioactivity and also could lead to closer of interconnection

between the pores which could affect the transportation of

body fluid and nutrition during bone regeneration, and

delay the bone formation. On the other hand, TCP have

been prepared as a biomaterial and replaced by new bone

growth as they degrade due to its resorbability [21]. It is a

challenge to synthesize the highly biodegradable a- and b-

TCP at low temperature because a-TCP is a high temper-

ature phase and crystallized at the temperature 1,120�C

[22] and b-TCP is not a stable phase at room temperature.

Li et al. highlighted the importance and advantages of
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biodegradation of the mixture of a- and b-TCP and they

synthesized a- and b-TCP at 800�C [23]. Here we report, a

novel low temperature hydrothermal method to prepare

the highly biodegradable porous HAp/TCP (a and b).

Precursor was prepared in the presence of ascorbic acid

in gel method under physiological condition. Ascorbic

acid (AA) plays an essential role in synthesis of collagen

[24, 25].

2 Materials and method

All the reagents used for this experiment were of an analar

grade procured from Merck, India and were used without

any further purification.

Calcium phosphate precursor was prepared by gel

method in single diffusion technique and then subjected to

hydrothermal treatment. The experimental procedure was

as shown in the flow chart given below.

The gel was prepared by mixing SMS-sodium meta

silicate (Qualigens) solution of specific gravity 1.03 g/cm3

and 0.6 M of di sodium hydrogen phosphate (Na2HPO4) in

the ratio 1:1. To this, 50 mM of ascorbic acid was added

after that the pH of the solution was adjusted to 7.4 using

10% acetic acid. The same solution without AA was used

as blank. The solution was allowed to gel. After the gela-

tion, 1 M CaCl2 � 2H2O was used as the supernatant

solution. The experiments were carried out at 37�C

(±0.1�C).

After the crystallization was complete, the samples were

harvested, washed with double distilled water and dried

at 60�C. This sample was used as a precursor for hydro-

thermal treatment at 150�C for 3 h. After hydrothermal

treatment the sample was washed with double distilled

water and dried at 60�C. The product was sintered at

1,000�C for 2 h.

The samples were characterized by X-ray powder dif-

fraction (XRD) using RINT 2200, Rigaku diffractometer.

Ni-filtered Cu-Ka radiation (k = 1.5405 Å) operated at

40 kV/30 mA at the 2h range of 20–60� in continuous scan

mode at a scanning speed of 0.02�. The Fourier transform

infrared spectrum (FT-IR) was recorded in PERKIN

ELMER Spectrum RX1 using KBr pellet technique for the

range 4,000 and 400 cm-1. Raman spectrum of the sample

was recorded at room temperature in the back scattering

geometry using a Laser—Raman spectrometer built around

a double grating monochromator (SPEX, model 14018).

The sample was excited with 488 nm argon ion laser beam

of 40 mW focused to a spot size of 100 lm on the sample.

N2 adsorption–desorption measurements were carried out

on a Micromeritics ASAP 2020 gas adsorption analyzer,

after out gassing the samples at 200�C overnight on a

vacuum line. The surface areas were calculated by the BET

method and the pore size distributions were calculated

from the desorption branch of the isotherm.

3 Results and discussion

The addition of CaCl2 � 2H2O as the supernatant solution,

led to the formation of a white precipitate at the gel–

solution interface. Within a day, periodic disc of white

precipitate (Liesegang Rings-LRs) were observed just

below the interface precipitate and continued to develop

over a period of time. In the presence of ascorbic acid more

number of LRs were observed. This indicates that AA

accelerates the formation of calcium phosphate. The har-

vested LRs grown in the presence of AA were subjected to

hydrothermal treatment. LRs were not in direct contact

with water. The LRs reacted with water vapor leading to

their recrystallization under hydrothermal conditions.

Calcium phosphate prepared by gel method and hydro-

thermally treated samples were identified as the mixture of

HAp and a- and b-TCP from XRD (Fig. 1a, b) which is in

good agreement with the JCPDS standards (09-0432, 09-

0348 and 09-0169). The hydrothermally treated sample

(Fig. 1b) showed sharp and distinct peaks for the planes

(211), (112), (300) which indicate better crystallinity

compared to the as prepared sample. The characteristic

peak of b-TCP appeared in both as prepared and hydro-

thermally treated, as a weak shoulder peak (Fig. 1 insert).

There were no new crystalline phase other than HAp and
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TCP. The crystallinity of HAp/TCP was 85%, as deduced

from the integrated intensity (Area) of the amorphous peak

(310) and the crystalline peak (211) of HAp using the

relation IC/(IC + IA) [26]. The peaks corresponding to

a-TCP appeared in both as prepared and hydrothermally

treated samples, confirms the formation of a-TCP even at

physiological temperature. The XRD patterns of sintered

sample indicated the presence of a- and b-TCP (Fig. 1c).

There was a complete decomposition of HAp into a- and

b-TCP at 1,000�C.

Figure 2 illustrates the FT-IR absorption spectra of the

hydrothermally treated sample. The band at 1,030 cm-1 is

assigned to the triply degenerate m3 asymmetric P–O

stretching mode. The peak at 961 cm-1 is attributed to m1,

the non-degenerate P–O symmetric stretching mode.

The bands at 601 and 562 cm-1 correspond to the triply

degenerate m4, O–P–O bending mode and the band at

476 cm-1 is attributed to the doubly degenerate m2, O–P–O

bending mode. Low intensity OH- derived band is

observed at 630 cm-1. The bands at 1,641 and 3,417 cm-1

are assigned to the adsorbed water. In addition, the weak

peak at 866 cm-1 is due to the P–O(H) stretch of HPO4
2-,

indicate the presence of calcium deficient HAp [27].

The weak band at 3,558 cm-1 is attributed to OH bend-

ing mode. The low intensity hydroxyl group at 630 and

3,558 cm-1 indicate the presence of HAp/TCP [19].

The Raman spectrum of hydrothermally treated sample

is as shown in Fig. 3. The band at 960 cm-1 is assigned to

the strongest m1, P–O stretching mode of HAp. The

Shoulder peak observed at 988 cm-1 is assigned to P–O

stretching and indicated the presence of a-TCP [28]. The

Fig. 1 XRD patterns of (a) as

prepared (b) hydrothermally

treated and (c) sintered at

1,000�C. Insert—magnified

pattern of XRD from 29.7� to

32� showed a characteristic

shoulder peak corresponding to

b-TCP

Fig. 2 FT-IR spectra of the hydrothermally treated HAp/TCP
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bands observed in the region 1,000–1,150 cm-1 are

attributed to m3, P–O stretching mode. The splitting of

peaks at 864 and 881 cm-1 corresponds to HPO4
2- [29].

The bands at 426, 527 and 554 cm-1 are assigned to m2,

O–P–O doubly degenerated bending mode. The peaks at

588 and 615 cm-1 are attributed to m4, O–P–O triply

degenerated bending mode. The splitting of peaks at m3

(1026, 1044, 1067, 1097 and 1112 cm-1) are suggested the

co-existence of HAp, a- and b-TCP [28]. The low intensity

bands at 3,558 cm-1 and 3,575 cm-1 are assigned to

bending mode of O–H group (Fig. 3b). The Raman

assignments of the characteristic bands are given in

Table 1.

SEM micrograph of the as prepared sample in the

presence of AA (Fig. 4b) showed the spherulites of diam-

eter 5–15 lm whereas the sample prepared without AA

contain acicular crystals of length 5–10 lm (Fig. 4a).

Here AA seems to inhibit the growth along the c-axis

leading to the formation of spherulites. Hydrothermally

treated sample revealed the interconnected porous network

of pore size around 5 lm along with hexagonal and

rectangular crystals with edges of around 10–50 lm

(Fig. 4c, d).

The nitrogen adsorption–desorption isotherm (Fig. 5) of

hydrothermally treated sample exhibit type IV hysteresis

loop, indicated the presence of ink-bottle type mesopores

[30]. The Brunauer–Emmett–Teller (BET) surface area of

the sample was measured to be 28 m2/g. The sample has

mesopores of average pore size 20 nm.

To check the bioactivity, the hydrothermally treated

sample was immersed in 10 ml of simulated body fluid

(SBF) with an ionic concentration nearly equal to that of

human blood plasma kept at 37 ± 0.1�C for a week. SBF

was prepared by dissolving NaCl, NaHCO3, KCl,

K2HPO4 � 3H2O, MgCl2 � 6H2O, 1 M HCl, CaCl2 � 2H2O,

Na2SO4 and (CH2OH)3 CNH2 in de-ionized water and

buffered to pH 7.4 at 37 ± 0.1�C with HCl [31]. Before

soaking into SBF the sample was weighed (W1). When the

sample was immersed in SBF there was a slight reduction

in pH, subsequently after 2 days there was an increase in

pH due to the ion exchange between the sample and SBF.

After a week the sample was taken out and washed with de-

inoized water and dried at 60�C and weighed (W2). The

sample was subsequently observed under SEM which

revealed the apatite deposition on the surface of the sample

Fig. 3 Raman spectrum of the hydrothermally treated HAp/TCP (a) PO4
3- mode and (b) OH- mode

Table 1 Raman assignments (Lorentzian) of hydrothermally treated

HAp/TCP

Vibrational Raman mode Assignments

Peak center

(cm-1)

FWHM

(cm-1)

Area (a.u)

426 16.85 31839 O–P–O doubly

degenerated bending527 22.76 12839

554 29.07 21596

588 22.96 58064 O–P–O triply

degenerated bending615 15.86 7486

864 14.42 4863 HPO4
2- mode

881 12.68 6639

960 15.12 247027 P–O stretching

(triply degenerated)

988 17.51 41429 P–O stretching mode

1026 11.75 4310 P–O asymmetric

stretching mode1044 15.66 18346

1067 12.81 14997

1097 14.56 12317

1112 14.84 20886

3477 14.24 15683 O–H stretching of water

3544 04.10 3190 O–H stretching

3558 06.92 3629

3575 25.31 19370
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(Fig. 4e, f). The difference in weight before and after

soaking of SBF (W2 - W1) showed an increase in weight

further confirming the deposition of apatite layer on to the

surface of the sample. The partial dissolution of TCP

increases the local supersaturation of calcium and phos-

phate ions in SBF, leading to the deposition of the apatite

layer on the sample [32].

4 Conclusions

This study presents, a novel hydrothermal method to pre-

pare a porous network of HAp/(a and b)TCP at low

temperature than the other existing methods reported in

literature. Ascorbic acid is found to accelerate the calcium

phosphate agglomeration under physiological conditions.

The presence of the mixture of HAp/TCP in hydrother-

mally treated sample was confirmed by XRD, FT-IR and

Raman analyses. Specific surface area and average pore

size of HAp/TCP was 28 m2/g and 20 nm (mesopores),

respectively. The porous nature of the samples enables

the circulation of body fluids and nutrition which enhances

its biocompatibility. Further the mesopores may help in

effective drug adsorption and release. In vitro study

showed excellent bioactivity of hydrothermally treated

sample in SBF. Hence this process could emerge as a novel

route to produce HAp/TCP at low temperature for bio-

medical applications due to its biodegradability.

Fig. 4 SEM morphology for (a) In the absence of ascorbic acid—

acicular crystals of length 5–10 lm. (b) Precursor prepared in the

presence of ascorbic acid—spherulites of 5–15 lm diameter. (c and

d) Hydrothermally treated HAp/TCP prepared in the presence of

ascorbic acid—Porous network with hexagonal and rectangular

crystals of edge10–50 lm. (e) Apatite layer formation on HAp/TCP

in SBF. (f) Magnified portion of figure (e)—arrow indicate the

deposition of apatite layer on porous network
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