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Abstract This article reports a novel and facile solid-

based steam-assisted conversion method for the synthesis

of hydroxyapatite (HAP, Ca10(PO4)6(OH)2) nanorods and

nanoparticles. After steam treatment at 180 �C for 20 h, the

wet solid of brushite (CaHPO4�2H2O), which was precip-

itated from reaction between calcium nitrate [Ca(NO3)2]

and diammonium hydrogen phosphate [(NH4)2HPO4],

was transformed to HAP nanorods with dimension of

100–300 nm in length and 56 ± 10 nm in diameter through

a solid–gas reaction. By the same steam treatment, the

dried brushite was converted to nanoparticles of HAP with

small aspect ratio and particle size of 70 ± 18 nm. As

compared with commercial HAP material, the nanostruc-

tured HAP materials exhibited superior sinterability in

terms of density and hardness as well as excellent thermal

stability. This simple, organic-free and cost-effective syn-

thesis route with low reactant volume offers high potential

for large-scale production of nanostructured HAP.

Introduction

Due to its excellent biocompatibility and bioactivity [1–3],

hydroxyapatite (HAP) has attracted great interest in the

field of biomaterial research in recent years. The HAP

material has excellent biological compatibility because it is

the primary inorganic components of bone [4, 5]. HAP has

been found to display osteoconductive properties [6, 7] and

has been used in implant applications to stimulate bone

regeneration [8]. Moreover, HAP has also been utilised as

carriers for drug delivery and tissue engineering for bone

regeneration [9–12]. Vallo et al. [13] found that the addi-

tion of up to 15 wt% of HAP to polymethylmethacrylate

(PMMA) bone cement can improve the fracture toughness

as well as flexural modulus of the bone cement. The par-

ticle size and the crystal structure of HAP have been found

to affect its physical properties, such as fracture toughness

and fracture strength [14]. It is therefore an important step

to prepare fine and sinterable HAP nanorods similar to

those found in natural bone for applications in bone tissue

engineering.

The synthesis of nanostructured HAP has been inten-

sively investigated to develop a suitable synthesis tech-

nique for large-scale production. These methods include

mechanochemical synthesis [15], spark plasma sintering

[16], combustion preparation [17] and high-temperature

solid reaction [18]. In addition, various solution-based wet

chemistry synthesis procedures, such as hydrothermal

synthesis [19–21] and controlled precipitation from aque-

ous solutions in the presence of organic modifiers [22] or

templates [23, 24], have been widely studied. Furthermore,

electrochemical deposition [25], sol–gel procedures [26,

27] and emulsion techniques [28, 29] were also reported.

The most commonly used solution-based chemical syn-

thesis routes suffer low product yields as they are limited
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by reactor volume and reactant concentrations. It is desired

to develop a cost-efficient process for the synthesis of HAP

nanoparticles and nanorods with potential for large-scale

production, as large-scale manufacturing of nanomaterials

as affordable cost stands as the ultimate challenge for the

application of nanomaterials and nanotechnology.

In this study, we have developed a simple and cost-

effective solid-state steam treatment route to produce HAP

nanorods and nanoparticles. This innovative solid-based

synthesis route has inherited the advantages of solution-

based hydrothermal synthesis, such as: (1) low synthesis

temperature, (2) process with controlled nucleation during

crystallization and (3) products with homogeneous com-

position as well as small particle size [30]. In addition, this

solid-state reaction route ensures a low reactant volume

and high throughput for subsequent scale-up production of

nanocrystalline HAP. The process is distinguished by the

simplicity of the apparatus for preparation and without

the use of any surfactants or organic reagents. The

as-synthesised HAP nanorods and nanoparticles were char-

acterised by X-ray diffraction (XRD), Fourier transform

infra-red (FTIR) spectroscopy, N2 adsorption, hardness

measurement, field emission scanning electron microscopy

(FESEM) and transmission electron microscopy (TEM).

Materials and synthesis methods

Typically, 15 mL of 0.5 M Ca(NO3)2�4H2O (Alfa Aesar)

solution was added to 15 mL of 0.5 M (NH4)2HPO4 (Alfa

Aesar) solution to achieve the desired Ca2?/PO4
3- ratio of

1.0 for precipitation of di-calcium phosphate dihydrate

(CaPO4�2H2O, Ca/P = 1:1) at 25 �C. The pH of the mix-

ture was adjusted to 11.0 using aqueous ammonia solution

(NH4OH, 25 wt%, Merck). The precipitate was recovered

by filtration and then transferred to a 25 mL beaker, which

was placed in an autoclave with a polytetrafluoroethylene

(PTFE) liner. 5 mL of the ammonia solution was poured

into the bottom of the PTFE cup and physically separated

from the solid sample. The autoclave was then placed into

an oven at 180 �C for 20 h. After the steam-assisted

treatment, the resulting white solid was dispersed in water

using ultrasound and recovered by centrifugation. The

washing procedure was repeated twice. The obtained solid

material was dried in an oven at 55 �C, and ground to a fine

powder for characterisation. This sample of hydroxyapatite

(Ca/P = 1.67:1) obtained by steam treatment of wet

precipitate solid was denoted as HAP-A.

As a comparison, sample of HAP-B was prepared by a

dry gel conversion procedure. Prior to steam treatment, the

precipitate solid was dried at 60 �C for 24 h. The dried

powder was treated under the same steaming conditions as

HAP-A. More than 90% of HAP product yield could be

achieved by this solid-based steam treatment process. In

addition, a commercial sample powder of HAP-C (Riedel-

de Haën) was used as a comparison.

Characterisation

X-ray diffraction measurements were performed on a

D8-ADVANCE (BRUKER) X-ray diffractometer in steps

of 0.02� using Cu Ka radiation as the X-ray source. The

framework vibration FTIR spectra was recorded on a

TFS3000MX (BIO-RAD) infrared spectrophotometer at a

resolution of 2 cm-1. The samples were thoroughly ground

with KBr pellets before being pressed at 40 kN force to

form a thin wafer. The morphology and size of the solid

powder were observed with a FESEM (JEOL JSM-6700F)

and TEM (TECNAI F20 (G2) (FEI)) operated at 125 kV.

The specimens for HRTEM/TEM studies were prepared by

suspending a solid sample in acetone with ultrasonic dis-

persion in a water bath.

Raman spectra were collected in a backscattering

geometry by HR800 UV (JY Horiba) instrument equipped

with a charge-coupled detector with visible laser light

(k = 514.5 nm). The slits were adjusted to reach the res-

olution of 1 cm-1. The measurement was performed under

microscope and the laser spot was estimated to be 1–2 lm

in diameter.

Sintering studies were conducted on samples of HAP

pellets (10-mm diameter and 2-mm height) compacted at a

pressure of 100 MPa, at various temperatures from 800 to

1300 �C for 12 h in air. The sintered pellets were subject to

hardness, density, specific surface area and pore volume

measurements. Density was measured by XS204 micro-

balance with density determination kit. According to

Archimedes principle with water as the liquid medium, the

density could be calculated using the formula: q =

A/P � q0 (g/cm3), where q is the density of the pellet, q0 is

the density of the liquid, A is weight of the pellet, and P is

the difference in weight of the pellet before and after immer-

sion in the liquid. The hardness values were measured

using a micro MMT-X3 hardness tester (MATSUZAWA,

Japan) at a load of 200 g applied for 10 s on the smooth

surface of the sintered pellets. The microhardness was

calculated from the indentations using the formula:

Hv = 1.854 L/d2, where Hv is the Vickers hardness num-

ber, L is the applied load in kg and d is the diagonal length

of the square indentation in mm.

The specific surface areas and pore volume of the HAP

samples were measured using an Autosorb-6B gas

adsorption analyzer (Quantachrome) at the temperature of

-196 �C. Before measurement, each sample was vacuum

dried at 200 �C for 24 h. The specific surface areas of the

samples were determined from the linear portion of the

Brumauer–Emmett–Teller (BET) plots.
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Results and discussion

Figure 1 displays the XRD patterns of the solid precipitate

before and after solid-state steam treatment. It can be seen

that there was a crystal structure transformation by the

steam treatment at 180 �C for 20 h. Before steam treat-

ment, the brushite phase was the solid precipitate arising

from the reaction between solutions of Ca(NO3)2 and

(NH4)2HPO4. Although it was reported that brushite phase

is stable at pH range of 2–6 [31], in this study, the pre-

cipitate obtained at pH 11 was filtrated and the crystal

structure is well preserved. The brushite solid was crys-

talline and the XRD pattern was consistent with standard

crystallite brushite (inorganic crystal structure database,

ICSD, No 072-0713). The crystal structure was completely

transformed after steam treatment using either wet or dried

brushite as precursors. All XRD peaks can be indexed to

HAP (ICSD, No. 009-0432). The XRD patterns of

as-synthesized HAP-A and HAP-B are also in good agree-

ment with commercial HAP-C material as shown in Fig. 1d.

No characteristic peaks of impurities, such as calcium

hydroxide and calcium phosphates are observed, implying

that phase-pure HAP is obtained by the solid-state steam-

assisted structural transformation. Though it has been

reported that HAP could be synthesised by a solid-state

reaction at high temperatures of 600–1250 �C [18], in this

study, the utilisation of steam treatment has reduced the

reaction temperature to 180 �C, which is a low typical

temperature for solution-based hydrothermal synthesis.

The transformation in morphology from solid precipitate

to the resultant HAP materials was revealed by FESEM as

displayed in Fig. 2. Before steam treatment, the crystalline

brushite is plate-shaped and ranged several tens of microns

in size (Fig. 2a). After steam treatment at 180 �C for 20 h,

the micron-sized plate-shaped crystal was converted to a

nano-structured material under the solid-based hydrother-

mal conditions. As shown in Fig. 2b, nanorods of HAP-A
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Fig. 1 XRD patterns of (a) brushite obtained by precipitation, (b)

HAP-A, (c) HAP-B and (d) commercial HAP-C

Fig. 2 SEM images of a brushite obtained by precipitation, b HAP-A

obtained by steam treatment of wet brushite and c HAP-B obtained by

steam treatment of dried brushite
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obtained by steam treatment of wet precipitate exhibited

dimension of 56 ± 10 nm in diameter and 100–300 nm in

length with aspect ratios in the range of 2–5. The mor-

phology of the resulting nanocrystalline HAP was found to

be affected by the moisture content of the raw brushite

solid. When the brushite raw material was dried at 60 �C

prior to the steam treatment, smaller nanoparticles of

HAP-B were harvested after the same steam treatment as

HAP-A. The particle size of HAP-B obtained by a dry-gel

conversion route is smaller than 100 nm (70 ± 18 nm)

with a low aspect ratio.

Figure 3 exhibits the FTIR spectra of the brushite pre-

cipitate and the samples of HAP-A and HAP-B obtained by

solid-state steam treatment of wet and dried brushite. At

the high-frequency region of 3000–4000 cm-1, the brush-

ite solid exhibits four characteristic bands at 3171, 3323,

3495 and 3549 cm-1, which are attributed to the presence

of hydrate water with the stretching and bending vibrations

of the two types of water molecules. The doublet below

3400 cm-1 is assigned to the antisymmetric and symmetric

stretching vibrations of the water molecules that are more

strongly hydrogen bonded, which, at higher frequencies is

attributed to the vibrations of loosely hydrogen bonded

water molecules [32]. After steam treatment of either wet

or dried brushite, crystallized hydroxyapatite exhibits a

different FTIR spectrum. A sharp peak at 3573 cm-1 is

observed and it is assigned to the stretching vibration of the

lattice OH- ions. The absorbance bands due to the vibra-

tions of hydrogen-bonded water disappeared. Similarly, the

strong band at 1652 cm-1 due to water molecules in the

spectrum of brushite became much weakened after being

converted to hydroxyapatite with physically adsorbed

water. At the low-frequency region, brushite crystal

exhibited three strong resolved bands at 1137, 1063 and

988 cm-1, attributed to PO stretches localised mainly in

the PO3 fragment [32]. After being converted to HAP, all

samples show typical HAP apatite phosphate modes near

1095, 1040 and 964 cm-1 which is characteristic of the

phosphate stretching vibration. Bands observed at 601, 563

and 480 cm-1 are due to the phosphate bending vibration

[33]. A medium sharp peak at 632 cm-1 is assigned to

the OH group of HAP. The broad bands at 3467 and

1657 cm-1 are due to moisture physically adsorbed on

HAP. Due to contact with ambient carbon dioxide (CO2)

during processing, the formation of carbonate ions in the

resultant HAP exhibited weak IR bands at 1480 and

1428 cm-1. The result of FTIR analysis further confirms

that the as-synthesised powders are pure HAP [22, 34].

Figure 4 displays the TEM images of HAP-A and

HAP-B obtained by steam treatment of wet and dried

brushite precipitates. The as-synthesised HAP-A is well-

dispersed and exhibits a rod-like shape. HRTEM analysis

(Fig. 4c, d) of a single rod indicates that the obtained HAP

nanorod is highly crystalline. Figure 4c displays a HRTEM

image taken along the lateral direction of a HAP nanorod

with a lattice about 0.35 nm, which is assigned to the (002)

planes of the hexagonal crystal structure of HAP. The result

implies that HAP nanorods are formed through preferential

growth along the c-axis by (002) planes stacking. Figure 4d

exhibits a HRTEM image taken at the tip of the HAP

nanorod. The terminal end by (002) planes provides further

evidence of the crystal growth along c-axis. In addition, the

lattice spacing of about 2.8 Å corresponding to the (211)

planes also clearly indicated that the nanorods of HAP are

highly crystalline, which is in good agreement with XRD

data. It has been reported that crystalline nanorods of HAP

can be synthesised by hydrothermal treatment in the liquid-

phase [19, 34]. In this study, the nanorods of HAP were

synthesised through a solid-phase hydrothermal transfor-

mation instead of a solution-based reaction. The steam

treatment resulted in the transformation in crystal structure

and morphology of the wet brushite precipitate to HAP

nanorods. Steam initiated a local hydrothermal condition

for reaction between the brushite precipitate and ammo-

nium hydroxide to form the thermodynamically stable

HAP:

10CaHPO4 � 2H2O brushiteð Þ þ 8NH4OH

! Ca10 PO4ð Þ6 OHð Þ2 ðHAPÞ þ 4 NH4ð Þ2HPO4 þ 26H2O

ð1Þ
The water of crystallization in brushite was released

inside the closed autoclave during the formation of HAP,

enabling the local hydrothermal condition to be maintained

for continued reaction and crystallisation of HAP with the

assistance of steam. The preferential direction of HAP

crystal growth in this solid phase exhibited similar growth
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habit in solution-based syntheses [35] and led to the for-

mation of nanorods. The morphology of nanocrystalline

HAP was found to depend on the water content of raw

brushite before steam treatment. When the dried brushite

was steam-treated under the same conditions, smaller

nanoparticles with low aspect ratio were obtained as shown

in Fig. 4b. Under steam treatment, dried brushite could be

recrystallized to HAP through nucleation and crystal

growth. However, due to the lack of sufficient moisture

inside the solid phase, the mobility of the nucleus is limited

and the transport of materials to support the crystal growth of

HAP along the preferential direction is limited under the dry

gel steam condition. Consequently, smaller nanoparticles of

HAP were formed through a dry-gel conversion route.

Results of Raman measurements indicated in Fig. 5

support the structure transformation under steam treatment.

Brushite exhibited characteristic peak at 876 cm-1 due to

mode m1 vibration of HPO4
2- and at 988 cm-1 to the mode

m1 of PO4
3- [36]. OH stretching of water molecules in

brushite gave broad bands at 3467 and 3535 cm-1. After

steam treatment, the Raman spectrum was completely

changed as the crystal structure was transformed to HAP.

Both samples of HAP-A and HAP-B exhibit the very

intensive and characteristic peak at 952 cm-1, which is

attributed to the mode m1 PO4 symmetric stretching of HAP

Fig. 4 TEM images of a HAP-A, b HAP-B and HRTEM images of a single nanorod at (c) lateral and (d) tip of HAP-A
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[37]. The two weak peaks at 433 and 588 cm-1 are

regarded as m2 and m4 PO4 modes, respectively. The

vibration of m3 PO4 modes contributed to the weak bands in

the region of 1020–1077 cm-1. m1 CO3 mode results in a

very weak peak at 1080 cm-1 [38]. At the high-frequency

region, a sharp band at 3570 cm-1 is ascribed to stretching

vibration of ionic OH groups of HAP, which did not appear

in the brushite spectrum.

Figure 6 displays the variation in density of HAP pellets

as a function of sintering temperature. After thermal

treatment at 600 �C for 12 h, both nanostructured HAP-A

and HAP-B have reached 94.4% of the theoretical density

of HAP (3.156 g/cm3, JCPDS 9-432), whereas HAP-C has

reached a relative density of 89.6% only. With an increase

in sintering temperature, all samples showed an increase in

relative density. It is noticed that nanocrystalline HAP-A

and HAP-B exhibited a higher relative density than that of

commercial HAP-C across the temperature range tested.

HAP-A and HAP-B reached a maximum relative density

(98% of the theoretical density) at 1200 �C, which has been

found to be comparable with the reported value for sintered

pellets of nanocrystalline HAP prepared by a co-precipi-

tation process [39]. At this temperature, HAP-C reached

95.2% of the theoretical density of HAP.

The sinterability of nanocrystalline HAP particles has

also been evaluated by N2 adsorption from 600 to 1,200 �C

and the results are compared with HAP-C. As shown in

Table 1, the freshly as-synthesized nanorods of HAP-A has

a specific surface area of 46.1 m2/g. HAP-B exhibits a

higher specific surface area of 72 m2/g due to its smaller

particle size. The specific surface area of freshly as-syn-

thesized HAP nanorods and nanoparticles through steam-

assisted solid phase synthesis procedure is comparable to

nanocrystalline HAP reported by solution-based methods

[21, 39]. With an increase in sintering temperatures, the

specific surface area of thermal-treated HAP shrank shar-

ply. Both samples of HAP-A and HAP-B exhibited lower

specific surface areas and pore volumes than HAP-C at all

thermal treatment temperatures. After being sintered at

1200 �C for 12 h, the specific surface areas of HAP-A and

HAP-B decreased to such a low level that is not measurable

by Autosorber-6B, whereas HAP-C had a specific surface

area of 0.24 m2/g and pore volume of 0.59 9 10-2 cc/g.

Figure 7 displays the FESEM images of thermal-treated

HAP pellets after being sintered at 1200 �C for 12 h as

compared with HAP-C. The images were taken from the

outer surfaces of pellets and their fractured surfaces. It is

clearly seen that HAP-A and HAP-B exhibited much better

sinterability than HAP-C. The nanocrystalline HAP particles

have been well sintered to form a dense solid. No observable

porous structure was observed in HAP-A and HAP-B both on

the outer surface and on the fractured cross-section surface

after thermal treatment at 1200 �C. In comparison, HAP-C

pellet still shows a large number of observable pores on

either at the outer surface or at the cross-section. These

images tally well with the earlier measured higher density

and lower surface areas of HAP-A and HAP-B pellets as

compared to HAP-C after being thermal sintered.

The variation in hardness values of HAP pellets at dif-

ferent sintering temperatures is shown in Fig. 8. After

being sintered at 800 �C for 12 h, all samples exhibit a low

hardness value of *50 Hv. The trend of hardness variation

with temperature is similar to the change in relative den-

sity. With an increase in sintering temperature, the hard-

ness of HAP-A increases and reaches its highest value of

608 Hv at 1200 �C. HAP-B has a maximum hardness of

580 Hv at 1100 �C (Table 2). Raising sintering tempera-

ture from 1000 to 1100 �C resulted in significant increase

in the hardness of sintered HAP pellets. However, HAP-C

has a much lower hardness value than HAP-A and HAP-B

at this temperature region. The results indicate that nano-

structured HAP possess high sinterability to form highly

condensed microcrystalline materials.

Thermal stability of the HAP powder is important for

the potential application in the coating of metallic implants

which usually involves a post-coating heat treatment at

high temperature [40]. To examine the thermal stability of

the HAP, a small amount of the sample was heated up to

1300 �C for 12 h and powder XRD patterns were recorded

accordingly. Figure 9 displays XRD patterns of HAP-A

and HAP-B after the thermal treatment at different tem-

peratures. The results indicated that HAP represented a

major phase up to 1300 �C and minor diffraction peaks

assigned to tricalcium phosphate (b-TCP) were observed.

In contrast, it has been found that HAP prepared by using

egg-shell as a calcium source [41] was decomposed to

calcium oxide after being sintered at 1250 �C and synthe-

sized by co-precipitation was decomposed to b-TCP
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as a major phase when sintered at 1300 �C [39]. In this

study, the HAP materials obtained by a solid-based steam

treatment process exhibited thermal stability, while they

also showed the superior sinterability at high temperatures.

It should be noted that this synthesis route is free of organic

reagents, whereas organic modifiers were reported to

Table 1 Specific surface areas and total pore volume of HAP samples after being sintered at different temperatures for 12 h

As-synthesizeda 600 �C 800 �C 1000 �C 1200 �C

Specific surface areas (m2/g)

HAP-A 46.1 25.5 7.3 0.8 b

HAP-B 72.0 32.3 8.3 0.4 b

HAP-C 80.3 35.3 11.7 1.74 0.24

Total pore volume (cc/g)

HAP-A 0.15 5.1 9 10-2 1.3 9 10-2 0.45 9 10-2 b

HAP-B 0.28 6.9 9 10-2 1.6 9 10-2 0.59 9 10-2 b

HAP-C 0.23 8.1 9 10-2 2.0 9 10-2 0.68 9 10-2 0.59 9 10-2

a As-synthesized sample was measured in powder form
b Below measurement limit of surface area and pore volume measurement by Autosorb-6B

Fig. 7 SEM surface image of

a HAP-A, b HAP-B, c HAP-C

and fractured surface of

d HAP-A, e HAP-B, f HAP-C

after thermal treatment at

1200 �C for 12 h
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control the morphology of HAP nanorods [22]. The for-

mation of nanorods in this solid phase synthesis route is

also free of the soft surfactant of cetyltrimethylammonium

bromide (CTAB), which was used for solution-based syn-

theses of HAP nanorods [34, 42]. This simple organic-free,

cost-effective synthesis route with low reactant volume

offers potential for large-scale production of high-quality

nanostructured HAP with excellent sinterability and ther-

mal stability.

Conclusions

Nanoparticles and nanorods of HAP have been synthesised

by an innovative solid-state steam treatment through solid–

gas reaction. After the steam treatment at 180 �C for 20 h,

solid brushite was re-crystallised as nanostructured HAP

with controlled morphology. When wet brushite was trea-

ted, nanorods of HAP with aspect ratios of 2–5 were

obtained. As a comparison, the treatment of dried brushite

led to formation of nanoparticles with low aspect ratios.

This method possesses advantages in terms of process

simplicity and avoiding the use of any surfactants, solvents

or seeds while producing HAP nanorods with high purity

and yields. The results of XRD, SEM, surface area and

hardness measurements indicated that the nano-structured

HAP materials exhibited excellent sinterability. In addi-

tion, the results demonstrated that this low reactant volume

solid-phase synthesis route could potentially be used for

low-cost fabrication of other nano-structured materials at a

large scale instead of conventional solution-based hydro-

thermal synthesis.
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Table 2 Density and hardness of HAP samples after being sintered at different temperature for 12 h

600 �C 800 �C 900 �C 1000 �C 1100 �C 1200 �C 1300 �C

Density (g/cm3)

HAP-A 2.989 3.060 3.065 3.081 – 3.089 3.069

HAP-B 2.980 2.999 3.020 3.060 – 3.096 3.078

HAP-C 2.828 2.838 2.926 2.986 – 3.005 3.048

Hardness (Hv number)

HAP-A 51.2 – – 189.0 529.1 608.5 –

HAP-B 53.6 – – 213.6 580.7 571.0 –

HAP-C 48.2 – – 115.3 250.5 500.1 –

20 25 30 35 40 45 50 55 60

In
te

ns
ity

 (
a.

u.
) 

   
 .

2-theta (°)

600°C

800°C

900°C
1000°C

1100°C

1200°C

1300°C

(a)

* *

21
1

30
0

31
0

22
2

21
0

20
0

21
3

32
1 41

0

* β-TCP

20 25 30 35 40 45 50 55 60

In
te

ns
ity

 (
a.

u.
) 

2-Theta (°)

600°C

800°C

900°C

1000°C

1100°C

1200°C

1300°C

(b)

00
2 *

*

21
1

30
0

21
0

11
2

31
0

22
2

21
3

* β-TCP

Fig. 9 XRD patterns of a HAP-A and b HAP-B after thermal

treatment at different temperatures for 12 h
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