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Abstract A polymeric sol–gel combustion method has

been used to synthesize nanocrystalline hydroxyapatite

(HA) powder from calcium nitrate and triethyl phosphate

with the addition of NH4OH. The sol–gel combustion

process generates phase-pure nanocrystalline HA powder,

as characterized using Fourier transform infrared (FTIR),

X-ray diffraction (XRD), and transmission electron

microscopy (TEM). Sintering of the HA powder compact

at 1200�C for 2 h leads to a 93% theoretical dense ceramic

body. This method offers an easy route for the preparation

of phase-pure nanocrystalline HA powder.

1 Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2, HA) is chemically

similar to the mineral component of bones and hard tissues

in mammals. It is bioactive, in that it supports bone

ingrowth and osseointegration when used in orthopaedic,

dental and maxillofacial applications. Hydroxyapatite

powders can be synthesized via numerous production

routes, using a range of different reactants. The main

processing techniques include wet chemical methods

(precipitation) [1–4], hydrothermal techniques [5–7] and

sol–gel methods [8–12]. Although precipitation and

hydrothermal methods are the most widely used approa-

ches for synthesizing hydroxyapatite powders, the sol–gel

method has its advantages over the others due to its

simplicity, fast speed, homogeneous composition, and low

synthesis temperature [9, 10]. However, reports on sol–gel

derived HA powders indicate that synthesis of HA is fre-

quently accompanied by secondary phases, such as calcium

oxide (CaO), calcium carbonate (CaCO3), and tricalcium

phosphate (TCP) [10, 12, 13]. This is due to the incomplete

gelation process, during which [–Ca–O–P–] oligomers are

formed. Impure hydroxyapatite will cause decomposition

in body fluid [14], and thus there is a need to produce

phase-pure HA nanopowder by sol–gel method for a better

bio-stability and bio-compatibility.

Kim et al. [13] have investigated the effect of adding

NH4OH to an ethanol–water-based hydroxyapatite sol–gel

solution, and found that NH4OH can enhance the gelation

process to form pure HA coatings free from CaO, CaCO3

and TCP. In this paper, we have examined the feasibility of

synthesizing phase-pure HA nanopowder with the addition

of NH4OH in a sol–gel solution, followed by a subsequent

combustion process. It is shown that the sol–gel combus-

tion process using precursors of calcium nitrate and triethyl

phosphite (TEP) with the addition of 5 vol % NH4OH

can produce phase-pure nanocrystalline HA powder. The

as-synthesized powder exhibits good sinterability.

2 Experimental

The Ca solution was prepared by dissolving 2 M of cal-

cium nitrate (Ca(NO3)2 � 4H2O, Sigma–Aldrich Company)

in 100 ml ethanol at ambient temperature with stirring for

24 h. The P solution was prepared by hydrolyzing a stoi-

chiometric amount (Ca/P = 1.67) of triethyl phosphite

(TEP, Sigma–Aldrich Company) in an ethanol–water

mixed solution (at a ratio of 6:1) with stirring for 24 h at

room temperature. The Ca and P solutions were then mixed
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and stirred for 30 min at room temperature before adding

5% NH4OH to the mixed solution. After the addition of

NH4OH the solution was stirred for an additional 30 min.

Thereafter the solution was aged at 25�C for 20 h and then

the aging temperature was increased to 50�C with addi-

tional holding at this new temperature for 55 h. The pH

value of the HA solution was measured during the entire

aging process. After aging, the solution was dried in an

oven at 80�C for 12 h, which led to the formation of the

HA gel. The dried HA gels were then put in a tube furnace

and heated at 30�C/min to 350�C for 1 h to form HA

nanopowder via a combustion process.

Dried HA gels were characterized using differential

scanning calorimetry (DSC) and thermalgravimetric anal-

ysis (TGA) (SDT Q-600, New Castle, DE) to study the

combustion process under an air flux (100 ml/min). Fourier

transform infrared (FTIR, Nicolet Magna 560 FTIR spec-

trometers, Madison, WI), X-ray diffraction (XRD, Bruker

D8 Advance X-Ray Diffractometers, Madison, WI), and

transmission electron microscopy (TEM, JEOL 2010 Fa-

sTEM, Tokyo, Japan) were used to investigate the

chemical state, phase composition, particle size and mor-

phology of the HA gels and nanopowders. In addition to

monitoring phase transformations, XRD was also used to

estimate crystallite sizes of HA powder through the

Scherrer formula [15]. The XRD peak broadening was

attributed to the refinement of crystals and the instrumental

effect. The correction for instrumental broadening was

carried out using the procedure described in Ref. [16] with

the aid of a coarse-grained Si as the standard. The specific

surface area of HA nano powder was determined using a

gas sorption analyzer (NOVE 1000 Surface Area Analyzer)

based on the Brunauer–Emmett–Teller (BET) method [17].

To examine the sinterability, the combustion-formed HA

nanopowder was calcined at 800�C for 2 h and then com-

pressed into a disk with 1.27 mm diameter and 2 mm

thickness, using a uniaxial pressing machine under a pressure

of 340 MPa. Sintering of the disk was conducted at 1200�C

for 2 h in a CM high temperature furnace (Bloomfield, NJ).

The microstructure of the sintered HA body was observed

using an environmental scanning electron microscope

(ESEM, Philips ESEM 2020, Eindhoven, Netherlands).

3 Results and discussion

It is found that the pH value of the HA sol containing 5%

NH4OH changes with the aging time. As shown in Fig. 1,

the initial pH value of the HA sol is 8.0 which decreases

continuously with the aging time. Furthermore, the decrease

rate in the pH value at 25�C is slower than that at 50�C. The

decrease in the pH value is due to the increase of the H?

concentration in the solution, indicating the progress of

dehydration and polymerization of the HA sol to form the

HA gel. A simplified chemical formula [13] has been pro-

posed to explain the increase of the H? concentration during

the gelation process in which the Ca? ions react with the

P–O single bond of the HO–P to form [–Ca–O–P–] oligo-

mers and provide H? ions to the solution. The higher

gelation rate observed at 50�C is consistent with the previous

study [12] which reveals the strong temperature-dependent

endothermic nature of the gelation due to the high activation

energy of the gelation process. The addition of 5% NH4OH

provides a large number of OH- ions to capture H? ions in

the solution, thereby accelerating the gelation process [13].

Without the addition of NH4OH, prolonged aging (up to

7 days) could be necessary in order to complete the gelation

process to form HA with little secondary phases [12].

Figure 2 shows the simultaneous TGA and DSC curves

of dried HA gels subjected to continuous heating to 1000�C
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Fig. 1 The pH value of the HA sol with 5 vol % NH4OH as a

function of the aging time

Fig. 2 DSC/TGA analysis of HA gels with different heating rates
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with different heating rates. The total weight loss for all the

samples is about 55% during the entire heating process.

However, the decomposition behavior of HA gels changes

with the heating rate. Specifically, at the heating rate of

5�C/min HA gels decomposed gradually from 25 to 500�C,

accompanied by two sharp exothermic peaks near 200�C.

There is almost no additional weight loss as well as no

energy release/uptake above 500�C, indicating a stable

phase thereafter. When the heating rate is increased to

10�C/min, a combustion process happens at 240�C with a

sudden weight loss of about 47%, accompanied by a large

amount of heat release. Additional heating above 240–

600�C induces another 8% weight loss which is considered

to be a completion of the decomposition of residual gels

and the release of gases and bonded liquids. Above 600�C,

no additional weight loss and energy release/uptake are

observed. Further increases in the heating rate to 20�C/min

or higher reduce the combustion temperature down to

200�C and the two exothermic peaks merge into one. Such

a phenomenon is attributed to the high accumulation of the

decomposition energy owing to the higher heating rates. It

is noted that the combustion temperature is highly sensitive

to the aging time of dried gels (not shown here). A longer

aging time and lower concentration of the volatile solvent

in the HA gel will result in a higher combustion

temperature.

Figure 3 shows FTIR spectra of HA gels formed at

50�C with and without subsequent thermal exposure to

200, 300, 600, and 1000�C for 1 h with a heating rate of

10�C/min from the ambient to the defined temperature. The

FTIR spectra of dried and 200�C treated HA gels show

strong N–O band at 1400 cm-1, which is from the crys-

talline nitrate. Furthermore, the characteristic bands from

*500 to 600 cm-1 and 1000 to 1100 cm-1 related to the

vibrational modes of phosphate ions are very weak, indi-

cating the presence of little apatite structure. However, the

characteristic P–O bands (*500–600 and 1000–

1100 cm-1) become more definite and stronger after HA

gel is treated at 300�C (above the combustion temperature),

indicating the formation of the apatite phase by combustion

process. These P–O bands become even more definite after

HA is treated at 600�C and 1000�C, indicating that the

apatite structure matures to a high degree with better

crystallization. Accompanied with the development of P–O

bands at 300�C or higher, the intensities of hydroxyl ions

with the stretching vibration at 3570 cm-1 also become

apparent and stronger, confirming the formation of HA.

The presence of C–O bands at *1420–1450 cm-1 asso-

ciated with the vibrational modes of carbonate ions

suggests the partial OH- substitution by CO3
2- in the

combustion-formed HA powder.

The XRD pattern (Fig. 4) of the combustion-formed HA

powder obtained by heating the HA gel at 350�C for 1 h

with a heating rate of 30�C/min from ambient to 350�C

shows characteristic peaks of pure hydroxyapatite phase.

No second phases, such as CaO or TCP, are found. In

contrast, the presence of CaO has been reported previously,

in similar studies using sol–gel processes for making HA

coatings and powders [10, 12]. The improved phase purity

is mainly due to the addition of NH4OH with proper aging

time of the HA sol, during which Ca2? ions completely

react with the P–O single bond of the HO–P to form [–Ca–

O–P–] chains—the backbone of crystalline HA. The OH-

ions provided by NH4OH serve to neutralize the H? ions

produced from the gelation reaction and thus accelerate the

gelation process [13].

The grain size of the HA nanopowder, combustion

formed and heat treated at 350�C for 1 h, determined by

TEM (Fig. 5) is between 50 to 100 nm, which is in good

Fig. 3 FTIR spectra of HA gels after heating at different

temperatures
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Fig. 4 XRD pattern of the HA powder synthesized after heating at

350�C for 1 h. All the major peaks from the crystalline HA have been

labeled. Clearly, every single peak has been accounted for by the

crystalline HA
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accordance with the average crystallite size of 80 nm

estimated from the peak broadening of (002) reflection of

the XRD pattern using the Scherrer formula. The specific

surface area of the nanopowder is found to be 13 m2/g,

which gives rise to an equivalent particle size of 150 nm

assuming that all the particles are spherical. Comparing the

grain size and the equivalent particle size reveals that the

as-synthesized HA powder is nanocrystalline with slightly

agglomeration.

After calcination of the HA nanopowder at 800�C for

2 h, the powder was compacted via uniaxial pressing with a

pressure of 340 MPa and the powder compact was sintered

at 1200�C in an air atmosphere for 2 h. After sintering, the

hydroxyapatite ceramic body achieved a density of 93% of

the theoretical value (3.16 g/cm3). Microstructure analysis

(Fig. 6) shows grain sizes ranging from 1 to 3 lm, with

some uniformly dispersed micron pores.

4 Conclusions

Phase-pure nanocrystalline hydroxyapatite powder was

obtained by a sol–gel combustion process using precursors

of calcium nitrate and TEP with the addition of 5 vol%

NH4OH. The combustion process happens at the temper-

ature as low as 200�C with a heating rate higher than

20�C/min. The synthesized powder has grain sizes ranging

from 50 to 100 nm with an average size of 80 nm. HA

bodies sintered at 1200�C for 2 h have a relative density of

93%. This process provides a simple and fast way for

making pure nanocrystalline hydroxyapatite powder.
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