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Abstract Hydroxyapatite (HA) nanoparticles have been

synthesized using ortho-phosphoric acid as the source of

PO4
3- ions, and calcium chloride, suitably complexed with

triethanolamine, as the calcium source. The effect of tem-

perature on the morphology of the product has been

investigated. The chemical compositions of the samples

have been established through Fourier transform infrared

spectroscopy. This study reveals that A-type and B-type

carbonate substitution are present in HA samples and the

concentration of carbonate ions decrease with rise in tem-

perature. Morphological analyses by TEM studies suggest

that the average lengths and widths of the needle-shaped

particles size increases with temperature up to 50 �C, while

a morphological change of the particles from needle to

spherical shape is observed on raising the temperature

above 50 �C. This change in morphology has been assigned

to the apparent solubility of HA at these temperatures,

which has been studied by the determination of thermo-

chemical properties of the reaction system by endpoint

conductivity and electrophoretic mobility measurements.

Keywords Hydroxyapatite � Temperature � Morphology �
Endpoint conductivity

Introduction

Hydroxyapatite (HA) is one of the chemically and bio-

logically important materials due to its similarity with

human hard tissues, such as bone, dentine, etc. It is used as

artificial bone material because of its biocompatibility,

osteoconductivity and bioactivity, i.e., its ability to form

direct bond with tissue (Puvvada et al. 2010; Sonju Clasen

and Ruyter 1997). Due to their biocompatibility, they are

promising materials in separation techniques, e.g., for the

removal of numerous heavy metal ions (especially lead and

cadmium ions) from waste water through ion-exchange

process (Puvvada et al. 2010), and in drug delivery systems

for the delivery of anti-tumor agents and antibodies in the

treatment of osteomyelitis (Xia and Chang 2006; Yang

et al. 2005; Yamashita et al. 1998). The properties and

applications of synthetically prepared HA have been

reported to be influenced by the size and morphological

characteristics of their particles (Ramachandra et al. 1997).

For example, smaller crystal size and more imperfect

crystals, being subjected to dissolution (LeGeros 1988;

Hurson et al. 1993), may affect the extent of bone loss in

osteoporosis and other metabolic diseases (Glenn 2008).

These size-dependent properties of HA motivated

researchers to adopt a wide-range of synthesis techniques,

such as chemical precipitation (Puvvada et al. 2010),

hydrothermal processing (Luo and Nieh 1996), sol–gel

(Shirkhanzadeh 1998), micro-emulsion processing (Earl

et al. 2006), wet chemical methods incorporating a freeze-

drying step (Bogdanoviciene et al. 2006), and microwave

irradiation (Lim et al. 1997) to obtain HA nanoparticles

with varied sizes and morphologies. The wet chemical

process, based on precipitation route, is however the most

convenient and commonly used process for the synthesis of

nanocrystalline HA material. In most of these conventional
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precipitation methods, the factors those precisely govern

the precipitation, i.e., pH, temperature, CO3
2- ion con-

centration, Ca/P mole ratio, etc., influence the morpho-

logical changes, resulting in the formation of HA

nanocrystals with varying dimensions (Uota et al. 2005).

According to some previous reports (Ramachandra et al.

1997; Kumar et al. 2004; Prakash et al. 2006a, b), the size

of HA particle increases with increase in temperature,

which has been attributed to the change in the concentra-

tion of Ca?2 and CO3
-2 ions pH, etc. For example, Prakash

et al. (2006a, b) found that the morphology of HA nano-

particles changed from needle shape to spherical, when the

reaction of the sparingly soluble salts (Ca(OH)2 and

H3PO4) was carried out in the temperature range

30–100 �C. However, needle-shaped HA nanoparticles

with constant increase in dimensions were produced by

raising the temperature up to 100 �C and by using com-

pletely soluble salts, such as, Ca(NO3)2/(NH4)2HPO4 or

CaCl2/Na3PO4. Based on the discussion it can thus be

inferred that the method of preparation, in combination

with the type of reagents used and control of the experi-

mental parameters, can influence the size and morphology,

and hence, the properties of the final product. In addition, it

is also important to maintain the Ca/P mole ratio between

1.64 and 1.68 in the HA samples to obtain the most stable

form of calcium phosphate (Puvvada et al. 2010). In some

cases, however, the formation of other calcium phosphate

by-products, such as di- and tri-calcium phosphates, was

reported along with HA (Kumar et al. 2004). It is thus

possible to manipulate the size, shape and composition of

HA samples with desired properties through appropriate

choice of the preparation route and suitable control of

experimental parameters. Xu et al. (2012) reported differ-

ent sizes and morphologies of nano-HAP induced signifi-

cant apoptosis in osteoblast cells. In our previous study, we

reported (Puvvada et al. 2012) shape-dependent magnetite

nanoparticles peroxidase mimetic activity on pyrogallol

substrate. Moreover, these magnetite nanoparticles with

different morphologies can be implicated in biological

applications as well.

Motivated by this fact, in the present work, we have

prepared HA samples with varied sizes and morphologies

by simply varying the reaction temperature of completely

soluble salts (i.e., calcium chloride and ortho-phosphoric

acid) in the presence of triethanolamine (TEA) as com-

plexing agent through an aqueous-based chemical pre-

cipitation method. In this study, we have observed a

different trend of morphology variation compared to that

found by Prakash et al. (2006a, b). The change in mor-

phology of HA in the current study has been addressed

considering the variation in the driving force, such as

supersaturation level (SSL), thermochemistry of the syn-

thesized compounds.

Materials and methods

All the chemicals were of analytical grade and were used in

their available form from commercial sources. Calcium

chloride (C98 %), TEA (C97 %), ortho-phosphoric acid

(C85 %), ammonia (C25 %) were purchased from Merck,

India.

Synthesis procedure

Aliquot amount of the aqueous solution of calcium chloride

(0.1 M) was added into required amount of TEA in 25 ml

of water in order to ensure the complex formation. To the

solution of calcium chloride in TEA was then added

required amount of ortho-phosphoric acid (0.06 M) to

maintain the Ca/P mole ratio at 1.67. The pH of the

resultant solution was adjusted to 8.5 with ammonium

hydroxide solution to obtain a milky white suspension.

This preparation procedure of the suspension was repeated

by maintaining the solution temperature at 30 (room tem-

perature), 50, 80 and 100 �C. All the prepared suspensions

were then separated through centrifugation and subse-

quently washed with water and dried under vacuum at

80 �C for 12 h. The dried powders were ground, and were

labeled as HAPRT, HAP50, HAP80 and HAP100 corre-

sponding to the respective solution temperatures, i.e., room

temperature, 50, 80 and 100 �C maintained for preparation

of suspensions.

Characterization

Phase analysis of the prepared samples were carried out by

X-ray diffraction (XRD) using Philips PW-1710 diffrac-

tometer CuKa radiation (k = 1.5418 Å
´

) at a scan rate of

1.1� min-1 and with a sampling interval of 0.02 (30 mA

and 40 kV). The functional group analysis of the prepared

samples were carried out using Fourier transformed infra-

red (FTIR) spectroscopy of model Perkin-Elmer Spectrum

RXI instrument, within the scan range 4,000–450 cm-1.

High-resolution transmission electron microscope

(HRTEM) of JEOL (Model: JEM-2100 with an accelera-

tion voltage 200 kV) was utilized for the morphological

analysis of the synthesized HA samples. Measurement of

electrophoretic mobility and conductivity was performed

using Malvern Nanozeta analyzer.

Results and discussion

The phase analysis of the prepared HA samples were car-

ried out by XRD and their respective diffractograms are

represented in Fig. 1. The sharp XRD peaks in figure

indicate that the prepared samples are highly crystalline.
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The XRD patterns for all the synthesized samples are found

to be well matched with that of standard HA material with

hexagonal crystal structure and P63/m space group, repor-

ted in JCPDS data (card no. 09-0432). The lattice param-

eters (a and c) of these samples are calculated by using the

XRD data in the standard formula and are tabulated in

Table 1. The calculated values of lattice parameter a of the

synthesized samples are found decreasing, while those of

c are found increasing with rise in preparation temperature.

The relative intensities of the d002 peaks with respect to the

major peaks (d211) are estimated to be 74, 80, 82 and 89 %

for the HAPRT, HAP50, HAP80 and HAP100 samples,

respectively. The comparison of these values with that

reported in standard JCPDS file no. 09-0432 for HA (33 %)

reveals that the relative intensity of the d002 XRD peaks of

the prepared samples gain a substantial increase. This

observation indicates that crystal growth occurs along the

[001] direction (i.e., along the c-axis) under the present

preparation conditions (Zhang and Lu 2008).

The functional groups present in the prepared samples

were investigated using Fourier transform infrared (FTIR)

spectroscopy, which are shown in Fig. 2. The spectra

reveals that all the prepared samples show the character-

istic set of bands at 1,104, 1,064 and 1,028 cm-1

corresponding to the triply degenerate asymmetric

stretching mode of the P–O bond (t3) in the apatite PO4
3-

group. The band at 960 cm-1 can be assigned to the

symmetric stretching mode of the P–O bond (t1) (Puvvada

et al. 2010). Additional bands at 604, 578 and 563 cm-1 in

the low wavenumber region represent the triply degener-

ated bending modes of the O–P–O bond (t4) (Puvvada

et al. 2010; Sonju Clasen and Ruyter 1997). The observed

peak in the region between 3,565 and 3,571 cm-1 and the

weak band at 632 cm-1 can, respectively, be assigned to

the stretching (ts) and librational modes (tL) of the struc-

tural hydroxyl anions in HA samples (Zhang and Lu 2008).

The spectra also show two weak peaks at 2,866 and

2,980 cm-1, characteristic of -CH2 group, indicating the

presence of TEA in the dried HA samples. From Fig. 2 it

can be noted that the FTIR peaks for hydroxyl group in

samples HAPRT, HAP50, HAP80 and HAP100 are,

respectively, positioned at 3,565, 3,568, 3,570, and

3,571 cm-1. It can also be noted that the peak position of

hydroxyl group in HA samples are blue-shifted with

respect to standard FTIR absorption value (3,570 cm-1)

(Zhang and Lu 2008). This shift, which may have origi-

nated from the hydrogen bond between -OH group in TEA

and O–H at the surface of HA crystal, is higher for HAP-

RT, and gradually decreases as the reaction temperature

increases. Thus, this continuous shift of the FTIR peak

towards higher wavenumber can be ascribed to the gradual

disappearance of hydrogen bond between -OH group in

TEA and O–H at the surface of HA crystal with increase in

the reaction temperature. This shift, in combination with

the progressive enhancement of -OH stretching mode (at

3,571 cm-1) and librational mode (at 634 cm-1) indicates

the disappearance of the interaction between the HA

Fig. 1 X-ray powder diffraction patterns of a HAPRT, b HAP50,

c HAP80 and d HAP100

Table 1 Summary of cell parameters calculated from XRD patterns

of the synthesized hydroxyapatite samples

S. no. Sample name Lattice parameters

a = b (Å) c (Å)

1 HAPRT 9.4547 6.8365

2 HAP50 9.4481 6.8474

3 HAP80 9.4307 6.8546

4 HAP100 9.4298 6.8571

Fig. 2 FTIR spectra of HA samples a HAPRT, b HAP50, c HAP80

and d HAP100
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crystals and TEA (Zhang and Lu 2008). In other words,

TEA desorbs slowly from the surface of HA particles into

water owing to unstable surface adsorption due to increase

in the reaction temperature. According to literature (Sonju

Clasen and Ruyter 1997), carbonate ion substitution in HA

crystal occurs in two ways, such as, A-type (when CO3
2- is

substituted for OH-) and B-type (when CO3
2- is substi-

tuted for PO4
3-). The appearance of twin peaks at 1,410

and 1,470 cm-1 (B-type) and the single peak at 874 cm-1

(A-type) in the present spectra (Fig. 2) suggests the pres-

ence of both type of carbonate ion substitutions in the

synthesized HA samples. The required CO3
2- ions for

these substitutions might have come from CO3
2- impuri-

ties in the reactants and/or from dissolved atmospheric

CO2.

TEM studies were carried out for nanocrystalline HA

samples and their representative micrographs are shown in

Fig. 3. The micrographs reveal the formation of needle-

shaped morphology of the particles in the prepared samples.

At room temperature, the prepared sample consists of

needle-like particles with lengths in the range of

180–220 nm. By increasing the temperature to 50 �C, par-

ticles retained similar morphology but had an increased

particle size (lengths in the range of 185–235 nm). We have

further increased the temperature to 80 �C, and observed

that the morphologies of some of the needle-shaped

particles have started to change into spherical shape

(Fig. 3c) and the lengths of the needle-shape particles are

reduced to 65–85 nm. Finally, when the temperature is

increased to 100 �C, only spherical particles are formed, as

is indicated in Fig. 3d. Asaoka et al. (1995) have also

observed similar morphological changes for HA samples

when they varied the reaction temperature for the prepara-

tion of the samples. It is believed that the growth of HA

particles along c-axis is facilitated by the effective inter-

action of TEA molecules with the surfaces of the crystals.

So the change in size and shape of the HA particles at

different temperature can be attributed to the different

degree of interaction of TEA molecule with HA crystal,

which is driven by temperature. FTIR spectral analysis also

infers that there is variation in interaction of TEA molecules

on the surfaces of crystals with change in temperature.

Figure 4 shows a representative HRTEM image of

needle-like HA nanoparticles, which clearly displayed the

lattices planes with spacing of 0.324 and 0.798 nm corre-

sponding to the d-spacing of the (002) and (100) planes of

hexagonal phase of HA, respectively. The Fast Fourier

transform (FFT) pattern (inset) obtained from this figure

showed the planes, which could be identified as hexagonal

crystal structure of HA. The (100) plane is found to be

parallel to the growth direction, suggesting that nanopar-

ticles prefer to grow along the [001] direction.

Fig. 3 TEM images of HA

nanoparticles prepared at

different temperatures

a HAPRT, b HAP50 and

c HAP80 and d HAP100
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Based on the literature, the possible cause for the tem-

perature-dependent variation in the morphology of the

resultant nanoparticles, prepared through chemical precip-

itation method, may be the difference in the precipitation

rate of HA from the reaction mixture. The precipitation

reaction for the formation of HA can be expressed by the

Eq. 1.

10 Ca2þ þ 6 PO4
3� þ 2 OH� ! Ca10 PO4ð Þ6 OHð Þ2 ð1Þ

The precipitation rate of HA is, however, governed by a

thermodynamic relationship, as given by Eq. 2.

DGHA ¼ �RT

t
ln

x

ksp

ð2Þ

where, DGHA is the difference in Gibbs free energy

between the supersaturated and equilibrium solution of HA

at a given temperature. The other terms in the equation,

such as T, ksp and x represent various driving forces, such

as absolute temperature, solubility product and ionization

(or ionic activity) product, respectively, of HA. The sym-

bols t and R are the number of ions and the universal gas

constant (8.314 J/mol K).

The ionic activity product (x) depends on the activity of

the ions and can be expressed as follows (Eq. 3):

x ¼ ½aCa2þ �5½aPO3�
4
�3½aOH� �: ð3Þ

In this equation (3), the terms in the square bracket

represent activity of the subscripted ionic species, where

the activity (a) is known to be equal to the product of the

concentrations of ions (C) and the activity coefficient (c).

According to this equation, the value of t for the synthesis

of HA is equal to 9. From Eq. 2, it can be inferred that

DGHA increases with increasing temperature (T) and x, and

with decreasing ksp (Kumar et al. 2004). As a consequence,

a greater driving force for precipitation, and hence, a faster

precipitation rate is expected with increasing temperature

and decreasing ksp of HA for a given x. It has been

experimentally verified that the ksp of HA samples

decreases with increasing temperature (Kumar et al.

2004; Prakash et al. 2006a, b), and the relationship

between ksp and T can be expressed by Eq. 4.

log ksp ¼ � p

T
� q � rT ð4Þ

Here, p, q and r are constants and equal to 8,219.416,

1.66572 and 0.0981, respectively. Using Eq. 4, the solubility

product of HA in the present study is estimated and it is found

that the value of ksp decreases from 2.34 9 10-59 to

1.458 9 10-59 as the temperature increases from room

temperature to 50 �C, it further drops to 2.398 9 10-60 as

the temperature reaches to 80 �C, and finally drops to

4.619 9 10-61 as the temperature reaches 100 �C.

However, as per the report by Badillo-Almaraz and Ly

(2003) the dissolution of HA gets facilitated by decreasing

the pH and the Ca2? ion concentration at a certain

temperature. They have verified this fact from the

solubility isotherms, a function of pH at various Ca2? ion

concentrations for HA at 25 �C. Similarly, according to Ito

et al. (1997), the solubility of HA increases in solutions

containing carbonate ions, and the ksp of carbonated-apatite

becomes greater than that of HA. As suggested from FTIR

spectral analysis, the prepared HA samples contain both A-

and B-type carbonate substitution and the carbonate ion

concentrations in the samples decrease with increasing

temperature (which was analyzed on the basis of A-type and

B-type peak intensities compared to maximum intense peak

in each synthesized sample). Hence, it is expected that the

concentration of carbonate ions in solution may increase

with temperature.

The solubility product estimated from Eq. 4 cannot be

used to measure the supersaturation level (SSL) at any

given temperature because of the following reasons: first,

the applicability of Eq. 4 is doubtful at high temperatures,

second reason is the lack of sufficient solubility data of HA

in the temperature range used in this study, and third cause

is dependence of solubility/solubility product of HA on the

concentration of Ca2? and CO3
2- ions, pH as well as the

composition and particle size. The ionic product in Eq. 2,

however, may not be affected much by temperature, as the

activity of Ca2? ions does not decrease appreciably with

increasing temperature for completely soluble salts.

According to Eqs. 2 and 4, a decrease in precipitation rate

with increasing temperature is thus expected in the case,

Fig. 4 HRTEM image of HA prepared at a temperature of 50 �C and

FFT image of corresponding HA as an inset
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whereby the particle size of the HA samples decreases with

increasing temperature and therefore, it deserves attention

and analysis.

x ¼ kspðSSL þ 1Þ9 ð5Þ

Furthermore, computation of the SSL and DGHA is very

complicated at different stages of formation of HA

compounds because of the effect of the parameters, such as

Ca2? ion concentration, pH, CO3
2- ion concentration, etc.,

on the apparent solubility of HA. Here, CO3
2- ion

concentration decreases with increase in temperature,

which favors the dissolution of HA. It may be possible that

the apparent solubility of HA could have a positive

dependence on temperature. Previous literature suggests

that the apparent solubility of HA increases with increase in

temperature, and thus from Eq. 5, the SSL decreases (for

completely soluble salts). However, DGHA does not change

significantly, because the driving force increases with the

temperature and decreases with the logarithmic term of Eq. 2.

The increase in DGHA is about 1.07 times, when the

temperature is increased from room temperature to 50 �C.

This value further increases to 1.175 times, when the

temperature is raised to 80 �C, and to 1.19 times, when the

temperature is increased to 100 �C for a given x/ksp ratio.

However, the value of DGHA decreases about 2.30 times,

when the x/ksp ratio is decreased 1 order of magnitude at a

given temperature. Therefore, the decrease in SSL results in a

net slower growth rate as temperature is increased. It is likely

that this effect is manifested in the observed morphological

change of the particles with temperature (Fig. 3).

In fact, the CO3
2- ion concentration decreases, when the

HA sample is prepared with TEA at various temperatures.

The presence of librational mode peaks at this temperature

(Fig. 2) indicates the disappearance of interaction with HA

crystal during this process. TEA can be desorbed into water

because of the unstable surface adsorption (Zhang and Lu

2008). Thus, it can be concluded that the disappearance of

interaction with temperature plays a major role in altering

the morphology of the crystallites. In other words, the

thermochemistry of this reaction also plays a major role in

affecting the particle size.

The standard heat of formation (DHf) of various com-

pounds and ions, such as CaCl2, H3PO4, TEA,

Ca10(PO4)6(OH)2, HCl, H2O and OH- are -795.8, -1294.1,

-664.2, -13399.0, -166.6, -285.8 and -229.9 kJ/mol,

respectively (Kumar et al. 2004; Prakash et al. 2006a, b;

Masterton et al. 1987). By using these reported data, the heat

of reaction for the balanced reaction in Eq. 6 has been cal-

culated, and is found to be -326.8 kJ/mol. The negative sign

infers that this reaction is exothermic.

10 CaCl2 þ 6H3PO4 �!4OH� þTEA

�TEA
Ca10ðPO4Þ6ðOHÞ2 þ 18HCl

þ 2H2O ð6Þ

Thus, according to the Le Chatelier’s principle, the

equilibrium position in reaction 6 will shift towards the

reactants side, if the reaction temperature is increased. In

order to verify this, the end point conductivity of the

prepared samples has been measured through zetasizer, and

are found to be 0.0628 (HAP100), 0.0547 (HAP80), 0.0202

(HAP50) and 0.0160 (HAPRT), mS/cm. The order of end

point conductivities of all the prepared samples is:

HAP100 [ HAP80 [ HAP50 [ HAPRT. This finding is

supported by increase in electrophoretic mobility with

increase in temperature as shown in Fig. 5. The increase in

conductivity of the reaction 6 with increasing temperature

reveals an enhancement in the apparent solubility of HA

(Prakash et al. 2006a, b).

Conclusions

In summary, HA nanoparticles have been synthesized at

different temperatures through reaction between calcium

chloride, suitably complexed with TEA, and ortho-phos-

phoric acid. The phase of the HA samples have been

studied by XRD and FTIR spectroscopy. The particle size

and morphologies of the prepared nanoparticles changes

from needle shape to spherical by increasing the reaction

temperature from room temperature (30 �C) to 100 �C.

This change in morphologies of the synthesized HA sam-

ples with respect to temperature is attributed to the

Fig. 5 Electrophoretic mobility

of HA samples prepared at

various temperatures:

a HAPRT, b HAP50, c HAP80

and d HAP100
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different precipitation rate and interaction of TEA mole-

cules with the surfaces of the HA crystals. This prediction

has been verified through end point conductivity as well as

electrophoretic mobility measurement and supported by the

thermochemistry of this present reaction. The present study

has provided the procedure to obtain HA nanoparticles

with controlled morphology and size in view of its size and

shape-dependent biological applications, such as drug

delivery, removal of toxic elements and various mechani-

cal properties, etc.
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