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Ultrafine hydroxyapatite powders have been successfully synthesized in inverse microemulsions and emulsions
consisting of petroleum ether as the oil phase, 1.0 M CaCl2 solution as the aqueous phase and biodegradable
KB6ZA as the surfactant. The titration of 0.6 M (NH4)2HPO4 aqueous solution into the inverse microemulsion and
emulsions containing 25.0 and 35.0 wt% aqueous phase, resulted in hydroxyapatite precursors that were nanometer
sized and more or less spherical in morphology. However, they underwent a considerable degree of particle
coarsening when calcined at 650 °C for 6 h. A nanocrystalline hydroxyapatite powder, which exhibited a dendritic
agglomerate morphology, was synthesized in an oil-in-water emulsion containing 90.0 wt% aqueous phase. It shows
an average particle size of 25 nm upon calcination at 650 °C for 6 h, as little particle coarsening and growth in
crystallite size were observed at the calcination temperature. The inverse microemulsion- and emulsion-derived
hydroxyapatites exhibit a degree of type B carbonate substitution, which cannot be eliminated by calcination in air
at 650 °C.

will offer the advantage of using only small amounts of theIntroduction
oil and surfactant phases.

Synthetic hydroxyapatite (HA) is a well-known biocompatible
and bioactive material that has been widely used in many

Experimental procedureclinical applications.1–3 It is commonly employed as a coating
for bioinert metallic and ceramic substrates, such as titanium The chemicals used as the starting materials included: (i)
and alumina,4,5 for use as implants. Hydroxyapatite also shows 1.0 M CaCl2 aqueous solution; (ii) 0.6 M (NH4)2HPO4 aque-
a high capacity for ion exchange with heavy metal ions owing ous solution (both from Merck Co., USA); (iii) petroleum
to its unique crystal structure and composition.6 Thus, it has ether (PE) of boiling point 120–160 °C (BDH, UK); (iv)
been investigated as a filter for removing heavy metals from Empilan KB6ZA, which is a lauryl alcohol condensed with
aqueous solutions.7 There are many other applications of 6 mol equiv. of ethylene oxide (Albright and Wilson Asia Ptdhydroxyapatite, including: high performance liquid chroma-

Ltd, Singapore); and (v) distilled ethanol.tography (HPLC) for the separation of proteins and nuclec
By following the procedure as detailed in Ref. 10, the phaseacids due to its ability to interact electrostatically with these

diagrams for the ternary system consisting of 1.0 M CaCl2molecules; gas sensing; and catalysis.8
solution as the aqueous phase, PE as the oil phase and KB6ZANanosized hydroxyapatite particles have been successfully
as the surfactant at 25 and 34.5 °C, were established. Threesynthesized from microemulsions.9,10 They possess improved
compositions were then chosen for the preparation of hydroxy-powder characteristics that make them superior in many of
apatite precursors at 34.5 °C: (i) a transparent microemulsionthe above mentioned applications. The microemulsion-derived
consisting of 25.0 wt% 1.0 M CaCl2 aqueous phase, 52.5 wt%hydroxyapatite powders exhibit a high specific surface area,
PE and 22.5 wt% KB6ZA; (ii) a translucent compositionlowered degree of particle agglomeration and narrowed particle
consisting of 35.0 wt% 1.0 M CaCl2 aqueous solution,size distribution. However, these previous studies employed
45.5 wt% PE and 19.5 wt% KB6ZA; and (iii) a turbid emulsionpoly(oxyethylene) nonylphenol ethers (NP5 and NP9) as the
composition consisting of 90.0 wt% 1.0 M CaCl2 aqueoussurfactants, which belong to the generic group of alkylphenol
solution, 7.0 wt% PE and 3.0 wt% KB6ZA. The proceduresethoxylates, and there is a big doubt over their biode-
for the syntheses of hydroxyapatites in microemulsion andgradability.11–13 In contrast, the nonionic surfactants belonging
emulsions are detailed in Ref. 10. Hydroxyapatite powdersto the generic group of alcohol ethoxylates are completely
obtained from the three compositions above were characterisedhydrolysable and therefore they exhibit excellent
for particle size and morphology using BET specific surfacebiodegradability.12
area analysis (Quantachrome NOVA2000) and TEM (JEOL-As the suitability of poly(oxyethylene) nonylphenol ethers
100CX ). Their phase purity was measured using XRD phase(e.g. NP5 and NP9) for use as nonionic surfactants on a large
analysis (Cu-Ka, Philips Model PW1729), FTIR (BIORAD)scale is in doubt as a result of their low biodegradability, it is
and X-ray photoelectron spectroscopy (VG ESCALAB MkII ).both scientifically interesting and technologically challenging

to study the feasibility of using a biodegradable surfactant for
synthesizing nanophase materials in water-in-oil micro- Results and discussion
emulsions, water-in-oil emulsions, and in particular, oil-in-

The partial phase diagrams at 25 and 34.5 °C, for the ternarywater emulsions which only require small amounts of the oil
system consisting of 1.0 M CaCl2 aqueous solution as theand surfactant phases. The objectives of this paper are two-
water phase, PE as the oil phase and KB6ZA as the surfactantfold: (i) to investigate whether ultrafine hydroxyapatite par-
are shown in Fig. 1. The shaded regions represent transparentticles can be synthesized in inverse water-in-oil microemulsions
microemulsion compositions. At 25 °C the ternary mixturesand emulsions using a biodegradable alcohol ethoxylate as the
are considerably viscous and gel-like. However, at 34.5 °C theysurfactant; and (ii) to study whether a nanocrystalline HA

powder can be synthesized in an oil-in-water emulsion, which are fluid-like and optically transparent for all the compositions
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surfactant at a fixed weight ratio of 753 at 34.5 °C. The
electrical conductivity is very low throughout the composition
region 0.0–80.0 wt% 1.0 M CaCl2, although there is a slight
increase in conductivity as the aqueous content increases. This
indicates that the transparent compositions containing
<34 wt% aqueous phase are inverse microemulsions, where
the conducting aqueous phase is confined as dispersed droplets
in the oil phase. The bicontinuous microemulsion, which
exhibits a high electrical conductivity due to the occurrence of
interconnecting aqueous channels, does not exist in this system.
This is therefore considerably different from the ternary system
containing NP5 or NP9 as the nonionic surfactant and cyclo-
hexane as the oil phase.10 The sudden increase in electrical
conductivity at >80 wt% aqueous phase is due to the latter
becoming a continuous phase by forming turbid normal emul-
sions. Thus, the chosen compositions A and C are believed to
be a transparent water-in-oil (inverse) microemulsion and a
turbid oil-in-water emulsion, respectively. The translucent
composition B, which is close to the microemulsion/emulsion
boundary, is an inverse emulsion as indicated by its low
conductivity.

Fig. 3(a–c) are TEM micrographs showing the HA
precursors obtained from compositions A, B and C, respect-
ively. The powders obtained from compositions A and B
consist of spherical particles that are well dispersed, coupled
with a rather uniform particle size distribution. The spherical
particle morphology is an indirect indication that the precipi-
tation reaction between CaCl2 and (NH4)2HPO4 took place
within the dispersed aqueous droplets. The HA particles
obtained from composition A are apparently smaller than
those from composition B due to a higher aqueous content in
the latter. The reaction of CaCl2 and (NH4)2HPO4 in a larger
aqueous domain invariably leads to the formation of largerFig. 1 Partial phase diagrams established for the ternary system
HA particles. The HA particles obtained from composition C,consisting of 1.0 M CaCl2, KB6ZA and PE at 25 and 34.5 °C.
which is an oil-in-water emulsion, are nanosized and are
aligned as dendritic agglomerates, which is a result of the fact

in the shaded region. KB6ZA exhibits a cloud point tempera- that the precipitation reaction took place in a continuous
ture of 36 °C, above which it undergoes dehydration and below aqueous phase. Such a dendritic morphology is commonly
which the degree of hydrogen bonding between the ethylene observed for HA particles obtained by conventional precipi-
oxide groups and water molecules becomes extensive.14 tation from an aqueous phase.
Therefore, high viscosity was observed at room temperature Fig. 4(a–c) show TEM micrographs for the hydroxyapatite
because KB6ZA undergoes an extensive degree of hydration. powders obtained from compositions A, B and C, respectively,
At 34.5 °C, which is near the cloud point, the hydrogen bonds and calcined at 650 °C for 6 h. The powder obtained from
are disrupted, such that the flexibility of surfactant molecules composition A consists of particles of 40–50 nm, which are
at the oil and water interface is enhanced. Thus the ternary rounded in morphology. It has undergone a high degree of
compositions exhibit a low viscosity and fluid-like behaviour. particle coarsening compared to the nanoparticles before calci-
As indicated in the partial phase diagram at 34.5 °C, the nation, shown in Fig. 3(a). The hydroxyapatite powder
compositions marked A (transparent), B (translucent) and C obtained from composition B exhibits an apparently larger
(turbid) containing 25.0, 35.0 and 90.0 wt% of 1.0 M CaCl2 particle size (80–100 nm), although the particle morphology is
aqueous phase, respectively, were chosen for the preparation similar to that of the powder obtained from composition A.
of hydroxyapatites. This may easily be accounted for by the fact that the particle

Fig. 2 shows the electrical conductivity as a function of size of the latter was larger in the precursor state than that of
1.0 M CaCl2 content for the compositions containing oil and the former prior to calcination at 650 °C for 6 h, as demon-

strated in Fig. 3(a,b). In a remarkable contrast, the hydroxyapa-
tite powder obtained from composition C retained its
nanosized features, together with the dendritic agglomerates.
It underwent little coarsening in particle size at the calcination
temperature and the dendritic morphology was preserved.

In order to confirm what was observed using TEM, the
powders obtained from the three compositions were character-
ised for their specific surface areas. Specific surface areas of
43.9, 13.5 and 74.6 m2 g−1 were measured for the HA powders
from the inverse microemulsion (composition A), inverse emul-
sion (composition B) and oil-in-water emulsion (composition
C), after they had been calcined at 650 °C for 6 h. On the basis
of these, average particle sizes of 43, 140 and 25 nm were
estimated for the three powders, respectively. Calcination at
650 °C resulted in a much larger degree of particle coarsening
of hydroxyapatite crystallites in the former two than that inFig. 2 Electrical conductivity at 34.5 °C as a function of content of
the powder obtained from the oil-in-water emulsion containingaqueous 1.0 M CaCl2 for compositions containing oil and surfactant

at a fixed weight ratio of 753. 90.0 wt% 1.0 M CaCl2 aqueous phase.
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Fig. 3 TEM micrographs showing hydroxyapatite particles obtained
from compositions A (a), B (b) and C (c). Fig. 4 TEM micrographs showing hydroxyapatite particles obtained

from compositions A (a), B (b) and C (c), after calcination at 650 °C
for 6 h.

The XRD patterns for the calcined hydroxyapatite powders
obtained from compositions A, B and C, before and after Fig. 5(b), the splitting of the 31.8, 32.2 and 32.8° peaks took

place over the 2h range of 31–33° due to the increased degreecalcination, are shown in Fig. 5(a,b), respectively. Due to the
ultrafine nature of the as-precipitated crystallites, there is an of crystallinity. In contrast, the powder obtained from the oil-

in-water emulsion (composition C) exhibits a notably higherextensive degree of peak broadening in the X-ray diffraction
patterns for all the three powders before calcination. In com- degree of peak broadening than the other two, which is

consistent with what was observed using TEM, as shown inparison however, the powder from the oil-in-water emulsion
exhibits a higher crystallinity, as indicated by the splitting of Fig. 4(a–c) for the calcined HA powders. The occurrence of

other calcium phosphate phases was not observed for any ofthe broadened peaks over the 2h region 30–35°. This is
supported by the TEM micrographs shown in Fig. 3(a–c) the three hydroxyapatite powders.

Fig. 6 shows the FTIR spectra for the three HA powderswhere a larger crystallite size is observed in (c) than those in
(a) and (b). When calcined at 650 °C for 6 h, the two powders obtained from compositions A, B and C, after calcination at

650 °C. The characteristic bands for hydroxyapatite appear infrom the inverse microemulsion (composition A) and inverse
emulsion (composition B) underwent a considerable degree of the regions 900–1200 cm−1 for phosphate stretching, and

500–600 cm−1 for phosphate bending. The two bands at 631particle and crystallite coarsening. This is demonstrated by the
greater sharpness of the diffraction peaks obtained after calci- and 3571 cm−1 may be regarded as an indication of the

crystallinity of hydroxyapatite. All these characteristic bandsnation compared to those obtained before. As shown in
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Fig. 5 XRD traces of hydroxyaptite powders obtained from inverse
microemulsion, inverse emulsion and emulsion before (a) and after
(b) calcination at 650 °C for 6 h.

Fig. 7 XPS spectra in the C 1s region for the hydroxyapatite powders
obtained from inverse microemulsion (a), inverse emulsion (b) and
emulsion (c), after calcination at 650 °C for 6 h.

Fig. 6 FTIR spectra for the hydroxyapatite powders obtained from
inverse microemulsion and emulsions, upon calcination at 650 °C the XPS vacuum chamber. The second one at ca. 287.6 eV is
for 6 h.

attributed to C–O adsorption on the surface of the HA
particles. Carbonate substitution in all three hydroxyapatites
calcined at 650 °C is shown by the presence of a peak atare observed in the spectra of the three powders. There are

three additional transmission bands at 1470, 1414 and 290.5 eV. The occurrence of carbonate substitution in hydroxy-
apatite has been previously reported.17,18 In particular, type B872 cm−1 in all three spectra, which are attributed to carbon-

ates that have substituted certain phosphate positions in the carbonate substitution is frequently encountered in hydroxy-
apatite powders prepared via wet-chemistry routes, while typelattice of hydroxyapatite.15,16 Such substitution is termed as

type B substitution, in contrast to the type A subsitution where A carbonate substitution occurs in those formed through solid
state reactions.15,19 The precipitation reactions in the micro-carbonates replace the hydroxyl groups. This reveals that a

certain level of carbonate substitution has taken place in the emulsion and emulsions apparently resulted in the type B
substitution observed in this work.three hydroxyapatite powders, although this is not shown by

the XRD phase analysis. The occurrence of carbonate substitutions in hydroxyapatite
is not undesirable for many applications. In a number ofFig. 7(a–c) illustrate the XPS spectra in the C 1s region for

the calcined HA powders obtained from the three composi- biological apatites, carbonates are the principal minor constitu-
ents18 where they substitute certain phosphate positions in thetions. The first deconvoluted peak at ca. 286 eV is due to the

aliphatic hydrocarbons adsorbed on the particle surface from biological apatites (type B). For example, the amount of

1638 J. Mater. Chem., 1999, 9, 1635–1639



carbonate present in enamel, dentine and bones is estimated microemulsion- and emulsion-derived hydroxyapatites exhibit
a degree of type B carbonate substitution, which cannot beto be around 3.5, 5.6 and 7.4 wt%, respectively.19 Synthetically

carbonated apatites have been prepared by deliberately adding eliminated by calcination in air at 650 °C.
sodium bicarbonate to precipitated gelatinous hydroxyapa-
tite.20 It is thus interesting to note that the precipitation References
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