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Abstract

A comparative investigation on particle size, zeta potential and rheology behavior of suspensions of hydroxyapatite (HA) pow-
ders produced by a wet-chemical synthesis method is presented. Results have shown that temperature and soaking time of the cal-

cination process significantly affects the HA particle size, and results in a reduction of the zeta potential and suspension viscosity.
On the basis of the present experimental and calculated results, the reduction in the viscosity is attributed to a higher repulsion
barrier in interparticle potential. # 2002 Elsevier Science Ltd and Techna S.r.l. All rights reserved.

Keywords: A. Suspensions; Hydroxyapatite; Zeta potential

1. Introduction

The attractive biocompatibility and bioaffinity of
hydroxyapatite (HA) ceramics have led to the wide-
spread use of these materials in clinical applications [1].
In recent years, the drive toward optimal conditions for
osteoconduction has created a strong interest in the
fabrication technology of HA ceramics. Previously
reported processing methods for forming porous HA
implants include reticulation technique [2], the near-net-
shape process by the metal oxidation route [3] and the
use of natural materials such as coral and bone [4].
However, a disadvantage of these methods is the
inability to control the structural configuration that
affects the biological response. Another disadvantage is
that the compressive strength of the ceramic has been
found to fall drastically with the increase in pore size
and amount of porosity.
Solid Freeform Fabrication (SFF) techniques allow

moldless manufacturing of ceramics. The literature
describes many SFF or rapid prototyping methods to
make complex structures, including stereolithography
(SLA) [5], fused deposition modeling (FDM) [6], selec-

tive laser sintering (SLS) [7], laminated object manu-
facturing (LOM) [8], 3D printing [9], etc. Of these, one
method based on drop-on demand printing [10] has
drawn attention because it shares the knowledge from
colloidal processing with the SFF techniques. During
this gelation process, a well-dispersed suspension, with
high solids loading of reasonably low viscosity to facil-
itate the doctor blade processing, is required. Hence,
rheology of the suspension needs to be studied and
modeled, with a focus on the effect of particle size.
In this paper, the influence of the history of proces-

sing on zeta potential of HA powders and rheology
behavior of HA slurries, was investigated. Further cal-
culation based on the Derjaguin–Landau–Verway–
Overbeek (DLVO) theory was carried out to determine
the effects of particle size and surface potential on the
aqueous suspension.

2. Experimental procedures

2.1. Materials

HA powders were prepared via a wet-chemical synth-
esis technique, based on the precipitation of HA pre-
cursors from aqueous solutions. Triammonium
phosphate trihydrate and calcium nitrate tetrahydrate
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were used as starting chemicals. Ammonium hydroxide
was used to adjust the pH value of the mixed solution.
The reaction temperature was held at 85 �C. The
coprecipitation powder was rinsed with deionized water,
filtered, dried, and then calcined at 700 �C for 3 h. The
HA powder thus prepared was denoted as HA1. A sec-
ond HA powder investigated here was HA2, which was
produced by the same procedure as HA1, and followed
by heat-treating again at 900 �C for 24 h.

2.2. Characterization

XRD analysis was performed using a Rigaku D/max-
RB type X-ray diffractometer with CuKa radiation. The
range of scans was 10�42�460� for the crystalline
phase identification, 25.6�42�426.3� for crystallite size
measurement. The scan step was 0.02� with a step time
of 2 s. The crystallite size was determined using the
Scherrer formula:

D ¼
0:9l
Bcos�

ð1Þ

where D is the diameter of the crystal particle, l the
wave length of the X-ray, � the scattering angle, and B is
the broadening of the diffraction line measured at half
its maximum intensity.
The zeta potential of the HA powder was measured as

a function of pH, using a commercial Brookhaven
Zetaplus meter. The pH of the suspension was con-
trolled by using 0.01 N HCl solution as an acid and 0.01
N NaOH as a base and measured with a pH meter
(Model 420 Orion Research Inc.).
For each viscosity measurement, standard suspen-

sions of 15 vol.% HA powder in deionized water were
prepared. The viscosity of the suspensions was mea-
sured on a stress-controlled viscometer (Physica
MCR300, Germany) at shear rate from 0.1 to 250 s�1.
All viscosity measurements were performed at 25 �C.

3. Results and discussion

The XRD patterns collected from the two powders
are shown in Fig. 1. Both samples are highly crystalline.
The peaks agree very well with the hexagonal hydro-
xyapatite structure. For HA2 particles, however, a
minimal amount of minor component was observed. X-
ray analysis also revealed that the particle size of the
two samples, HA1 and HA2, were 65 and 115.1 nm,
respectively. The HA2 particles have a significantly lar-
ger particle size compared to the HA1 particles. These
particle size values are qualitatively consistent with the
equivalent spherical particle diameters calculated by
using the surface area, which was measured by the Bru-
nauer–Emmett–Teller (BET) method.

The electrophoretic mobility of the two powders was
studied as a function of pH. The results are shown in
Fig. 2, the zeta potential of HA2 was generally found
smaller than that of HA1. A different dispersion beha-
vior can be thus expected for HA2 powders. The visc-
osity of suspensions of the two powders was measured
as a function of the shear rate. As shown in Fig. 3, the
viscosity of suspensions of HA1 is higher than that of
suspensions of HA2.

Fig. 2. Zeta-potential vs pH for HA1 and HA2.

Fig. 1. XRD patterns of HA1 and HA2.

Fig. 3. Viscosity as a function of shear rate for HA1 and HA2.
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The zeta potential of HA2 particles at various pH
values is around �35 mV, which is obviously smaller
than the value of about �25 mV for the HA1 particles.
However, the isoelectric point (IEP) for the HA parti-
cles was not observed over the range of pH values eval-
uated. This result may suggest HA particles that have
been prepared via precipitation, to be covered by a thin
film of specifically adsorbed ions. Additionally, not only
the state of material surface but also the history of the
material processing strongly influences the zeta poten-
tial. The severe calcining process altered the surface
potential of the HA particles, as evidenced by the visc-
osity measurements. As can be seen from Fig. 3, the
viscosity of suspensions of HA2 displays a lower state
over a wide range of shear rates.
To probe the difference between the rhelogical beha-

vior of suspensions, the interaction potential between
two spherical particles at surface separation distance D
was calculated according to the well-known DLVO
theory. By combining the attractive van der Waals
interaction free energy VvdW(D), and the repulsive dou-
ble layer repulsion VDL(D), the overall net interaction
energy V(D) is given by [11]:

V Dð Þ ¼ VvdW Dð Þ þ VDL Dð Þ ð2Þ

providing that the interaction distance is much smaller
than the particle size R, that is, D<<R, V(D) can be
approximated by [12,13]:

V Dð Þ ¼ 2�"0"R’
2exp ��Dð Þ �

AR

12D
ð3Þ

where R is the particle radius, "o the permittivity of a
vacuum, " the dielectric constant of water (78.5), ’ the
surface potential of the particles, A the Hamaker con-
stant. � is the Debye–Huckel reciprocal length para-
meter and is written by:

� ¼
1000e2NA

"o"kBT

X
Z2i Mi

� �1=2
ð4Þ

where e is electronic charge, NA the Avogadro’s num-
ber, kB the Boltzmann constant, T the temperature, Zi

and Mi are the charge and the molar concentration of
species i in the solution.
The particle radius of HA1 and HA2 are 32.5 and

57.55 nm, respectively. Considering that it is difficult to
measure the surface potential exactly, the surface
potentials of HA1 and HA2 are assumed approximately
equal to the zeta potentials shown in Fig. 2. The zeta
potentials used in the interaction-energy calculations for
HA1 and HA2 at pH=7 are �25 mV and �35 mV,
respectively. For the HA particle the Hamaker constant

in water is unavailable now due to lack of necessary
optical data on HA [14]. Here, we assume the Hamaker
constant of HA to be 6�10�20 J, in view of the reported
Hamaker constant of inorganic materials with the same
crystal structure [15]. Meanwhile, the Debye parameter
� is taken as 1.04�106 m�1, which derived from the Eq.
(4) using the corresponding electrolyte concentration.
The calculated DLVO potentials for HA1 and HA2

are shown in Fig. 4. It is noted that the barrier height
for HA2 powders is higher than for HA1 powders. As a
result, the suspension viscosity decreases with the
increase of the repulsion barrier. The higher barrier in
the interaction energy of HA2 powder is due to the lar-
ger particle size and the smaller zeta potential in com-
parison with HA1 powder.

4. Conclusions

Submicrometer-sized, single-phase hydroxyapatite
bioceramic powders, denoted as HA1, have been syn-
thesized via a chemical precipitation technique. Another
HA powder HA2 was obtained by calcining the HA1 at
900 �C for 24 h. XRD measurements revealed that the
second heat treatment at a higher temperature for a
longer time produced a larger size. Compared to HA1
powders, the HA2 powders show a smaller zeta poten-
tial value over the range of pH values investigated,
indicating that the severe calcining process altered the
surface potential of the HA particles. The rheological
properties of aqueous suspensions of the HA1 and HA2
powders are reported. In rheological tests, it was found
that the second calcination reduces the viscosity of the
suspensions over a wide range of shear rates. The
DLVO potential calculation showed that the barrier
height in the interaction energy between HA2 particles
is higher than that for HA1 particles, thus leading to the
reduction in the viscosity.

Fig. 4. The calculated DLVO interparticle interaction potential of

HA1 and HA2 powders.
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