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Abstract

Apatite formation on alumina was studied using two different pretreatments: the previous adsorption of calcium or phosphate ions before its
immersion on two calcium-phosphate solutions. At pH 7.4, alumina that adsorbed initially phosphate and then calcium ions was used as substrate,
but no apatite growth was detected after 16 days of immersion. However, apatite growth was observed at pH 8.6. In this case, alumina was first
immersed in a calcium solution at pH 11.3, later suspended in a phosphate solution, and finally in a calcium-phosphate solution at pH 8.6. Results
indicate that, when phosphate ions are firstly attached to the alumina surface at pH 7.4, although they attract calcium ions, apatite nucleation is
inhibited. On the contrary, it seems that the initial calcium adsorption to the alumina surface forms appropriate sites for apatite nucleation and
growth. Apparently, the alumina positive surface charge is not directly responsible for its inability towards apatite nucleation at pH 7.4, as has
been previously suggested.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Surfaces; C. Apatite; C. Alumina; E. Biomedical applications
1. Introduction

Chemical coatings of calcium phosphate apatite on different
substrates have been reported for more than 20 years. The aim
of these studies is to search for better techniques to coat mainly
metallic surfaces; however, organic polymers and ceramics
have also been investigated [1,2]. A number of works have
been devoted to understand which characteristics a surface
must fulfill to be a good substrate for apatite growth. The most
widely studied surfaces have been sol–gel silica, bioglasses
[3–8], sol–gel TiO2, Ti and its alloys [9–13] due to their well
known ability as apatite growth promoters. Besides, some
other surfaces like calcium titanate [14], tantalum metal [15],
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zirconia gel [16], functionalized organic monolayers formed on
several surfaces [17–19] and alumina [9,20–23] have also been
studied.
With regard to surface chemical characteristics, it has been

suggested that Si-OH [4,7,22], Ti-OH[12,22], Ta-OH [15] and
Zr-OH [16] groups are effective apatite nucleation centers.
Besides, functional groups other than OH, such as –PO4H and
–COOH have also shown capacity to form apatite on some
substrates [17–19].
Concerning the physical characteristics associated with

apatite nucleation, one of the most commonly observed and
accepted is the development of a negative surface charge at pH
7.4 when the substrate is immersed in an electrolyte aqueous
solution. It is generally proposed that a negative surface
attracts calcium ions, being the calcium attachment the first
step on the apatite nucleation. Afterwards, phosphate ions are
attracted [1,3,9,10,22,23], which would explain the zeta
potential variations measured during the apatite formation
[1,9,24]. Alumina inertness towards apatite growth has been
ghts reserved.
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explained arguing its positive surface charge at pH 7.4
[9,10,22,23] and a lack of affinity of Al-OH groups for
calcium and phosphate ions [21]. The aim of this paper is to
study the capacity of alumina, which has initially adsorbed
calcium or phosphate ions, to growth apatite using calcium-
phosphate solutions at pH 7.4 and 8.6, trying to explain the
possible effect of these ions and of the alumina surface charge
on its apatite forming abilities.

2. Materials and methods

2.1. Calcium and phosphate adsorption

Starting from precursor pseudoboehmite, synthesized
according to a previous work [25], Al2O3 (-325 mesh) powder
was obtained by a thermal treatment of the precursor at 600 1C
for 2 h.

Prior to use, alumina was washed with 10 mM NaOH (1 g,
Al2O3/10 mL, NaOH). After stirring for 1 h, the suspension
was centrifuged, and the solid was washed with deionized
water to a constant conductivity of the supernatant. Finally, the
solid was filtered, dried for 2 h at 110 1C, and ground using an
agate mortar and pestle.

For each one of the adsorption experiments, 0.1 g of
alumina was immersed for 1 week in 5 mL of deionized water
at room temperature. Before using the alumina, the suspension
was centrifuged to separate the water from the powder.
Hereafter, the alumina obtained after an initial immersion in
a phosphate or in a calcium solution is referred as Al2O3–PO4

or Al2O3–Ca, respectively.
A set of experiments was performed to determine calcium

adsorption once phosphate had been uptaken and vice versa.
0.1 g of the pristine alumina was immersed on 40 mL of a
1 mM Na2HPO4 and 0.14 M NaCl solution using deionized
water at the desired pH. The resulting suspension was stirred at
room temperature for 24 h. Then, it was centrifuged and the
solid obtained, Al2O3–PO4, was immersed in 10 mL of a
1 mM CaCl2 and 0.14 M NaCl solution using deionized water
at the same pH of the previous suspension. These experiments
were performed at pH 7.4, 8.0 and 8.6. Each experiment was
repeated three times. For all of the experiments, pH was
adjusted with tris(hydroxymethyl aminomethane) and 0.1 M
HCl except as noted.

On the other hand, 0.1 g of the alumina was immersed in
10 mL of a 1 mM CaCl2 and 0.14 M NaCl solution using
deionized water at the desired pH. The resulting suspension
was stirred at room temperature for 24 h. Then, the suspension
was centrifuged and the solid obtained, Al2O3–Ca, was
immersed in 40 mL of a 1 mM Na2HPO4 and 0.14 M NaCl
solution using deionized water at the same pH of the previous
suspension.

After each 24 h immersion period, calcium or phosphate
were measured. Calcium concentration was measured by
titration with ethylenediaminotetraacetic acid disodium salt
(EDTA), using eriochrome T black indicator. The phosphate
concentration was measured by conventional molybdenum
blue method.
2.2. Zeta (ζ) potential measurements and determination of the
isoelectric point (IEP)

A stock suspension of alumina was prepared by adding 1 g
of this powder to 100 mL of deionized water. The suspension
was aged for at least 4 weeks and ultrasonically dispersed for
10 min prior to the ζ potential experiments. Measurements
were carried out with 5 mL of the dispersed stock suspension,
followed by addition of water and the necessary quantity of the
respective salt to obtain the desired concentration of CaCl2 or
Na2HPO4. Finally, pH was adjusted with diluted HCl or NaOH
solutions and each suspension was completed to 50 mL with
deionized water. For all of the measurements, NaCl was used
as background electrolyte. A potentiometer (Orion 720A)
equipped with a combined electrode and automatic tempera-
ture compensation (ATC) probe was used to monitor the pH.
The potentiometer was calibrated before each test with buffer
solutions pH 4, 7 and 10. Before performing the ζ potential
measurements, the suspensions were conditioned for at least
15 min.

2.3. Apatite growth tests on calcium-phosphate solutions
at pH 7.4 and 8.6

We used two calcium-phosphate solutions, which contain
only water, sodium, calcium, chloride, phosphate ions and the
buffer.
pH 7.4.- Alumina (0.25 g) was immersed in 45 mL of a

solution containing 0.14 M NaCl and 2 mM Na2HPO4 in
deionized water at pH 7.4. The suspension was stirred for
24 h at room temperature. The solid obtained, Al2O3–PO4, was
centrifuged and suspended at pH 7.4 in 25 mL of a solution
containing 0.14 M NaCl and 1 mM CaCl2. After a 24 h period
of mild stirring at room temperature, the solid, hereafter
Al2O3–PO4–Ca, was centrifuged and suspended in 30 mL of
a solution containing 0.14 M NaCl, 2.5 mM CaCl2 and 1 mM
Na2HPO4 in deionized water at pH 7.4 at 37 1C. This calcium-
phosphate solution has been employed previously for apatite
growth on silica, titania and calcium titanate [14].
The suspension was mildly stirred for 24 h. Then, it was

centrifuged, and the solid suspended again in 25 mL of the
calcium-phosphate solution and stirred for 24 h at 37 1C. The
solid was suspended two more times in 15 mL of calcium-
phosphate solution at room temperature and stirred for 1 week
period each time.
pH 8.6.- Alumina (0.05 g) was immersed in 5 mL of

deionized water for at least 2 weeks. The suspension was
centrifuged, and the solid was added to 5 mL of a 2 mM CaCl2
solution. The initial pH of this solution was approximately
11.3, adjusted with NaOH. After 15 h of suspension at room
temperature, the solid was centrifuged and washed with tris
buffer solution at pH 8.6. Later, the solid, Al2O3–Ca, was
suspended in 10 mL of a 0.15 M NaCl and 1 mM Na2HPO4

suspension at pH 8.6. After stirring for 5 h at room tempera-
ture, the solid was centrifuged and immersed 6 times at 30 1C
in a calcium-phosphate solution at pH 8.6, under mild stirring,
for 3 h lapses. Later, the solid was suspended overnight in



Fig. 2. TEM photograph (a) and selected area electron diffraction pattern (b) of
the alumina prepared by the hydrolysis precipitation method and dried for 2 h
at 600 1C.
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10 mL of a 1 mM CaCl2 aqueous solution. After each suspension,
the solid was washed once with 10 mL of deionized water. The
above procedure was repeated twice. Finally, the solid was washed
three times using deionized water.

The calcium-phosphate solution at pH 8.6 was prepared
according to the following procedure. First, a phosphate
solution was prepared by dissolving 0.005 mol of tris(hydro-
xymethyl aminomethane), 0.015 mol of NaCl and 10 mL of a
10 mM Na2HPO4 solution in 50 mL of deionized water. pH
was adjusted to 8.6 by the addition of HCl 0.1 M, and
deionized water was added to a final volume of 70 mL. Then,
a calcium solution was prepared by diluting 4 mL of a 25 mM
CaCl2 solution in 30 mL of deionized water. Finally, the
calcium solution was added dropwise to the vigorously stirred
phosphate solution, at 30 1C.

2.4. Characterization techniques

The X-ray diffraction (XRD) pattern was obtained in an
INEL diffractometer model Equinox 2000 using Cu Kα1
radiation. ζ potential measurements were carried out with a
Malvern Instruments Zetasizer 3000HSA. FTIR-Raman spec-
tra were obtained using a Perkin-Elmer Spectrum GX FT-
Raman spectrometer. The 31P magic angle spinning (MAS)
NMR spectra were obtained in a Varian Unity Plus 3000 MHz
spectrometer with a 7 mm CP-MAS probe at 5 kHz. H3PO4

was used as reference. Surface area was determined with a
Micromeritics Autosorb Automated ASAP 2010. Transmission
electron microscopy (TEM) was performed in a Zeiss micro-
scope Leo EM 910 at 120 kV.

3. Results and discussion

Fig. 1 shows the XRD pattern of the alumina powder used.
All of the observed peaks correspond to a γ-Al2O3 according
to the JPDF file 10-0425. The broadening of the peaks is
associated with nanocrystalline structures of the sample and to
a fraction of amorphous alumina. Fig. 2 corresponds to a bright
field TEM image and a selected area electron diffraction
pattern of the alumina obtained. In Fig. 2(a), a particle of
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Fig. 1. XRD pattern of the alumina prepared by the hydrolysis precipitation
method and dried for 2 h at 600 1C.
around 200 nm can be observed, and in Fig. 2(b) the pattern
shows a strong amorphous halo corresponding to the amor-
phous fraction of the alumina.
The heat treatment of the pesudoboehmite precursor at

600 1C makes it possible to obtain a very high surface area,
313 m2/g (BET method), which forms easily a hydrated
surface layer when immersed in an aqueous solution. A high
surface covered with plenty of Al-OH groups increases the
chemisorption of calcium ions, and the possibility of formation
of calcium phosphate nuclei for apatite growth becomes larger.
The alumina surface is positive up to pH 9, as can be seen in

Fig. 3. It shows zeta (ζ) potential as a function of pH for three
NaCl concentrations. The measured isoelectric point (IEP) was
close to pH 9. This IEP is within the range reported for
γ-Al2O3 [26]. NaCl is an indifferent electrolyte in this system
because the determined IEP is independent of its ionic strength.
Fig. 4 shows the variation in ζ potential, as a function of pH,

for alumina suspensions in the presence of calcium and
phosphate ions and NaCl as background electrolyte. In the
case of calcium ions (Fig. 4(b)), the IEP is shifted to a higher
pH, around 10.5. This displacement is attributed to the specific
adsorption of Ca ions on alumina according to the following
equation [27,28]:

�AlOHþCa2þ-�AlOCaþ þHþ ð1Þ
In the case of phosphate ions (Fig. 4(c)), the IEP is not
observed. Instead, the ζ potential is negative over the entire
studied pH range, indicating a very strong adsorption of these
ions on the surface [29]. Reports of NMR spectroscopy point
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Fig. 3. ζ Potential as function of pH for NaCl solutions of 1 mM (squares),
10 mM (triangles) and 100 mM (circles).
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Fig. 4. ζ Potential as a function of pH in the presence of NaCl 100 mM (a),
NaClþCaCl2 1 mM (b) and NaCl¼Na2HPO4 1 mM (c).
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out that the adsorption is through the formation of inner sphere
complexes, such as monodentate (I) or bidentate (II, III)
complexes [30,31].
These are formed through a ligand exchange mechanism
between a surface OH group bound to an aluminum atom and
a phosphate ion, as can be seen in the following equation for
the dihydrogen phosphate ion [32]:

�AlOHþH2PO4
�-�AlOPO3H2þOH� ð2Þ

Table 1 summarizes the results for calcium and phosphate
adsorption with pH in the 7.4–8.6 range. Three differences are
noted between calcium and phosphate uptake. First, phosphate
adsorption is much higher than calcium adsorption. At pH 8.6
the adsorbed phosphate to adsorbed calcium ratio is almost 9,
whereas at pH 7.4 this ratio increases to 96. Second, the higher
the pH the higher the amount of calcium adsorbed. For
phosphate, the opposite tendency is observed. In the case of
calcium adsorption using pristine alumina, this tendency is
very evident. At pH 8.6 this amount is approximately 8 times
higher than the adsorbed at pH 7.4. However, regarding
phosphate adsorption, it diminishes only around 25% in this
pH range.
Finally, in the case of the alumina that has initially adsorbed

phosphate ions, Al2O3–PO4, calcium adsorption is higher than
using the pristine alumina. This observation is more noticeable
at pH 7.4. The former absorbs 10 times more calcium than the
later. At pH 8 and 8.6 this increase is only 3 and 2 times,
respectively. On the other hand, phosphate adsorption is only
slightly higher when alumina that has previously uptaken
calcium ions, Al2O3–Ca, is tested than if the pristine alumina is
used. It varies from around 2% at pH 8.0 to almost 16% at pH
8.6. The higher tendency of alumina towards phosphate
adsorption can be attributed to their opposite charges in the
pH range studied.
Phosphate adsorbed onto a positive titanium oxide layer has

been proposed as the first step for apatite nucleation [33].
Besides, it has been reported that phosphate groups present in
organic monolayers formed on Ti and Au foils are effective
apatite growth inducers [17,19]. However, in spite of the
relative large amount of phosphate groups that were adsorbed
on the positive alumina surface at pH 7.4 (around 0.5 group/nm2),
it did not show apatite-forming ability using a calcium-phosphate
solution at this pH. In this case we observed a higher consump-
tion of phosphate than calcium ions in each one of the alumina
immersions in the calcium-phosphate solution. The total phos-
phate to calcium uptake ratio after 16 days was around 4.5, but



Fig. 5. 31P MAS-NMR spectrum of the alumina immersed initially in a
Na2HPO4 solution at pH 7.4, then in a CaCl2 solution and in the calcium-
phosphate solution at pH 7.4 for 2 weeks at room temperature.
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Fig. 6. Raman spectra of the alumina immersed initially in a Ca solution at pH
11.3, and then in a Na2HPO4 solution at pH 8.6 (a) and of the alumina
immersed initially in the Ca solution at pH 11.3, then in a Na2HPO4 solution at
pH 8.6 and finally in the calcium-phosphate solution at pH 8.6 and 30 1C, for
3 h lapses (b).

Table 1
Calcium and phosphate adsorption on the pristine alumina (Al2O3) and on alumina that has previously adsorbed phosphate (Al2O3–PO4) and calcium (Al2O3–Ca).

pH Calcium adsorption� 105 (mol/g) Phosphate adsorption� 105 (mol/g) Ca adsorption on sorbed
PO4� 105 (mol/g)fna;a

PO4–Ca/Al2O3–PO4

Al2O3 (a) Al2O3–PO4 (b) Al2O3 (c) Al2O3–Ca (b)� (a)¼(d) (d)/(c)

7.4 0.275 2.69 26.5 29.7 2.41 0.09
8.0 1.39 4.25 25.8 26.2 2.86 0.11
8.6 2.24 5.31 19.7 22.6 3.07 0.16

aCalculated assuming that the difference on Ca adsorption is totally due to the phosphate first attached to alumina.
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apatite or other calcium phosphate could not be detected by
means of TEM, Raman spectroscopy or NMR. The 31P MAS-
NMR analysis showed only one peak at �4.158 ppm (Fig. 5),
which is similar to the reported [30] for phosphate adsorbed on
alumina, but does not correspond to any calcium phosphate.
On the contrary, apatite growth was observed if the alumina
initially immersed at pH 11.3 on a calcium solution, Al2O3–

Ca, was later immersed on a phosphate solution at pH 8.6 and
finally resuspended several times in the calcium-phosphate
solution at pH 8.6. Fig. 6 shows the Raman spectra of the
alumina immersed in the alumina thus treated before (Fig. 6
(a)) and after the immersion in the calcium-phosphate solution
at pH 8.6 (Fig. 6(b)). The band at 961 cm�1, which is absent
on the spectrum of the substrate that only adsorbed once
phosphate ions (Fig. 6(a)), is close to the ν1 phosphate
vibrational mode for calcium hydroxyapatites, 962 cm�1

[34]. Fig. 7 corresponds to the 31P MAS-NMR spectrum of
the alumina immersed in the calcium-phosphate solution at pH
8.6. It can be seen only a single peak at 2.817 ppm, which is
within the 31P chemical shifts reported for hydroxyapatites,
2.870.2 ppm [35]. Fig. 8(a) and (b) shows a bright field TEM
image and a selected area electron diffraction pattern of the
solid obtained at pH 8.6, respectively. Clear differences can be
seen with Fig. 2. While for the alumina substrate the electron
diffraction pattern shows a strong amorphous halo correspond-
ing to the amorphous alumina, the showed rings in Fig. 8(b)
correspond to the (211), (222), and (511) planes of hydro-
xyapatite, Ca5(PO4)3OH (JCPDF 24-0033). Besides, it can be
seen that apatite grew as tiny crystals (Fig. 8(a)) on the
alumina substrate (Fig. 2(a)).



Fig. 8. TEM photograph (a) and selected area electron diffraction pattern (b) of
the alumina immersed initially in a Ca solution at pH 11.3, then in a Na2HPO4

solution at pH 8.6 and finally in the calcium-phosphate solution at pH 8.6 and
30 1C, for 3 h lapses.

Fig. 7. 31P MAS-NMR spectrum of the alumina immersed initially in a Ca
solution at pH 11.3, then in a Na2HPO4 solution at pH 8.6 and finally in the
calcium-phosphate solution at pH 8.6 and 30 1C, for 3 h lapses.

J. Coreño-Alonso et al. / Ceramics International 40 (2014) 4909–49154914
According to the previous results, the different abilities
towards apatite formation on the studied alumina seem to be
related to the initial adsorption of calcium or phosphate ions.
Apatite growth at pH 8.6 may be attributed to the high
proportion of �AlOCaþ sites formed during the first immer-
sion on a Ca solution at pH 11.3 (around 0.25 sites/nm2), and
to the fact that the capacity of adsorption of the Al2O3–Ca
substrate towards phosphate ions is stronger than that of the
Al2O3–PO4 sites towards Ca ions. Although we observed a
noticeable increase on Ca adsorption using the Al2O3–PO4

substrate, only a small fraction of the total adsorbed phosphate
sites at pH 7.4 are able to uptake Ca ions, around 9%, whereas
the amount of phosphate adsorbed on the Al2O3–Ca substrate
is close to the number of Al2O3–Ca sites at pH 8.6: 2.9 and
2.24 mol/g, respectively (Table 1).
Inertness of alumina towards apatite formation has been

attributed to is positive surface charge at pH 7.4. It has been
reported that a negative surface charge is necessary for apatite
growth because it attracts calcium ions, which seems to be the
first step on apatite heterogeneous nucleation [1,3,9,23]. How-
ever, during apatite growth on CaTiO3, which shows a positive
surface at pH 7.4, phosphate consumption precedes calcium
uptake [14,36]. Similarly, it was reported that a positive titanium
oxide layer showed a high apatite-forming ability [33]. Thus, it
seems that the positive surface charge of alumina could not have
a determining role influencing its in vitro inertness towards apatite
growth at pH 7.4, as has been proposed. Apparently, this could be
attributed to a low attraction of the phosphate complexes initially
formed
towards a subsequent calcium adsorption (Table 1), or to the
formation of stable surface clusters, such as (IV), showing no
reactivity for apatite nucleation.
On the other hand, although the initial Ca adsorption at pH

11. 3 seems to favor the apatite nucleation, it is possible that
the scarce number of Al2O3–Ca sites formed at pH 7.4, around
5� 10�3 sites/nm2, could also explain the lack of alumina
bioactivity in vitro at this pH.
Results shown in the present work could help to better

understand the heterogeneous apatite nucleation of alumina
in vitro, thus leading to the design of more effective bioactive
materials.

4. Conclusions

The studied alumina bears a positive surface charge at pH
7.4 and has a strong tendency for phosphate adsorption, but it
shows only a slight attraction towards calcium ions at this pH.
Phosphate adsorption turns the surface negative and increases
calcium uptake, but apatite formation could not be detected
when alumina with adsorbed phosphate and calcium ions was
immersed in a calcium-phosphate solution at pH 7.4. However,
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apatite growth was observed at pH 8.6 using alumina initially
immersed on a Ca solution at pH 11.3. This treatment
increases calcium adsorption noticeably compared with the
uptake at pH 7.4. The formed AlOCaþ sites increase the
further phosphate uptake, and favors apatite nucleation. The
lack of in vitro bioactivity of alumina at pH 7.4 does not seem
to be related to its positive surface charge, but to the formation
of stable surface alumina-phosphate complexes showing a very
low tendency towards calcium adsorption.
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