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In order to elucidate the main factor governing the capacity for apatite formation of titanium
(Ti), Ti was exposed to HCl or NaOH solutions with different pH values ranging from
approximately 0 to 14 and then heat-treated at 6008C. Apatite formed on the metal surface
in a simulated body fluid, when Ti was exposed to solutions with a pH less than 1.1 or higher
than 13.6, while no apatite formed upon exposure to solutions with an intermediate pH value.
The apatite formation on Ti exposed to strongly acidic or alkaline solutions is attributed to
the magnitude of the positive or negative surface charge, respectively, while the absence of
apatite formation at an intermediate pH is attributed to its neutral surface charge. The posi-
tive or negative surface charge was produced by the effect of either the acidic or alkaline ions
on Ti, respectively. It is predicted from the present results that the bone bonding of Ti
depends upon the pH of the solution to which it is exposed, i.e. Ti forms a bone-like apatite
on its surface in the living body and bonds to living bone through the apatite layer upon heat
treatment after exposure to a strongly acidic or alkaline solution.

Keywords: titanium; NaOH or HCl treatments; apatite-forming ability;
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1. INTRODUCTION

Titanium (Ti) and its alloys are widely used in various
types of implants in orthopaedic and dental fields,
because of their good biocompatibility and high
mechanical strength [1]. It is reported that they could
have bonded to living bone after long-term implan-
tation. However, they do not always bond to living
bone, especially in a short period of time after implan-
tation [2] and hence, their fixation in the living body
is not always stable. Fast and reliable bonding to the
bone is desirable for orthopaedic and dental implants.
Various attempts have been made to induce bone bond-
ing by techniques such as ion implantation [3–5],
electrochemical [6–10] and hydrothermal treatment
[11–15]. Certain chemical and heat treatments have
also been attempted [16–21]. Improvement in bone
bonding has been reportedly induced by these treat-
ments. However, some reports have attributed the
improvement to the surface roughness increased by
the treatments, while others have pointed to the
formation of specific crystalline phases such as anatase
and rutile induced by the treatments. There is thus
inadequate consistency in these interpretations, and
the purpose of the present paper is to inquire into
the main factor governing the bone-bonding properties
of Ti.
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We previously reported that Ti and its alloys spon-
taneously tightly bond to living bone when soaked in
NaOH solution and then subjected to heat treatment
[22–24]. These treatments have been applied to a
porous Ti metal layer of an artificial hip joint, and
the resulting bioactive hip joint has been used clinically
in Japan since 2007 [25]. On the other hand, it was also
shown that Ti spontaneously bonds to living bone when
soaked in a H2SO4/HCl mixed acid solution and then
subjected to heat treatment [26]. The bonding of the
Ti subjected to NaOH and acid treatments to living
bone has been attributed to surface apatite formation
in the living body [24,26]. However, the dependence of
this apatite formation on Ti metal upon the pH of the
exposed solution has not been reported.

In the present study, Ti was exposed to simple aqu-
eous solutions in which the pH was systematically
changed from approximately 0 to 14 by HCl and
NaOH solutions, and then subjected to a heat treat-
ment. Surface apatite formation was examined in a
simulated body fluid (SBF) using an ion concentration
almost equal to that in human blood plasma [27], in
comparison with those on Ti prior to heat treatment.
The dependence of their apatite-forming ability on the
pH of the solution is discussed in terms of surface rough-
ness, the kind of the surface crystalline phase and the
surface charges.

It has been shown that various kinds of bone-
bonding bioactive ceramics have the capacity to form
This journal is q 2012 The Royal Society
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Table 1. pH of exposed solution.

solution

HCl

water

NaOH

5 M 1 M 100 mM 0.5 mM 0.5 mM 100 mM 1 M 5 M

pH approx. 0 0.1 1.1 3.4 6–7 10.8 12.9 13.6 approx. 14
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a surface apatite layer in SBF and to bond to living
bone through this surface apatite layer in vivo [27].
The bone-bonding properties of Ti are discussed in
terms of apatite-forming ability.
2. MATERIAL AND METHODS

2.1. Preparation of the samples

Commercially pure Ti (Grade no. 2; Kobe Steel, Ltd,
Japan) was cut into rectangular samples having the
dimensions of 10 � 10 � 1 mm3, abraded with a no.
400 diamond plate, washed with acetone, 2-propanol
and ultra pure water for 30 min each in an ultrasonic
cleaner and then dried overnight in an oven at 408C.
Each specimen was soaked in 5 ml of HCl or NaOH sol-
ution at concentrations ranging from 0.5 mM to 5 M
and water at 608C in an oil bath, shaken at
120 strokes min21 for 24 h, and then washed with
flowed ultra-pure water for 30 s. The washing time
was carefully selected as the shortest time when any
precipitations from surplus NaOH solution could not
be detected on the specimen treated with the NaOH
solution. The pH values of the solutions are given in
table 1. The specimens removed from the solutions
were heated to 6008C at a rate of 58C min21 in an
Fe–Cr electric furnace under an ambient atmosphere,
maintained at this temperature for 1 h and then
cooled naturally to room temperature in the furnace.
2.2. Surface analysis of the treated Ti metals

The surface of the Ti specimens treated as described
in §2.1 was analysed using thin-film X-ray diffraction
(TF-XRD, RINT-2500, Rigaku Co., Japan). The
X-ray source was CuKa, and the angle of the incident
beam was set to 18 against the sample surface.

The same surface was coated with a Pt/Pd film
and observed under field emission scanning electron
microscopy (FE-SEM, Hitachi S-4300, Hitachi, Japan).

The depth profiles of various elements near the surface
of the Ti specimens subjected to the acid and heat
treatments were analysed using radio frequency (RF)
glow discharge optical emission spectroscopy (GD-OES,
GD-Profiler 2, Horiba Co., Japan) under Ar sputtering
at an Ar pressure of 600 Pa. An RF electric field with a
power of 35 W was applied at a regular interval of 20 ms.

Ti plates having the dimensions of 13 � 33 � 1 mm3

were prepared for measurement of the zeta potential,
where the volume of the NaOH and HCl solutions and
water for the surface treatments was increased to
20 ml. The Ti specimens soaked in the solutions and
then heat-treated were electrically grounded to dis-
charge any stray charges, and were immediately
placed in the zeta potential and particle size analyser
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(ELS-Z1, Otsuka Electronics Co., Japan) using a glass
cell for the plate sample. The zeta potential of the speci-
mens was measured under an applied voltage of 40 V in
10 or 50 mM NaCl solution dispersing monitor particles
of polystyrene latex particles (diameter ¼ 500 nm)
coated with hydroxyl propyl cellulose. When 40 V of
the voltage was applied, the flow of electro-osmosis
depending on the surface charge of the specimens was
generated. The zeta potential was calculated from the
distribution of the flow of electro-osmosis by monitoring
the migration velocity of the monitor particles. Five
samples were measured for each experimental condition,
and the average value was used in the analysis.
2.3. Examination of the apatite formation in an
simulated body fluid

The Ti specimens treated as described earlier were
soaked in 30 ml of an acellular SBF at 36.58C with ion
concentrations (Naþ ¼ 142.0, Kþ ¼ 5.0, Mg2þ ¼ 1.5,
Ca2þ ¼ 2.5, Cl– ¼ 147.8, HCO3

– ¼ 4.2, HPO4
2– ¼ 1.0,

and SO4
2– ¼ 0.5 mM) nearly equal to those in human

blood plasma. The SBF was prepared by dissolving
reagent-grade NaCl, NaHCO3, KCl, K2HPO4 . 3H2O,
MgCl2 . 6H2O, CaCl2 and Na2SO4 (Nacalai Tesque Inc.,
Japan) in ultra-pure water, and buffered at pH¼ 7.40
using tris (hydroxymethyl) aminomethane [(CH2OH)3-

CNH2] and 1 M HCl (Nacalai Tesque Inc.) [27].
After soaking in the SBF for 3 days, the surface

was analysed for apatite formation with TF-XRD and
FE-SEM using the methods described in §2.2.

The surfaces of the Ti specimens treated as described
in §2.1 and soaked in SBF for various periods were ana-
lysed using X-ray photoelectron spectroscopy (XPS,
ESCA-3300KM, Shimadzu Co., Japan), with MgKa

radiation (l ¼ 9.8903 Å) as the X-ray source. The
XPS take-off angle was set at 458, which enabled
the system to detect photoelectrons to a depth of
5–10 nm from the surface of the substrate. The binding
energy of the measured spectra was calibrated by refer-
ence to the C1S peak of the surfactant CH2 groups on
the substrate occurring at 284.6 eV.
3. RESULTS

3.1. Surface structure of the treated Ti metal

Figure 1 shows the FE-SEM micrographs of the surface
of Ti specimens exposed to solutions with the different
pHs, and also those that were subsequently heat-treated.
Cross-sectional photographs of the Ti specimens exposed
to solutions with the low or high pHs and subsequently
heat-treated are also shown. It can be seen from figure 1
that a ripple-like micrometre scale roughness was
formed on the Ti surface by exposure to solutions with
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Figure 1. (a) Before and (b) after heat treatment. FE-SEM photographs of surfaces of Ti as exposed to solutions with different
pHs, and those subsequently subjected to heat treatment. (c) Cross-sectional photographs of Ti metals exposed to solutions with
low and high pHs and subsequently heat-treated are given at the bottom.
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a pH lower than 0.1, while a nanometre scale rough-
ness consisting of a network of feather-like phases
that were elongated perpendicularly to the surface was
formed on the Ti surface by exposure to solutions with
a pH higher than 13.6. The Ti surface morphology was
not changed by exposure to solutions with inter-
mediate pHs ranging from 1.1 to 12.9. None of these
topographies were essentially changed by the subsequent
heat treatment.

Figure 2 shows TF-XRD patterns of the surfaces of
the Ti specimens exposed to solutions with the different
pHs, and also those that were subsequently heat-
treated. It can be seen from figure 2 that titanium
hydride (TH; TiHx) [26] or sodium hydrogen titanate
(SHT; NaxH2–xTi3O7, 0 , x , 2) [28] formed on the
surface of Ti when treated with solutions of pH values
lower than 0.1 or higher than 13.6, respectively. After
the subsequent heat treatment, all the Ti specimens
formed a titanium oxide of rutile phase irrespective of
the pH of the solution. Only the pH values higher than
13.6 resulted in the formation of sodium titanate
(Na2Ti6O13) in addition to rutile after the heat treatment.

3.2. Zeta potential of the treated Ti metal

The zeta potential of a metal specimen with no electri-
cally insulating oxide layer or one that was too thin
J. R. Soc. Interface (2012)
cannot be measured by the present method, and
hence the Ti specimens as exposed to the solutions
could not be measured, because no or only a very thin
oxide layer exists on their surfaces. This suggests that
their zeta potentials are almost zero.

The zeta potentials of the Ti specimens subjected to
the heat treatment after exposure to the solutions is
shown in figure 3 as a function of the solution pH. Ti
specimens exposed to solutions with a pH lower than
1.1 displayed a positive zeta potential higher than
5 mV, whereas those exposed to solutions with a pH
higher than 13.6 displayed a negative zeta potential
less than 210 mV. Those exposed to solutions with
intermediate pH values that ranged from 3.4 to 12.9
had a zeta potential of approximately zero.

3.3. Distribution of elements near the surface

Figure 4 shows the depth profile of the GD-OES spectra
of Ti specimens exposed to the solution with a pH � 0
and also those that were subsequently subjected to heat
treatment, as a function of sputtering time. Large
amounts of H and O besides Ti were detected in the sur-
face layer of the specimen exposed to the acid solution
because of the formation of TH and titanium oxide by
the acid treatment. It should be noted here that a small
amount of Cl was also detected on its surface layer.
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Figure 2. (a) Before and (b) after heat treatment. TF-XRD patterns of surfaces of Ti as exposed to solutions with different pHs,
and those subsequently subjected to heat treatment. Ti, a Ti; TH, titanium hydride; SHT, sodium hydrogen titanate; ST, sodium
titanate; R, rutile.
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The results show that H was remarkably reduced, while O
was increased by the heat treatment because of trans-
formation of the TH to titanium oxide. It should be
noted here once again that a small amount of Cl was
detected even after the heat treatment.

Depth profiles of elements near the surfaces of Ti
specimens exposed to the NaOH solution with pH � 14
and those that were subsequently subjected to heat treat-
ment were previously examined by Auger electron
spectroscopy and already published [29]. According to
the result, Na and O penetrated into the Ti specimen
up to a depth of about 1 mm as a result of the NaOH
treatment and their concentrations gradually decreased
J. R. Soc. Interface (2012)
with increasing depth. Only O penetrated into a deeper
region, while Na did not show any change in its
distribution by the subsequent heat treatment.

3.4. Apatite-forming ability of treated Ti metal
in simulated body fluid

The FE-SEM micrographs in figure 5 show the surface
of the Ti specimens soaked in SBF for 3 days after
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exposure to solutions with different pHs, and also those
after the subsequent heat treatment. The TF-XRD
patterns in figure 6 are of the surfaces of the Ti speci-
mens soaked in SBF for 3 days after exposure to the
solutions with the different pHs, and also those after
the subsequent heat treatment. The spherical particles
observed in the FE-SEM micrographs of the Ti surfaces
were identified as crystalline apatite from the XRD
J. R. Soc. Interface (2012)
patterns in figure 6. The Ti specimens as exposed to
the solutions did not form the apatite on their surfaces
except in the case of the solutions with pHs higher than
13.6, where only a relatively small amount of apatite
was formed. In contrast, the Ti specimens after the
heat treatment exhibited a large amount of apatite on
their surfaces when they were exposed to solutions
with a pH lower than 1.1 or higher than 13.6.
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Ti specimens exposed to solutions with an intermediate
pH that ranged from 3.4 to 12.9 did not form any apa-
tite, even after the heat treatment.

3.5. X-ray photoelectron spectroscopy spectra
of the treated Ti metal

Figure 7 shows the Ca2P and P2P XPS spectra of the Ti
surfaces exposed to solutions of pH values of approxi-
mately 0, 6–7 and 14 and those subsequently heat-
treated as a function of soaking time in SBF. It can be
seen that Ti specimens before heat treatment adsorb a
small amount of the calcium and phosphate ions almost
simultaneously, independent of pH, except in cases of a
high pH, where it first selectively adsorbs the calcium
ions, and then the phosphate ions.

In contrast, Ti specimens exposed to a low pH sol-
ution and subsequently heat-treated first selectively
adsorb phosphate ions and then the calcium ions,
whereas those exposed to a high pH and subsequently
heat-treated do the opposite, i.e. first selectively
adsorbing calcium ions and then phosphate ions. Ti
specimens exposed to an intermediate pH adsorb a
small amount of the calcium and phosphate ions
almost simultaneously, even after the heat treatment.
4. DISCUSSION

It is apparent from figures 5 and 6 that the Ti specimens
did not form surface apatite in SBF when exposed to the
solutions, except when it was exposed to a strongly
J. R. Soc. Interface (2012)
alkaline solution, which resulted in a small amount of
apatite formation, whereas those that were subsequently
heat-treated exhibited a large amount of apatite after
exposure to strongly acidic or alkaline solutions.

Micrometre or nanometre scale roughness was pro-
duced on Ti specimens when they were exposed to
strongly acidic or alkaline solutions, and this was not
changed by the subsequent heat treatment, as shown in
figure 1. This indicates that the surface morphology is
not responsible for the increased apatite formation
induced by the heat treatment. It should be emphasized
that even the highly porous surface formed by the NaOH
treatment was not responsible for apatite formation,
because the highly porous surface was apparently not
changed by the subsequent heat treatment, whereas the
apatite formation was remarkably increased by the heat
treatment, as shown by higher density of the apatite for
heat-treated specimen on FE-SEM picture in figure 5.

TH or SHT was precipitated on Ti specimens when
they were exposed to strongly acidic or alkaline solutions,
and the precipitate was transformed into rutile or sodium
titanate accompanied by rutile upon subsequent heat
treatment (figure 2). This suggests that the rutile and
sodium titanate are responsible for the increased apatite
formation induced by the heat treatment. However,
rutile was also detected on heat-treated Ti specimens
after exposure to solutions with intermediate pH values
(figure 2), which did not form the apatite. This indicates
that the composition and structure of the rutile phase is
not responsible for the increase in apatite formation
induced by the heat treatment.
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The Ti specimens exposed to the solutions displayed
a zeta potential of approximately zero, independent of
the pH of the exposed solution, whereas those that
were subsequently heat-treated displayed a certain
level of positive or negative zeta potential when they
were exposed to a strongly acidic or alkaline solution,
respectively. This indicates that the certain level of
the positive or negative surface charges is responsible
for the apatite formation induced by the heat treat-
ment. It is suggested that the positively charged
surface first selectively adsorbs the negatively charged
phosphate ions on its surface. As the phosphate ions
accumulate, the surface becomes negatively charged.
As a result, the positively charged calcium ions are
adsorbed on its surface so as to produce a calcium phos-
phate which is eventually transformed into apatite, as
shown in figure 8a. On the other hand, the negatively
charged surface is assumed to first selectively adsorb
positively charged calcium ions and then the negatively
charged phosphate ions so as to also form apatite, as
shown in figure 8b.

It is shown by the XPS spectra in figure 7 that the
former type of phosphate and calcium ion adsorption
J. R. Soc. Interface (2012)
occurred on heat-treated Ti specimens after exposure
to strongly acidic solutions, while the latter type of
sequential adsorption occurred on heat-treated Ti
specimens after the strongly alkaline solutions.

The Ti specimen that was heat-treated after exposure
to solutions with intermediate pH values exhibited a
zeta potential of almost zero (figure 3). This means
that the positively and negatively charged sites are
balanced and hence the surface is neutrally charged
[30]. It is assumed that each Ti site is able to simul-
taneously adsorb negatively charged phosphate ions
and positively charged calcium ions, respectively, as
shown in figure 8c. As a result, a thin calcium phosphate
layer is formed on their surfaces and their charges are
soon neutralized, and hence the calcium phosphate
layer does not grow into the thick apatite layer in a
short period of time. It is also evident from the XPS spec-
tra in figure 7 that this type of simultaneous adsorption
of the small amount of the phosphate and calcium ions
occurred on Ti specimens that were heat-treated after
exposure to solutions with intermediate pH value. How-
ever, the calcium phosphate layer was so thin that it was
not apparently observed under FE-SEM with the
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reproduced from Textor et al. [30] after modification.
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resolution of several nanometres in figure 5, and precipi-
tation of apatite on the specimens was not detected by
TF-XRD patterns in figure 6. The apatite formation
on heat-treated Ti specimens after strong acid or alkali
solutions is thus attributed to their positive or negative
surface charges, respectively.

The reason why Ti specimens that are heat-treated
after exposure to the strong acid solutions are charged
positively may be due to the titanium oxide adsorbed
with the Cl2 ions on their surfaces. It is assumed that
the Cl2 ions were adsorbed on the TH on the surface
of the Ti specimens when they were exposed to the
strong acid solutions, and they remained on the tita-
nium oxide that was formed on the Ti specimens by
the subsequent heat treatment. The adsorption of the
Cl2 ions on the TH on the Ti specimens exposed to
the acid solutions and the adsorption of those on the
titanium oxide on Ti specimens that were subsequently
heat-treated were demonstrated by the GD-OES spec-
tra shown in figure 4. These adsorbed Cl2 ions may
become dissociated via exchange with OH2 ions in
SBF so as to give rise to an acidic environment. It has
been reported by Textor et al. [30] that titanium
oxide is positively charged by forming larger numbers
of Ti-OH2

þ groups in acidic solutions. A recent report
has shown that the positive charge and apatite for-
mation on the Ti metal can be induced by not only
Cl2, but also other acid radicals such as NO3

2 and
SO4

22 [31].
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The reason why Ti specimens that are heat-treated
after exposure to strongly alkaline solutions are charged
negatively may be due to the sodium titanate on their
surfaces. The sodium titanate releases its Naþ ions via
exchange with the H3O

þ ions in SBF to form Ti-OH
groups on its surface [32–35] by the following reaction

Ti�ONaðmetalÞ þ H2OðSBFÞ !
Ti�OHðmetalÞ þOH�ðSBFÞ þ NaþðSBFÞ

This increases the pH of the surrounding SBF because
of the consumption of H3O

þ ions. It has been reported by
Textor et al. [30] that titanium oxide is negatively
charged by forming Ti-O2 groups in alkaline solution.

In the case of the Ti specimens prior to heat treat-
ment, they became covered with a thin titanium oxide
layer when they were exposed to the solutions with
intermediate pH values, similar to the untreated Ti
specimen. This titanium oxide layer has an almost neu-
tral surface charge (figure 3) and hence does not induce
the apatite formation. They did form TH on their sur-
faces when they were exposed to the strongly acidic
solutions. This phase is electrically conductive [36].
Therefore, their surfaces are hardly charged even
though they adsorbed Cl2 ions, and hence did not
induce the apatite formation.

Ti specimens formed an SHT on their surfaces upon
exposure to strongly alkaline solutions. The SHT also
releases its Naþ ions via exchange with H3O

þ ions in
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SBF to form negatively charged Ti-OH groups [37].
However, SHT is electrically conductive, and hence its
negative surface charge is so small that it cannot be
measured by the present method. Therefore, Ti speci-
mens exposed to the strongly alkaline solution
induced apatite formation, but its magnitude was smal-
ler than that of the Ti specimen that was subsequently
heat-treated, as shown in figure 5. It is apparent from
these findings that the Ti specimen that is heat-treated
after exposure to a strongly acidic or alkaline solution
can induce surface apatite formation in SBF, because
of its large positive or negative surface charges.

It has been shown for various kinds of ceramics,
including glasses, glass-ceramics and sintered crystalline
ceramics of various compositions, that materials that
have the capacity to form a surface apatite layer in
the living body are able to bond to living bone through
the apatite layer [27], and are useful as long as they con-
tain neither cytotoxic nor antigenic components, and
furthermore, their apatite formation can be reproduced
even in an acellular SBF having ion concentrations
almost equal to those of human blood plasma [27].
Bohner et al. [38] and Pan et al. [39] recently pointed
out that certain resorbable ceramics bond to living
bone without any formation of a surface apatite layer.
These exceptional cases were also pointed out in the
paper described earlier [27]. This means that the rule
described earlier should be applied with caution in the
case of resorbable materials. However, Ti is not a resorb-
able material, and contains neither cytotoxic nor
antigenic components. It has already been shown that
Ti and various kinds of Ti-based alloys (such as Ti–
6Al–4V, Ti–15Mo–5Zr–3Al and Ti–15Zr–4Nb–4Ta)
that are able to form apatite on their surfaces in SBF,
bond to living bone through the apatite layer formed
on their surfaces in the living body [23,24,26,40–47].

In view of these findings, it is predicted from the pre-
sent results that Ti forms a bone-like apatite surface
layer in the living body and bonds to living bone
through the apatite layer upon exposure to a strongly
acidic or alkaline solution and then heat-treated,
because its surface is then either positively or negatively
charged in the living body. In contrast with this, Ti
exposed to solutions with intermediate pH values and
subsequently subjected to the heat treatment forms
only a thin amorphous calcium phosphate layer in the
living body, and hence possesses a good compatibility
with the bone but does not bond to bone, because
the surface is almost neutrally charged, as shown in
figure 9. The Ti not subjected to heat treatment after
the solution treatment displayed little or no surface
apatite formation in the living body, and hence do not
bond to living bone, because their surfaces are almost
entirely neutrally charged.
5. CONCLUSION

Ti specimens that were heat-treated after exposure to
strong acid or alkali solutions showed remarkable apatite
formation on their surfaces in SBF, while those heat-
treated after exposure to solutions with intermediate
pHs did not show any such apatite formation.
J. R. Soc. Interface (2012)
The remarkable apatite formation of Ti exposed to
the strongly acidic and alkaline solutions is attributed
to the magnitude of their positive and negative surface
charges, respectively. The positive and negative surface
charges are produced by the dissociated chloride ions
and the released sodium ions, respectively. The lack of
apatite formation on the Ti exposed to intermediate
pH solutions is attributed to their neutral surface
charges. Ti that were not subjected to heat treatment
after the solutions showed no or only a little apatite for-
mation on their surfaces in SBF because of their neutral
surface charge.

It is predicted from the present results that the bone-
bonding property of Ti strongly depends upon the pH of
the solution used, i.e. Ti forms bone-like apatite on its
surface in the living body and bonds to living bone
through the apatite layer, if it is heat-treated after
exposure to a strongly acidic or alkaline solution.
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