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bstract

he in vitro bioactivity of sol–gel derived sodium titanates with different sodium contents was investigated. Calcined sodium titanates show
ioactive behaviour when exposed to simulated body fluid (SBF). A higher sodium content entails higher bioactivity since a higher amount of
odium ions is available for the exchange with H3O+ ions from SBF, which results in the formation of Ti–OH groups and subsequently in the
ormation of an intermediate calcium titanate. The local pH increase triggers the formation of a biomimetic calcium phosphate layer on the surface.

+
intering the samples leads to more crystalline sodium tri- and hexatitanate structures and a decrease of the sodium content. The amount of Na
ons that can be released from the sodium titanate surface decreases due to a decreasing surface area and the reduced sodium content. As a result
ioactivity is lost. Bioactive behaviour can be re-achieved by a subsequent chemical treatment of sintered sodium titanate ceramics in an aqueous
aOH solution.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Implant materials, to be used as bone substitutes in load
earing applications, should have the ability to bond to human
one and should have appropriate mechanical properties.1 The
mmune system of the human body separates any exogeneous

aterial from the surrounding tissue by developing a connective
issue encapsulation which does not facilitate a firm integration
nto the surrounding tissue. Therefore, synthetic materials used
s bone implants need functional surface groups which allow
he formation of a chemical bond between the material and
one. Bioglass, apatite-wollastonite glass–ceramics and sintered
ydroxyapatite represent synthetic materials which are able to
ond to living bone via the formation of a biologically active
ydroxy carbonated apatite (HCA) surface layer.2–6

The bioactivity of a material can be tested in vitro by using
cellular simulated body fluid (SBF) solutions which simulate
he inorganic part of human blood plasma.7 Surface modi-
ed titanium, which was submitted to a combined HCl/NaOH
reatment, spontaneously forms a HCA layer during soaking
n simulated body fluid (SBF).8,9 It is suggested that the for-

ation of HCA is due to the development of an amorphous
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odium titanate gel layer which is formed during the NaOH
reatment.9,10 This gel releases Na+ ions from its surface into
BF via the exchange with H3O+ ions resulting in the forma-

ion of Ti–OH groups which act as nucleation sites for HCA.9,10

alcium titanate is formed as an intermediate by the reaction of
i-OH groups with Ca2+ ions from SBF.11 Apatite nucleation is

nduced by the local pH increase leading to a higher degree of
upersaturation with respect to apatite.9,12

Bioactive coatings and bulk materials with various compo-
itions were prepared by the sol–gel process.13–18 Materials
repared by sol–gel processing were shown to be more bioactive
ompared to those with the same composition but prepared by
onventional high temperature fabrication processes.13,14 The
igher amount of hydroxyl groups (Ti–OH and Si–OH) on
he surface of materials which were manufactured by sol–gel
rocessing seems to promote the formation of HCA by the subse-
uent adsorption of Ca2+ and PO4

3− ions.16,17 Sodium titanates
ere already prepared using different sol–gel precursors.18–20

he bioactivity of sol–gel prepared sodium titanate gels was
nvestigated by Uchida et al.18 As prepared sodium titanate gels
howed no bioactivity. It was suggested that sodium-containing

itania gels that do not contain anatase do not form HCA on their
urfaces.18 Apparently, the Ti–OH groups on titania are effec-
ive for apatite nucleation only if arranged in the structural unit
f anatase.

mailto:ingo.hofmann@ww.uni-erlangen.de
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2.3. Analysis of samples and SBF

After each step of preparation and treatment the surface of
gold sputtered samples was characterized in terms of elemental
Fig. 1. Phase diagram of the system Na2O–TiO2.21

In this study, sodium titanate powders of two different com-
ositions, Na2Ti3O7 and Na2Ti6O13, were prepared by using
he sol–gel method. The selected compositions are shown in the
hase diagram of the system Na2O–TiO2 (Fig. 1).21 The in vitro
ioactivity of as prepared powders, calcined powders, sintered
amples and chemically activated sintered samples was evalu-
ted regarding the HCA forming ability in simulated body fluid
SBF).

. Materials and methods

.1. Sample preparation

Powders were prepared by dissolving TiPT (titanium iso-
ropoxide, Ti(C3H7O)4, 97%, Alfa Aesar, Germany) in ethanol
ith a molar ethanol:TiPT ratio of 12.2. Stochiometric amounts
f NaOH (≥99%, Carl Roth GmbH & Co. KG, Germany)
ere dissolved in double distilled water (molar water:TiPT

atio = 197) and subsequently added to the TiPT solution
o obtain a fast hydrolysis-condensation reaction. Accord-
ng to the final compositions Na2Ti3O7 and Na2Ti6O13, the

olar NaOH:TiPT ratios were set to 0.67 and 0.33, respec-
ively. The prepared suspensions were stirred at 80 ◦C and
hen dried by lyophilization for 48 h to prevent agglomera-
ion.

The samples were calcined in air for 4 h with a heating rate of
◦C/min. Calcination temperatures of 800 ◦C for Na2Ti3O7 and
00 ◦C for Na2Ti6O13 were selected according to thermal anal-
ses. Tablets with a diameter of 13 mm and a thickness of 1 mm

ere uniaxially pressed (115 MPa) using calcined powders and

intered at 1050 ◦C for 1 h with a heating rate of 4 ◦C/min. Sin-
ered samples were chemically activated by soaking in 10 M
aOH aqueous solution at 60 ◦C for 24 h. Subsequently, the

F
(
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amples were rinsed with double distilled water and dried at
oom temperature.

.2. In vitro bioactivity tests in SBF

SBF solution was prepared according to a procedure
escribed previously.22 The solution was buffered at pH 7.3 with
ris-hydroxymethyl aminomethane (TRIS) and HCl at 37 ◦C.
aN3 was added to inhibit the growth of bacteria. The samples
ere immersed in SBF under static conditions in a biological

hermostat at 37 ◦C for 7 and 14 days, respectively. The ratio of
ample surface area to soaking solution volume S/V was set to
.04 cm−1. The samples were removed from SBF, washed with
ouble distilled water and dried at room temperature.
ig. 2. FTIR spectra of (a) Na2Ti3O7 and (b) Na2Ti6O13 samples: (i) as prepared,
ii) calcined and (iii) sintered for 1 h.
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ig. 3. XRD spectra of (a) Na2Ti3O7 and (b) Na2Ti6O13 samples: (i) as prepa
a2Ti6O13 and (�) TiO2 (rutile).

omposition and structure using a scanning electron microscope
SEM) (Quanta 200, Fei, CZ) equipped with an energy dispersive
-ray (EDX) analysis unit (INCA x-sight, Oxford Instruments,
K). The apparent density ρa of the samples was obtained from
easurements of the volume and mass of the pellets. The true

ensity ρt of the sodium titanates was determined using helium
ycnometry of calcined and grinded powders. The apparent

a and the true density ρt were used to calculate the overall
orosity P:

= 1 − ρa

ρt
(1)

5
i
s
t

ig. 4. Scanning electron micrographs of calcined (a and b) and sintered (c and d)
a2Ti6O13.
ii) calcined, (iii) sintered for 1 h, and (iv) sintered for 2 h; (�) Na2Ti3O7, (�)

Fourier transform infrared (FTIR) spectra of the samples
ere acquired using KBr tablets with a sample:KBr mass ratio
f 1:300 (Impact 420, Nicolet Instruments, USA). The spec-
ra were measured in the range from 4000 to 400 cm−1 with a
esolution of 2 cm−1. CO2 vibration bands were removed from
he spectra. Bands were assigned by comparison with literature
ata.23–25 X-ray diffraction (XRD) patterns were measured (D-

00, Siemens, Germany) using Cu K�-radiation (λ = 1.5405 Å)
n a 2θ range between 5◦ and 70◦. Step size and measuring
peed were set to 0.02◦ and 1 ◦/min, respectively. Peak posi-
ions given in JPDCS cards (Na2Ti3O7: 31-1329, Na2Ti6O13:

samples with different sodium content: (a) and (c) Na2Ti3O7 and (b) and (d)
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abundant Ti–OH groups.

Fig. 5 shows SEM micrographs of surfaces of calcined
Na2Ti3O7 (Fig. 5a) and Na2Ti6O13 (Fig. 5b) samples soaked
in SBF for 1 week. Both samples are completely covered with
550 I. Becker et al. / Journal of the Europe

3-1398, TiO2 (anatase): 78-2486, TiO2 (rutile): 86-0147) were
sed to identify phases.

Elemental concentrations (Ca and P) and pH of SBF
efore and after soaking of the substrates were analyzed
y inductively coupled plasma-optical emission spectrometry
ICP-OES) (Flame Modula, Spectro Analytical Instruments,
ermany) and an electrolyte-type pH meter (720 A+, Thermo
rion, USA).

. Results and discussion

.1. Composition of sodium titanates

Fig. 2 shows the FTIR spectra of as prepared, calcined and
intered Na2Ti3O7 (Fig. 2a) and Na2Ti6O13 (Fig. 2b) samples. In
he high wave number spectral range, a broad band between 3000
nd 3500 cm−1 was assigned to fundamental stretching vibra-
ions of different O–H hydroxyl groups (free or bounded) for as
repared samples. Another peak related to O–H hydroxyl groups
as found at 1630 cm−1 for Na2Ti3O7 and 1635 cm−1 for
a2Ti6O13. Bands around 1372 and 1448 cm−1 for Na2Ti3O7

nd 1340 cm−1 for Na2Ti6O13 are related to C–H deformations
n tetraethoxytitanate (TET) which forms by the substitution of
sopropoxy groups by ethoxy groups when diluting titanium iso-
ropoxide in ethanol.23 The set of overlapping peaks in the range
00–400 cm−1 are related to Ti–O and Ti–O–Ti groups. After
alcination and sintering, only Ti–O/Ti–O–Ti vibrations can be
bserved for both sodium contents.

Fig. 3 shows the XRD patterns of as prepared, calcined and
intered Na2Ti3O7 (Fig. 3a) and Na2Ti6O13 (Fig. 3b) samples.
s prepared sodium titanates possess an amorphous structure.
alcination leads to the formation of crystalline Na2Ti3O7 and
a2Ti6O13, respectively. Subsequent heat treatment at 1050 ◦C

eads to the decomposition of Na2Ti3O7 to Na2Ti3O7 and
a2Ti6O13. In the case of Na2Ti6O13 samples, an extension of

he sintering time to 2 h leads to the decomposition of Na2Ti6O13
o Na2Ti6O13 and rutile (TiO2). For both types of samples the
ecomposition seems to be accompanied by the sublimation of
a2O according to the following equations:

Na2Ti3O7 → Na2Ti6O13 + Na2O ↑ (2)

a2Ti6O13 → 6TiO2 + Na2O ↑ (3)

Thus, the composition of the sample surface is shifted to the
iO2 rich area of the phase diagram shown in Fig. 1 during
intering.

The average agglomerate size (d50) of calcined powders
efore calcination amounts to 24.7 �m for Na2Ti3O7 and
1.1 �m for Na2Ti6O13. Fig. 4 shows the microstructure of pel-
ets prepared from calcined powders before (a and b) and after
c and d) sintering. The grain sizes of calcined sodium titanate
ith the higher sodium content (Na2Ti3O7) are in the range
f 1 �m, Fig. 4a. The grain sizes of sodium titanate with the

ower sodium content (Na2Ti6O13) are in the submicron range,
ig. 4b. The grain sizes of sintered sodium titanate with the
igher sodium content (Na2Ti3O7), shown in Fig. 4c, are larger
2–30 �m) compared to those of sodium titanate with the lower

F
c
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odium content (Na2Ti6O13) (0.5–3 �m), shown in Fig. 4d. The
orosity after sintering is 14.4% for Na2Ti3O7 and 21.5% for
a2Ti6O13.

.2. Bioactivity of sodium titanates

As prepared samples show no bioactive behaviour after 2
eeks of soaking in SBF, independent of their composition.

t can be assumed that after lyophilisation unreacted surface
roups like –C3H7 from TiPT or –C2H5 from ethanol prevent
he deposition of Ca2+ ions from SBF to Ti–OH groups and
he subsequent formation of apatite. Additionally, the powders
ave a X-ray amorphous nature. Uchida et al.18 showed that an
morphous gel does not form apatite in SBF, even though it has
ig. 5. Scanning electron micrographs of calcined samples with different sodium
ontent after immersion in SBF for 1 week: (a) Na2Ti3O7 and (b) Na2Ti6O13.
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ig. 6. Changes in Ca and P concentrations during soaking of calcined samples
n SBF.

calcium phosphate layer. Fig. 6 shows the corresponding Ca
nd P concentrations in SBF after soaking calcined samples.

ecreases in Ca and P concentrations are observed indicating

hat these ions were consumed during apatite crystallization on
he substrates. The higher amount of consumed ions for the
amples with higher sodium content (Na2Ti3O7) indicates their

c

s
w

ig. 8. Scanning electron micrographs of sintered samples (a) Na2Ti3O7 and (b) N
a2Ti6O13, treated in 10 M NaOH and subsequently soaked in SBF for 7 days.
ig. 7. FTIR spectrum of calcined Na2Ti3O7 sample after soaking in SBF for 7
ays.

igher degree of bioactivity. Thus, the bioactivity depends on the
odium content in the samples and hence on the ion exchange

apacity.

Fig. 7 shows a FTIR spectrum of calcined Na2Ti3O7 after
oaking in SBF. The broad band between 3000 and 3250 cm−1

as assigned to fundamental stretching vibrations of different

a2Ti6O13, treated in 10 M NaOH, and sintered samples (c) Na2Ti3O7 and (d)
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ig. 9. Changes in Ca and P concentrations during soaking of sintered, NaOH
reated samples in SBF.

–H groups (free or bound). Another peak related to the vibra-
ion of hydroxyl groups was found at 1630 cm−1. The peaks
t 503 and 712 cm−1 are related to Ti–O and Ti–O–Ti vibra-
ions which might overlay the bands of CO3

2− or P–O and
–P–O vibrations. The bands at 874 and 952 cm−1 are related

o CO3
2− and P–O vibrations, respectively. When exposed to

BF, the sodium titanates release Na+ ions via exchange with
3O+ ions into the solution thereby forming Ti–OH groups
n their surface. As a result, pH of the solution and thus
he degree of supersaturation with respect to apatite increases.
he higher the sodium content in the sample the more Na+

ons can be exchanged by H3O+ ions in the solution and the
ore Ti–OH groups can be formed which react with Ca2+ ions

rom SBF to form calcium titanate, an intermediate for apatite
ucleation.11

Sintering of the sodium titanates leads to a decrease of poros-
ty and an increase of density. The sodium content decreases

ue to decomposition and the release of Na2O (Eqs. (2) and
3)). Thus, the amount of surface Ti–ONa groups and Ti–OH
roups, in contact with SBF, decreases and the available sur-
ace area for the ion exchange processes decreases.26 The rate

i

o
T

Fig. 10. Schematic drawing of the struct
eramic Society 27 (2007) 4547–4553

f Na+ ion release was reported to decrease with the structural
earrangement from gel to amorphous phase and finally crys-
alline phase.27 Sintered sodium titanates were subjected to a
aOH treatment in order to increase the number of Ti–ONa

nd Ti–OH groups on the surface and, therefore, to re-achieve
ioactive behaviour. Fig. 8 shows SEM micrographs of sintered
a2Ti3O7 and Na2Ti6O13 sample surfaces after 10 M NaOH

reatment at 60 ◦C for 24 h (Fig. 8a and b) and after subsequent
oaking in SBF (Fig. 8c and d). Na2Ti3O7 samples with a high
odium content reveal that the grain boundaries are corroded pre-
ominantly as shown in Fig. 8a. Morphological changes were not
bserved after the NaOH treatment of samples with low sodium
ontent (Na2Ti6O13) as shown in Fig. 8b. After soaking NaOH
reated Na2Ti3O7 samples in SBF for 7 days a homogeneous cal-
ium phosphate layer was formed on the surface, Fig. 8c. EDX
nalysis revealed calcium, phosphorous, sodium, magnesium to
e present in the surface. For Na2Ti6O13, morphological changes
ere not observed (Fig. 8d) and HCA formation could not be

onfirmed by EDX analysis. The Ca and P concentrations in SBF
fter soaking of sintered samples treated in NaOH are shown
n Fig. 9. Decreases in Ca and P concentrations are observed
ndicating that a calcium phosphate was formed on both sam-
les. The decrease of ionic concentrations is significantly more
ronounced for Na2Ti3O7 samples due to the higher degree of
ioactivity.

Sodium titanates consist of negatively charged sheets com-
osed of TiO6

8− octahedra.28 Depending on the alkali metal
ontent, the titanates adopt different structures, layered or
age structures. Sodium titanates with a high alkali metal
ontent (Na2Ti3O7) crystallize in a monoclinic structure that
onsists of Ti3O7

2− layers held together with exchangeable
odium cations.28 At lower sodium contents, hexatitanates
Na2Ti6O13) with a tunnel structure are formed.28 Fig. 10
hows schemes of both sodium titanate structures.19 All
a+ ions in the layered tri-titanates are accessible for an

xchange process with H3O+.28 The stable tunnel structure
f the hexa-titanates impedes an ion-exchange of the Na+
ons.28

When the sintered samples are treated with NaOH aque-
us solution, some of the Ti–O–Ti bonds could be broken and
i–O–Na and Ti–OH bonds are formed,29 according to the fol-

ures of Na2Ti3O7 and Na2Ti6O13.
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owing equations:

i–O–Ti + NaOH → Ti–O–Na + Ti–O–H (4)

i–O–Na + H2O → Ti–OH + NaOH (5)

n SBF : Ti–O–Na + H3O+ → Ti–OH + Na+ + H2O (6)

Soaking the ceramics in NaOH probably increases the
mount of Ti–OH groups at the sample surface. According to
q. (6), Na+ ions are replaced by H3O+ ions in SBF.

The tunnel structure of Na2Ti6O13 imepedes diffusion
nd ion exchange processes.28 Samples with the composition
a2Ti6O13 therefore are less bioactive than Na2Ti3O7 samples
ith a layer structure.

. Conclusions

Sodium titanate ceramics were successfully prepared by a
ol–gel process and subsequent thermal treatment. Calcined as
ell as sintered, NaOH treated sodium titanates were shown to

orm an apatite layer on their surface during in vitro bioactivity
ests in SBF. The degree of bioactivity increases with increasing
odium content. The structure of Na2Ti3O7 allows the exchange
f Na+ by H3O+ ions in SBF resulting in an increase of the
egree of supersaturation with respect to apatite. The treatment
f sintered Na2Ti3O7 in NaOH is a suitable method for providing
ceramic implant with bone-bonding ability.
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